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The prefrontal cortex (PFC) is innervated by the monoamines,
dopamine (DA), noradrenaline (NA), and serotonin, as well as
acetylcholine, and the marked influence of these neurochemical
systems on prefrontal working memory processes has been widely
described. However, their potentially, differential contribution to
prefrontal functioning is less well understood. This paper reviews
evidence to support the hypothesis that these neurochemical
systems recruit distinct fronto-executive operations. Direct com-
parison of the effects of manipulations of these neuromodulators
within PFC on performance of an attentional set-shifting paradigm
reveals their differential contribution to distinct task stages.
Depletion of prefrontal serotonin selectively disrupts reversal
learning but not attentional set formation or set shifting. In contrast,
depletion of prefrontal DA disrupts set formation but not reversal
learning. NA depletion on the other hand specifically impairs set-
shifting, whereas its effects on reversal learning remain unclear.
Finally, depletion of prefrontal acetylcholine has no effect on either
set formation or set shifting but impairs serial reversal learning.
Because these neurochemical systems are known to represent
distinct states of stress, arousal, attention, and affect, it is
postulated that they augment the different types of executive
operation that are recruited and performed within these states via
a synergistic interaction with the PFC.
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Introduction

A seminal study by Brozoski et al. (1979) showed a relatively
selective role for prefrontal dopamine (DA) as distinct from
other prefrontal monoamines, that is, noradrenaline (NA) and
serotonin, in spatial working memory. Further work has
elucidated this specific contribution of DA to working memory
functions at the psychological (Floresco and Phillips 2001;
Chudasama and Robbins 2004), anatomical (Goldman-Rakic
et al. 1989; Smiley et al. 1992; Smiley and Goldman-Rakic
1993), cellular (Sawaguchi et al. 1990; Sawaguchi and Goldman-
Rakic 1991; Williams GV and Goldman-Rakic 1995), and
molecular (i.e. receptor) levels of analysis (Sawaguchi and
Goldman-Rakic 1991). Thus, there is considerable evidence
for a special role for DA D1, but not D2 receptors in spatial
working memory, based on evidence using iontophoresis or
intracerebral drug infusion (see Floresco and Magyar 2006 for
a review of this literature). Overall there is consensus that
spatial working memory function depends upon an optimal
level of DA function within the prefrontal cortex (PFC)
(Williams GV and Goldman-Rakic 1995; Arnsten 1997; Zahrt
et al. 1997; Floresco and Phillips 2001).
However, DA is just one of a number of neuromodulators

present in the PFC. The other monoamines, NA and serotonin

(5-HT, 5-hydroxytryptamine), as well as acetylcholine, are also
widely distributed throughout the PFC (Goldman-Rakic et al.
1990; Mrzljak et al. 1993; Williams SM and Goldman-Rakic 1993;
Jakab and Goldman-Rakic 1998; Muly et al. 1998). In this paper
we will show that prefrontal control processes are differentially
regulated by these specific neuromodulators. It will be argued
that, in keeping with the involvement of these neuromodulators
in stress, arousal, and mood, as well as reward processes and
attention, that activity in these systems may be understood as
representing these different states, acting to augment the
different types of executive operation that are recruited and
performed within these states.

DA and Attentional Selection

Working memory is not the only prefrontal function to be
modulated by DA, there being evidence in the rat of additional
involvement in processes of attentional selection (Granon et al.
2000; Chudasama and Robbins 2004). Particular insight into the
role of DA in attentional selection has come from studies in
marmosets investigating the effects of 6-hydroxydopamine (6-
OHDA)--induced depletions of prefrontal DA on the ability to
develop an attentional set. When performing a task, animals
learn to attend to the sensory features and motor responses that
are relevant to that task and to ignore those features and
responses that are irrelevant. When certain features and
responses retain their relevance across tasks then an ‘‘atten-
tional set’’ can develop which biases perception and responses
accordingly, allowing for an increased speed of learning new
tasks as long as those features and responses that make up the
‘‘attentional set’’ remain relevant. It is important to recognize
that attentional selection here is not at the level of specific,
concrete stimuli but at the level of higher-order rules, such that
features that are common to an array of stimuli are abstracted to
form a feature dimension.
The development of such attentional sets has been demon-

strated in marmosets performing a series of visual discrimina-
tions involving stimuli composed of 2 abstract dimensions,
shapes, and lines. Exemplars from one of the dimensions (e.g.,
shapes 1 and 2) can be paired with one or other of the
exemplars from the other dimension (e.g., lines 1 and 2) to
form bidimensional compound stimuli (see Fig. 1a). Only one
exemplar from one of the dimensions is associated with reward
(e.g., shape 1) and animals have to learn always to select the
compound stimulus that includes that exemplar regardless of
which of the exemplars from the other dimension (e.g., line 1 or
2) it is paired with. Over a series of novel discriminations
(commonly known as intradimensional shifts, IDS) in which the
exemplar that is associated with reward is always from the same
dimension, for example, shapes, animals learn to attend to
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‘‘shapes’’ and ignore ‘‘lines.’’ This development of an attentional
set is usually reflected in an increase in the speed of learning
across the series of novel discriminations. However, the clearest
demonstration is in the subsequently poor performance on
a discrimination in which an exemplar from the previously
irrelevant dimension, and currently ignored dimension, for
example lines, becomes associated with reward (commonly
known as an extradimensional shift, EDS). Intact marmosets
show the expected improved performance across a series of
discriminations involving IDSs and likewise show impaired
performance on a subsequent discrimination requiring an
EDS. In contrast, unlike controls, marmosets with global pre-
frontal DA depletion fail to show improved performance across
a series of IDSs (Fig. 1a, Crofts et al. 2001) and, as a result, can
show enhanced performance when required to perform an EDS
(Fig. 1b, Roberts et al. 1994), presumably as a consequence of
not having learned to ignore the previously irrelevant, but
currently, relevant dimension. That these lesioned monkeys are
failing to ignore the irrelevant dimension is further supported
by the finding that their performance is more susceptible to
distraction than controls (Crofts et al. 2001). Having learned to
select an examplar from the relevant dimension, lesioned
marmosets were impaired at continuing to select this exemplar
if the exemplars from the irrelevant dimension were replaced
with novel exemplars (Fig. 1c). Thus, without DA in the PFC the
marmosets had difficulty attending to the relevant features of
the task and ignoring the irrelevant features, consequently
failing to develop an ‘‘attentional’’ set.
These findings provide empirical support for the computa-

tional models of prefrontal function proposed by Cohen and
Durstewitz (Cohen and Servan-Schreiber 1993; Braver and
Cohen 2000; Durstewitz et al. 2000). Their models suggest
that DA plays a role in stabilizing representations within the PFC
as well as gating relevant and irrelevant information into the
PFC; effects hypothesized to depend upon tonic and phasic DA,
respectively. Clearly these effects of DA could contribute
equally to the holding of information ‘‘on-line,’’ as occurs in
tests of working memory, as well as to the active attention to
stimuli in the external world, required in tests of attentional
selection. From these models it might be expected that,
depending upon the exact state of the DA system, not only
will deficits in developing an attentional set be seen but also,
under certain circumstances, deficits in disengaging would be
observed, resulting in impairments in shifting an attentional set.
Further understanding of the modulatory role of DA may

depend upon pinpointing those regions of the PFC in which the
effects of attentional set formation and shifting are mediated.
Indeed, a similar region of ventrolateral PFC to that associated
with rule acquisition (Kowalska et al. 1991; Malkova et al. 2000;
Wallis, Anderson, et al. 2001; Wallis, Dias, et al. 2001) has also
been associated with rule switching. Thus, lesions of ventrolat-
eral PFC (including areas 12/47 and 45 according to Burman
et al. 2006) in marmosets impair EDS performance (Dias et al.
1996b, 1997) and functional neuroimaging studies in humans
and monkeys have shown differential activity in posterior
regions in and around the inferior frontal sulcus (including
areas 12/47 and 45 according to Petrides and Pandya 1994)
associated with shifting an attentional set (Konishi et al. 1998;
Nagahama et al. 2001; Nakahara et al. 2002; Hampshire and
Owen 2006). Moreover, DA has been implicated in task-set
shifting in the medial PFC of rats, that region of the rat PFC that
has been shown to be necessary for attentional set-shifting

Figure 1. The effects of 6-OHDA induced DA lesions of the marmoset PFC on the
acquisition and shifting of attentional sets and on reversal learning. Examples of 2
discriminations in which the same dimension remains relevant, commonly called an
IDS, are shown in (a). In contrast to controls, the reduction in errors from the first
(IDS1) to the last (IDS5) discrimination, reflecting acquisition of an attentional set, is
not seen in animals with 6-OHDA lesions of the PFC. Prefrontal 6-OHDA lesioned
monkeys do however perform a discrimination requiring a shift of attentional set, that
is, EDS, depicted in (b), better than controls. Underlying their improved performance on
the EDS may be their increased level of distractibility, shown by their increased number
of errors on a distractor probe test (c), in which the exemplars from the irrelevant
dimension of a previously learned discrimination are replaced by novel exemplars.
Selective lesions of DA within the OFC have no effect on serial reversals as shown in
(d), in contrast to 5,7-DHT--induced depletions of 5-HT from the OFC that impair
reversal learning (Fig. 2a). For comparison purposes all data have been square root
transformed. However, where statistical significance between groups is indicated this
is based upon the statistical analysis performed on the original data set described in
full in the original publications. The ‘‘þ’’ and ‘‘"’’ signs in (a), (b), and (c) indicate,
respectively, whether the stimuli were associated with reward or not. Black lettering
indicates that shapes were the relevant dimension and white lettering that lines were the
relevant dimension. Control groups all received sham-operated control procedures.
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(Birrell and Brown 2000). For example, treatment of rats with
tolcapone, a pharmacological inhibitor of catechol-o-methyl-
transferase (COMT; an enzyme involved in catecholamine
metabolism) has been shown to enhance attentional set-shifting
in a rat version of the attentional set-shifting paradigm (Brown
and Bowman 2002). In this version of the task rats have to
attend to the perceptual dimensions of either odor or touch/
vision in order to locate food reward hidden in one of 2 food
wells filled with scented material, for example almond scented
wood shavings versus peppermint scented tealeaves. Inhibition
of COMT resulted in marked elevations in stimulated DA
release, but not NA release, within the medial PFC, implicating
DA in this effect. Moreover, a polymorphism of a gene control-
ling COMT, postulated to have a selective effect on PFC DA, has
been shown to affect rule shifting on the Wisconsin Card Sort
Test (Egan et al. 2001), which is modeled by the EDS procedure
in the attentional set-shifting paradigm (Dias et al. 1996a). There
is also evidence for DA receptor selective effects on shifting
using other, behaviorally less selective, task-set switching
paradigms in rats (Ragozzino 2002; Floresco et al. 2006).
Several neurobiological or psychological factors may deter-

mine whether DA-ergic manipulations affect the development
of an attentional set (as seen in the attentional set-shifting
studies of marmosets) or specifically affect attentional set-
shifting (including task-set shifting in rats, Floresco et al. 2006).
Neurobiological factors include the overall tone of the DA-ergic
system in terms of its phasic and tonic modes of functioning
which will differ markedly between studies of 1) 6-OHDA--
induced chronic DA depletion (and the resulting compensatory
sequelae); 2) acute intra-PFC D1 and D2 selective DA receptor
agents (Ragozzino 2002; Floresco et al. 2006); and 3) alterations
in COMT (Bilder et al. 2004; Tunbridge et al. 2004). Certainly,
the proposal by Seamans and Yang (2004) that overall hypo-
function of the prefrontal DA system will cause persistent
activity states to be unstable to distractors is consistent with the
enhanced distractibility of marmosets with 6-OHDA--induced
depletions of prefrontal DA (Crofts et al. 2001). The important
psychological factor that may influence the way in which DA
modulates attentional set formation and shifting is the potential
level of interference between relevant and irrelevant perceptual
dimensions. Thus, if competing dimensions are in the same
sensory modality, for example, line and shape features of a
pattern stimulus, as in the marmoset studies, then it is likely that
there is considerably more interference and thus more distrac-
tion at set formation stages than if the dimensions are from
distinct sensory domains as in studies with rats, for example,
visual features and egocentric space (Floresco et al. 2006) or
vision/touch and smell (Birrell and Brown 2000). Hence, set
formation in marmosets would be more sensitive to DA de-
pletion than that in rats, whereas the opposite may be the case
when having to shift set between, rather than within, sensory
modalities. These considerations are relevant to impairments in
ID and ED shifting in patients with schizophrenia, tested with
the same paradigm as used with marmosets (Pantelis et al. 1999;
Jazbec et al. 2006).
The sensitivity of attentional selection processes to DA-ergic

manipulations is in marked contrast to the lack of effects of DA-
ergic manipulation on processes underlying cognitive flexibility
at the level of concrete stimuli, as occurs during reversal
learning. In reversal learning, having learned that only one
stimulus of a pair, is associated with reward, the subject is
required to learn the reverse association, that is, that the

previously unrewarded stimulus is rewarded. This capacity for
reversal learning has been shown to depend critically on the
orbitofrontal cortex (OFC) in humans, monkeys, and rats (Butter
1969; Iversen and Mishkin 1970; Rolls et al. 1994; Dias et al.
1996a; Schoenbaum et al. 2002; Chudasama and Robbins 2003;
Fellows and Farah 2003;McAlonan andBrown2003; Hornak et al.
2004). In many cases, this deficit in reversal learning is persev-
erative in nature with repetitive responding occurring to the
previously rewarded stimulus. Consistent with these findings is
the activation of orbitofrontal regions in functional magnetic
resonance imaging studies of reversal learning regardless of
whether the reward is juice (O’Doherty et al. 2003), happy faces
(Kringelbach and Rolls 2003), money (O’Doherty et al. 2001), or
a ‘‘correct’’ feedback signal (Hampshire and Owen 2006). The
contribution of OFC to cognitive flexibility is highly selective as
shown by the finding that the sameOFC lesion inmarmosets that
impairs reversal learning does not disrupt ED shifting (the ability
to switch at the level of higher-order rules). Moreover, lesions of
the ventrolateral PFC inmarmosets that disrupt shifting between
higher-order rules, do not disrupt reversing between concrete
stimuli (Dias et al. 1996b, 1997). A similar dissociation between
these types of shifting deficit has since been seen in a number of
patient groups with frontal lobe pathology (Owen et al. 1992;
Rahman et al. 1999).
Despite reversal learning being dependent upon the PFC, the

cognitive processes that underlie it are not dependent upon DA-
ergic modulation of the PFC. Global prefrontal DA depletion
disrupted attentional selection but did not affect the reversal of
a visual discrimination (Roberts et al. 1994). A similar dissoci-
ation has been seen in humans treated with methylphenidate
(Rogers et al. 1999). More recently, DA depletion restricted to
the OFC, induced by local infusions of 6-OHDA, was also found
to be without effect on serial reversal performance of marmo-
sets (Fig. 1d, Clarke et al. 2006). Thus, the ability to detect
a change in the contingencies between a stimulus and reward,
to respond to punishment, and to use such error and punish-
ment cues to direct responding away from the previously
rewarded stimulus and toward the previously unrewarded
stimulus are not dependent upon orbitofrontal DA. However,
certain aspects of orbitofrontal processing are DA dependent.
For example, 6-OHDA--induced DA depletion within OFC
disrupts the evaluation of reward magnitude and delay in
a temporal discounting task in rats (Kheramin et al. 2004) and
DA utilization in the OFC, as measured by levels of 3,4-di-
hydroxy-phenylocetic acid, is increased in rats performing
a temporal reward discounting task (Winstanley et al. 2006).
Moreover, intra-OFC infusions of DA D1 and D2 receptor
antagonists decrease the breakpoint on a progressive ratio
schedule, that is, the point at which a rat will not increase
responding further to obtain food reward, implicating DA in the
translation of incentivemotivation into action (Cetin et al. 2004).
The original emphasis of a role for PFC DA in working

memory has been substantiated by the results of several studies
reviewed above, including our own in the marmoset (Collins
et al. 1998). However, the question has been whether effects of
DA on attentional set formation and shifting can be accommo-
dated within a working memory explanation. Our own hypoth-
esis is to suggest the converse relationship between deficits in
working memory and attentional set formation, specifically that
both arise from a failure of attentional selection. This is also
consistent with our observations that spatial working memory
deficits resulting from prefrontal DA depletion in marmosets
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depend critically upon the presence of distracting stimuli in the
delay interval (Collins et al. 1998). We think this hypothesis is
also consistent with the notion that PFC DA D1 receptors are
implicated in the stabilization of representations (Durstewitz
et al. 2000) which leads to their protection under conditions of
distraction. The importance of the PFC in guiding behavior by
representations of discriminative stimuli, rather than the stimuli
themselves, was highlighted by Goldman-Rakic (1987), but
although her hypothesis emphasized the importance of the
PFC in representational memory, it is clear that the PFC and its
DA input are also involved in representing knowledge in
contexts which require little or no working memory.

NA and Attentional Set-Shifting

There is burgeoning evidence that the noadrenergic (NA)
system, specifically the coeruleo-cortical NA projections to
diverse forebrain sites, including the neocortical mantle and
the hippocampus, is implicated in attentional set-shifting. There
is already substantial evidence that manipulations of the NA
system affect working memory functions in nonhuman primates
in a way perhaps similar to the effects of DA neuromodulation
(reviewed in Arnsten and Robbins 2002). Parallel investigations
have also suggested a role for central, particularly prefrontal,
NA in attentional functioning based on electrophysiological
studies in monkeys (Aston-Jones and Cohen 2005), and
studies in rats of the effects of profound cortical depletion of
NA (Carli et al. 1983; Cole andRobbins 1992;Milstein et al. 2006).
An early literature described effects of central NA manipu-

lations on task set switching in the rat after lesions of the dorsal
noradrenergic ascending bundle (DNAB) or systemic drug
treatments, but due to a mixture of conflicting results and
interpretations, as well as procedural confounds, it is somewhat
confused (Mason and Lin 1980; Devauges and Sara 1990; Rowe
et al. 1996). Consequently, it has been of considerable interest
to examine effects of manipulations of NA function on the
acquisition and shifting of attentional sets and reversal learning
with some novel pharmacological agents on the rat version of
the attentional set-shifting paradigm when rule shifting and
reversal learning are completely independent (Birrell and
Brown 2000). Converging new evidence suggests a selective
effect of prefrontal NA manipulations on attentional set shifting.
First, Lapiz and 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 intramedial PFC infusions of a postsynaptic a-1 receptor
antagonist, but not by intra-PFC infusions of a b-1, or b-2
receptor antagonist. A similar improvement in set-shifting has
also been described by Lapiz et al. (forthcoming) following a
regimen of subchronic treatment with the NA-reuptake blocker
desipramine leading to an upregulation of medial prefrontal NA
(as confirmed with microdialysis). Second, DNAB lesions using
6-OHDA produce substantial depletions of cortical NA and
selectively impair set shifting (Tait et al., unpublished findings).
This effect in rats is probably mediated by the PFC as infusions of
the anti-dopamine b-hydroylase saporin into the medial PFC
impair set shifting (Eichenbaum et al. 2003). It is of interest that
agents affecting noradrenergic transmission such as methylphe-
nidate (Rogers et al. 1999), and more particularly clonidine and
idazoxan (especially when combined, Middleton et al. 1999) all
selectively affect attentional set-shifting in human volunteers,
although more detailed investigation is necessary.

Serotonin and a Specific Form of Cognitive Flexibility

In contrast to the catecholamines, far less is known of the role of
5-HT in prefrontal processing. Like DA, 5-HT can affect working
memory function (Goldman-Rakic 1999) and within dorsolat-
eral PFC 5-HT2A and 5-HT3 receptors have been located on the
same pyramidal neurons as DA receptors, except that in
contrast to DA receptors they are found on the proximal
dendrites rather than in the spines. However, unlike DA, 5-HT
has a marked influence on reversal learning. Large depletions of
5-HT throughout the PFC (induced by 5,7-dihydroxytryptamine
[5,7-DHT] infusions, Clarke et al. 2004, 2005) as well as more
restricted lesions targeting the OFC (Clarke et al. 2006) have
resulted in impaired discrimination reversal performance (Fig.
2a) despite intact performance of a discrimination learned prior
to surgery and intact acquisition of a novel visual discrimination
(Fig. 2b). The deficit is characterized by a marked perseveration,
the lesioned monkeys displaying repetitive responding to the
previously rewarded stimulus across a number of sessions
despite the continued failure to get reward. Moreover, the
deficit is present whether animals have been performing a series
of reversals of a simple pattern discrimination (Clarke et al.
2004) or reversing a compound discrimination immediately
after a shift of attentional set (Clarke et al. 2005). However, the
deficit is abolished if the previously correct stimulus is no
longer present at the time of the reversal and the subject has to
choose instead between a novel stimulus and the previously
unrewarded, but currently rewarded stimulus (Fig. 2c, Clarke
et al. 2006). Intact performance on this version of reversal
learning rules out any explanation of the deficit in terms of
a failure to learn to respond to a previously unrewarded
stimulus (learned avoidance). It suggests, instead, that the
deficit in reversal learning is due to a failure to cease responding
to the previously rewarded stimulus. Consistent with this is the
finding that the reversal deficit is still present if, at the time of
the reversal, the previously unrewarded stimulus is replaced
with a novel stimulus and the animal has to choose the novel
stimulus and inhibit responding to the previously rewarded
stimulus (Fig. 2c). A similar stimulus bound behavior is seen in
marmosets with 5,7-DHT--induced depletions of prefrontal 5-
HT during acquisition of the detour reaching task (Fig. 2d).
Although lesioned monkeys, like controls, can learn to make
a detour reach around a transparent barrier in order to gain
access to food reward that is located immediately behind the
barrier, nevertheless, during acquisition the lesioned animals
made many more reaches along their line of sight, directly into
the barrier, to retrieve the visible reward compared with
controls (Walker et al. 2006).
The specificity of this deficit is shown by the intact

performance of marmosets with prefrontal 5-HT depletion in
shifting an attentional set from one perceptual dimension of
a compound stimulus to another (Fig. 2e, Clarke et al. 2005), an
ability dependent not on OFC but on ventrolateral PFC in
marmosets (Dias et al. 1996b, 1997). Moreover, we have also
failed to find in preliminary studies an effect of prefrontal 5-HT
depletion in marmosets on the performance of a spatial
sequencing task (Walker et al. 2005), a task previously shown
to be disrupted by global lesions of the PFC (Collins et al. 1998)
and which recent evidence would suggest is particularly
dependent upon ventrolateral PFC (Walker et al. 2005). These
dissociable effects of 5-HT on functions differentially dependent
upon OFC and lateral PFC may suggest differential sensitivity of
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these prefrontal regions to 5-HT modulation. Thus, the distri-
bution of 5-HT and its receptors does exhibit regional and
laminar selectivity (Pazos et al. 1987; Audet et al. 1989; Goldman-

Rakic et al. 1990; Gebhard et al. 1995). Nevertheless, 5-HT
receptors are found throughout dorsolateral and ventrolateral
regions of PFC and as described earlier, 5-HT has been shown to

Figure 2. The effects of 5,7-DHT--induced depletions of 5-HT from marmoset PFC on reversal learning, detour reaching, and the maintenance and shifting of attentional sets.
Animals with 5,7-DHT lesions of the PFC made more errors than controls before reaching criterion across a series of reversals, the errors being primarily perseverative in nature, as
shown in (a). In contrast, their performance on the retention of a discrimination learned immediately prior to surgery and on acquisition of a novel discrimination learned postsurgery
was intact, as shown in (b), The deficit in reversal learning was dependent upon the presence of the previously rewarded stimulus (perseveration test) at the time of the reversal, as
shown in (c). In contrast, reversal performance was intact if the previously rewarded stimulus was replaced by a novel stimulus (learned avoidance test), also shown in (c). 5,7-DHT
lesioned monkeys are also impaired at inhibiting a prepotent response tendency to reach for food reward as measured by their increased number of barrier reaches to the closed
side of the box in the detour reaching task, shown in (d). Here, phases 1 and 2 represent different stages of acquisition and phase 3, stable performance. In contrast, their
performance on the maintenance and shifting of an attentional set, shown in (e), is equivalent to controls. For comparison purposes, the data have been square root transformed.
However, where statistical significance between groups is indicated this is based upon the statistical analysis performed on the original data set described in full in the original
publications. The ‘‘þ’’ and ‘‘"’’ signs in (c) indicate whether the stimuli were associated with reward or not. Control groups all received sham-operated control procedures.
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modulate the delay firing of monkey pyramidal cells engaged in
the spatial delayed response task. Thus, the differential effects of
5-HT on prefrontal functioning more likely reflect the differen-
tial sensitivity of specific control processes to 5-HT modulation.
Disruption of a number of mechanisms may be responsible for

the perseverative, inflexible behavior associatedwith prefrontal 5-
HT depletion including a failure in error detection, altered
responsiveness to punishment or loss of reward and a deficit in
inhibitorycontrol. Indeed there is evidence to implicate5-HT inall
of these functions (Deakin 1991; Murphy et al. 2002; Evers et al.
2005). Further investigations should seek to specify the specific
mechanism dependent on 5-HT for rapid response reversal and
the role of distinct types of 5-HT receptors within the OFC.

Acetylcholine (ACh) and Serial Reversal Learning

The functions of the basal forebrain cholinergic systems
projecting to the cortex have been subject to intense scrutiny,
with proposed roles in learning, working memory, and attention
(Everitt and Robbins 1997; Sarter and Bruno 1997; Hasselmo and
McGaughy 2004). In terms of the attentional set-shifting
paradigm the balance of evidence suggests intriguingly that
cortical ACh manipulations selectively affect reversal learning
dependent on the OFC. An initial study examined the effects of
N-methyl-d-aspantate (NMDA)-induced excitotoxic lesions of
the nucleus basalis of Meynert (nbM) in marmosets (Roberts
et al. 1990). This lesion led to reductions immediately post-
surgery in excess of 70% in cortical acetyltransferase through-
out the PFC, (although reductions in cortical choline
acetyltransferase activity had declined to around 30% by the
end of the study, 1 year later). There was relative sparing of the
globus pallidus which is much more difficult to achieve in rats
because of the proximity of this structure to the cholinergic
neurons of the nucleus basalis in that species. The marmosets
had been trained on a visual discrimination task prior to surgery
and the major deficit was in performance of the visual
discrimination over a series of reversals. This serial reversal
learning impairment was characterized by a tendency on the
first reversal to make perseverative errors, as well as a failure to
improve over successive reversals (Fig. 3a). New discrimination
learning was only impaired if tested soon after surgery. In
a second study, the maintenance of an attentional set and the
shifting of attentional sets were shown to be insensitive to such
nbM lesions (Fig. 3b) although reversal learning, as before, was
disrupted (Roberts et al. 1992). The results were discussed in
terms of the close anatomical relationships between the OFC
and the nbM in marmosets. A definitive conclusion that ACh
contributes to reversal learning is not possible, because of the
possibility of incidental damage to other noncholinergic neu-
rons in the nbM. A follow-up study by Fine et al. (1997) inves-
tigated the effects of the cholinergically selective immunotoxin,
IgG saporin, infused into the marmoset nbM and showed no
significant effects on serial reversal learning, but such deficits
were unmasked by concomitant treatment with scopolamine.
The issue has been addressed more recently by several

studies in the rat. Thus, Tait and Brown (unpublished manu-
script, personal communication) have shown that 192-IgG
saporin infusions into the rat basal forebrain did not impair
performance at any stage of the odor/texture discrimination
variant of the attentional set-shifting paradigm for rats, including
reversal learning. However, a complementary experiment
employing a spatial serial reversal paradigm in an operant

Figure 3. The effects of excitotoxic lesions of the nbM on the maintenance and
shifting of attentional sets and reversal learning in marmosets. Lesions of the nbM
impaired reversal learning, resulting in an increase in perseverative errors on the first
reversal and a failure to show an improvement in performance across a series of
reversals, as shown in (a). Such lesions had no effect on the number of errors to reach
criterion on a discrimination requiring maintenance of an attentional set (IDS) or
shifting of an attentional set (EDS), as shown in (b).
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chamber did find that infusions of 192-IgG saporin into the rat
basal forebrain selectively impaired serial reversal while leaving
performance on the first reversal intact (Cabrera et al. 2006). A
further study by McGaughy et al. (personal communication)
using the odor/texture attentional set-shifting paradigm in-
vestigated the effects of 192-IgG saporin infused directly into
the rat lateral OFC. They found that these selective cholinergic
lesions had no effect on initial acquisition of the discriminations,
or on initial reversal learning or set shifting, but impaired serial
reversal learning selectively for odor-related learning. These
findings contrast with those following nonselective lesions of
the rat OFC which are not selective for modality and also impair
initial reversal learning (McAlonan and Brown 2003) suggesting
that the cholinergic innervation has quite specific functions.
Thus, it does appear that manipulations of the cholinergic
innervation of the OFC can produce quite selective impairments
of serial reversal learning that generalize across modalities. An
earlier study with 192-IgG saporin infused into the medial PFC
(Eichenbaum et al. 2003) had no effects on any aspect of the
attentional set-shifting paradigm (in agreement with the earlier
finding in marmosets using a less selective lesioning protocol)
suggesting that the effects of ACh manipulations of the PFC were
limited to reversal learning. If serial reversal learning, but not the
first reversal, is dependent upon prefrontal acetylcholine then
this would give support for the speculative proposal that
acetylcholine is involved in ‘‘expected uncertainty’’ (Yu and
Dayan 2005), because, across a series of reversals, animals learn to
predict a change in the response contingencies.
Overall, the available evidence suggests that ACh in the OFC is

implicated in aspects of reversal learning. Although cholinergic
treatments also apparently affect set-shifting (Chen et al. 2004),
their site of action is unclear and may include posterior parietal
cortex (Fox et al. 2003).

Summary and Conclusions

The differential contributions of the monoamines and acetyl-
choline to specific aspects of fronto-executive processing have
been reviewed. Performance on the various stages of an
attentional set-shifting paradigm, designed to measure the ability
of humans and other animals alike, to develop and maintain

higher-order attentional sets, shift attentional sets, and reverse
responding between concrete stimuli based upon changing
reward contingencies, has been shown to be differentially af-
fected by manipulations of these neuromodulators (See Table 1
and Fig. 4). Direct comparison of the effects of the catecholamine
neurotoxin, 6-OHDA and the 5-HT neurotoxin, 5,7-DHT infused
into the PFC of a new world primate, the commonmarmoset, has
implicated prefrontal 5-HT in reversal learning but not in
developing or shifting an attentional set. In contrast, prefrontal
DA has been implicated in attentional set formation but not
reversal learning. A similar dissociation between the effects of DA
and 5-HTmanipulation has been reported in volunteers using the
human analog of the attentional set-shifting paradigm. Prefrontal
NA, on the other hand, has been implicated specifically in the
shifting of an attentional set in studies using the odor-texture
version of the attentional set-shifting paradigm devised for rats.
Although prefrontal acetylcholine does not appear to contribute
to higher-order attentional selection or shifting of an attentional
set, it may play a role in reversal learning.
Together, these findings highlight the specificity of influences

that these neurotransmitter systems have on overall prefrontal
executive control, acting to promote distinct components of
prefrontal processing in a context-dependent manner. The goal
of future studiesmust be to define the specific contexts inwhich
these neuromodulatory systems are acting to bias prefrontal
processing. Of central importance to our understanding of the
functions of these neuromodulatory systems is their top-down
regulation by the very system that they themselvesmodulate, the
fronto-executive system. For example, the ascending 5-HT
system receives descending inputs from the medial PFC of the
rat that signal stressor controllability. Without this signal,
controllable stress, like uncontrollable stress causes dysregula-
tion of the 5-HT system. Similar control principlesmay thus apply
to NA (Amat et al 2005; Arnsten and Goldman-Rakic 1984; Jodo
et al. 1998), DA, and acetylcholine (Gaykema et al. 1991) as the
PFC also sends descending projections to each of these modu-
latory systems, although possibly from different regions of PFC.
For example, the fact that the midbrain DA neurons are re-
sponsive to reward contingencies (Mirenowicz and Schultz
1994; Hollerman and Schultz 1998) suggests that the relevant

Table 1
Effects of monoaminergic and cholinergic manipulations of PFC on attentional set formation (IDS) or shifting (EDS), and reversal learning in animals.

Experimental procedure CNS location and neurotransmitter Animal species Attentional set-shifting task Reversal Reference

Intra-PFC 6-OHDA infusions Global PFC DA depletions Marmoset Enhanced set-shifting No effect Roberts et al. 1994
Intra-PFC 6-OHDA infusions Global PFC DA depletions Marmoset Impaired acquisition of an attentional

set
— Crofts et al. 2001

Peripheral injection of tolcapone,
a COMT inhibitor

Elevations in stimulated DA release in
medial PFC

Rat Enhanced set-shifting No effect Tunbridge et al. 2004

Intra-OFC 6-OHDA infusions OFC DA depletions Marmoset — No effect Clarke et al. 2006
Peripheral injection of atipamezole,
an a-2-adrenergic autoreceptor
antagonist

Global increase in NA (behavioral
effects blocked by intramedial PFC
in-fusions of a-1 postsynaptic
receptor antagonist)

Rat Enhanced set-shifting No effect Lapiz and Morilak 2006

Subchronic peripheral treatment with
the NA-reuptake blocker,
desipramine

Elevations in NA in medial PFC Rat Enhanced set-shifting No effect Lapiz et al. forthcoming

Intra-medial PFC infusions of
anti-DBH saporin

NA depletions in medial PFC Rat Impaired set-shifting No effect Eichenbaum et al. 2003

DNAB lesions using 6-OHDA Cortical and subcortical NA depletions Rat Impaired set-shifting No effect Tait et al., unpublished findings
Intra-PFC 5,7 DHT infusions Global PFC 5-HT depletions Marmoset No effect Impaired reversal Clarke et al. 2005
Intra-OFC 5,7-DHT infusions OFC and ventrolateral 5-HT depletions Marmoset — Impaired reversal Clarke et al. 2006
NMDA-induced excitotoxic lesions
of the NBM

Global PFC depletions of acetylcholine Marmoset No effect Impaired reversal Roberts et al. 1992

192-IgG saporin infusions in medial
PFC

Medial PFC reductions in
acetylcholine

Rat No effect No effect Eichenbaum et al. 2003
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associative information may derive from processing within such
limbic structures as the OFC (and the amygdala). Moreover,
sensitization of the response to repeateddoses of stimulant drugs
depends on the influence of descending input from the PFC onto
the midbrain DA neurons. NA too receives input from the PFC,
both from the medial PFC and OFC (Aston-Jones and Cohen
2005), whereas the basal forebrain neurons receive inputs from
the OFC (Mesulam and Mufson 1984), although the role of the
PFC in modulating these latter systems is unknown.
The differential modulation of fronto-executive function by

these discrete neurochemical systems highlights a degree of
specificity for these ‘‘nonspecific’’ neuromodulatory pathways
which has hitherto been underestimated. These systems in-
teract within the PFC at the level of single pyramidal neurons
but also at the level of functional modules in order to optimize
overall executive control. They represent distinct arousal,
attentional, and affective states and, as can be seen from the
findings reviewed in this article, recruit different executive
operations, for example holding information ‘on-line, updating,
maintaining vigilance, and response inhibition. Consistent with
this is the recent finding that chronic stress in rats that causes
a retraction of dendritic arbors in the medial PFC, but not lateral
OFC, selectively impairs attentional set-shifting but not reversal
learning (Liston et al. 2006). Top-down control by the PFC may
be providing the basis of this functional differentiation; hence
these neurochemical systems are recruited by the very system
that they themselves are modulating and it is postulated that this
interaction is essential for overall cognitive plasticity.
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Nature Neurosci. 8:365--371.

Arnsten AF. 1997. Catecholamine regulation of the prefrontal cortex. J
Psychopharmacol. 11:151--162.

Arnsten AF, Goldman-Rakic PS. 1984. Selective prefrontal cortical
projections to the region of the locus coeruleus and raphe nuclei
in the rhesus monkey. Brain Res. 306:9--18.

ArnstenAFT,RobbinsTW. 2002.Neurochemicalmodulationof prefrontal
cortical functions in humans and animals. In: StussD,KnightR, editors.
The prefrontal cortex. New York: Oxford University Press. p. 51--84.

Aston-Jones G, Cohen JD. 2005. Adaptive gain and the role of the locus
coeruleus-norepinephrine system in optimal performance. J Comp
Neurol. 493:99--110.

Audet MA, Descarries L, Doucet G. 1989. Quantified regional and laminar
distribution of the serotonin innervation in the anterior half of adult
rat cerebral cortex. J Chem Neuroanat. 2:29--44.

Bilder RM, Volavka J, Lachman HM, Grace AA. 2004. The catechol-O-
methyltransferase polymorphism: relations to the tonic-phasic
dopamine hypothesis and neuropsychiatric phenotypes. Neuropsy-
chopharmacology. 29:1943--1961.

Birrell JM, Brown VJ. 2000. Medial frontal cortex mediates perceptual
attentional set shifting in the rat. J Neurosci. 20:4320--4324.

Braver TS, Cohen JD. 2000. On the control of control: the role of
dopamine in regulating prefrontal function and working memory. In:
Monsell S, Driver J, editors. Attention and performance. Cambridge
(MA): MIT Press. p. 713--737.

Brown VJ, Bowman EM. 2002. Rodent models of prefrontal cortical
function. Trends Neurosci. 25:340--343.

Brozoski TJ, Brown RM, Rosvold HE, Goldman PS. 1979. Cognitive deficit
caused by regional depletion of dopamine in prefrontal cortex of
rhesus monkey. Science. 205:929--932.

Burman KJ, Palmer SM, Gamberini M, Rosa MG. 2006. Cytoarchitectonic
subdivisions of the dorsolateral frontal cortex of the marmoset
monkey (Callithrix jacchus), and their projections to dorsal visual
areas. J Comp Neurol. 495:149--172.

Butter CM. 1969. Perseveration in extinction and in discrimination
reversal tasks following selective frontal ablations in Macaca mulatta.
Physiol Behav. 4:163--171.

Cabrera SM, Chavez CM, Corley SR, Kitto MR, Butt AE. 2006. Selective
lesions of the nucleus basalis magnocellularis impair cognitive
flexibility. Behav Neurosci. 120:298--306.

Carli M, Robbins TW, Evenden JL, Everitt BJ. 1983. Effects of lesions to
ascending noradrenergic neurones on performance of a 5-choice
serial reaction task in rats; implications for theories of dorsal
noradrenergic bundle function based on selective attention and
arousal. Behav Brain Res. 9:361--380.

Cetin T, Freudenberg F, Fuchtemeier M, Koch M. 2004. Dopamine in the
orbitofrontal cortex regulates operant responding under a progres-
sive ratio of reinforcement in rats. Neurosci Lett. 370:114--117.

Chen KC, Baxter MG, Rodefer JS. 2004. Central blockade of muscarinic
cholinergic receptors disrupts affective and attentional set-shifting.
Eur J Neurosci. 20:1081--1088.

Chudasama Y, Robbins TW. 2003. Dissociable contributions of the
orbitofrontal and infralimbic cortex to pavlovian autoshaping and
discrimination reversal learning: further evidence for the functional
heterogeneity of the rodent frontal cortex. J Neurosci. 23:8771--8780.

Chudasama Y, Robbins TW. 2004. Dopaminergic modulation of visual
attention and working memory in the rodent prefrontal cortex.
Neuropsychopharmacology. 29:1628--1636.

Figure 4. Differential regulation of the executive control processes (shown in italics)
underlying the attentional set-shifting paradigm by DA, 5-HT, NA, and acetylcholine.

i158 Differential Regulation of Fronto-Executive Function d Robbins and Roberts

 at V
anderbilt U

niversity - M
assey Law

 Library on O
ctober 28, 2015

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 



Clarke HF, Dalley JW, Crofts HS, Robbins TW, Roberts AC. 2004.
Cognitive inflexibility after prefrontal serotonin depletion. Science
304:878--880.

Clarke HF, Walker SC, Crofts HS, Dalley JW, Robbins TW, Roberts AC.
2005. Prefrontal serotonin depletion affects reversal learning but not
attentional set shifting. J Neurosci. 25:532--538.

Clarke HF, Walker SC, Dalley JW, Robbins TW, Roberts AC. 2006.
Cognitive inflexibility after prefrontal serotonin depletion is behav-
iorally and neurochemically specific. Cereb Cortex. Epub ahead of
print: doi: 10.1093/cercor/bhj1120.

Cohen JD, Servan-SchreiberD. 1993. A theory of dopamine function and its
role in cognitive deficits in schizophrenia. Schizophr Bull. 19:85--104.

Cole BJ, Robbins TW. 1992. Forebrain norepinephrine: role in controlled
information processing in the rat. Neuropsychopharmacology.
7:129--142.

Collins P, Roberts AC, Dias R, Everitt BJ, Robbins TW. 1998. Persever-
ation and strategy in a novel spatial self-ordered sequencing task for
nonhuman primates: effects of excitotoxic lesions and dopamine
depletions of the prefrontal cortex. J Cogn Neurosci. 10:332--354.

Crofts HS, Dalley JW, Collins P, Van Denderen JC, Everitt BJ, Robbins TW,
Roberts AC. 2001. Differential effects of 6-OHDA lesions of the
frontal cortex and caudate nucleus on the ability to acquire an
attentional set. Cereb Cortex. 11:1015--1026.

Deakin JF. 1991. Depression and 5HT. Int Clin Psychopharmacol.
6(Suppl 3):23--28; discussion 29--31.

Devauges V, Sara SJ. 1990. Activation of the noradrenergic system
facilitates an attentional shift in the rat. Behav Brain Res. 39:19--28.

Dias R, Robbins TW, Roberts AC. 1996a. Primate analogue of the
Wisconsin Card Sorting Test: effects of excitotoxic lesions of the
prefrontal cortex in the marmoset. Behav Neurosci. 110:872--886.

Dias R, Robbins TW, Roberts AC. 1996b. Dissociation in prefrontal
cortex of affective and attentional shifts. Nature. 380:69--72.

Dias R, Robbins TW, Roberts AC. 1997. Dissociable forms of inhibitory
control within prefrontal cortex with an analog of the Wisconsin
Card Sort Test: restriction to novel situations and independence
from ‘‘on-line’’ processing. J Neurosci. 17:9285--9297.

Durstewitz D, Seamans JK, Sejnowski TJ. 2000. Dopamine-mediated
stabilization of delay-period activity in a network model of prefrontal
cortex. J Neurophysiol. 83:1733--1750.

Egan MF, Goldberg TE, Kolachana BS, Callicott JH, Mazzanti CM, Straub
RE, Goldman D, Weinberger DR. 2001. Effect of COMT Val108/158
Met genotype on frontal lobe function and risk for schizophrenia.
Proc Natl Acad Sci USA. 98:6917--6922.

Eichenbaum H, Ross RT, Rajii A, McGaughy JA. 2003. Noradrenergic, but
not cholinergic, deafferentation of the infralimbic/prelimbic cortex
impairs attentional set-shifting. Soc Neurosci Abstr. 940.7. vol. 29.

Everitt BJ, Robbins TW. 1997. Central cholinergic systems and cognition.
Annu Rev Psychol. 48:649--684.

Evers EA, Cools R, Clark L, van der Veen FM, Jolles J, Sahakian BJ, Robbins
TW. 2005. Serotonergic modulation of prefrontal cortex during
negative feedback in probabilistic reversal learning. Neuropsycho-
pharmacology. 30:1138--1147.

Fellows LK, Farah MJ. 2003. Ventromedial frontal cortex mediates
affective shifting in humans: evidence from a reversal learning
paradigm. Brain. 126:1830--1837.

Fine A, Hoyle C, Maclean CJ, Levatte TL, Baker HF, Ridley RM. 1997.
Learning impairments following injection of a selective cholinergic
immunotoxin, ME20.4 IgG-saporin, into the basal nucleus of Meynert
in monkeys. Neuroscience. 81:331--343.

Floresco SB, Magyar O. 2006. Mesocortical dopamine modulation of
executive functions: beyond working memory. Psychopharmacology
(Berl). 188:567--585.

Floresco SB,MagyarO,Ghods-Sharifi S,VexelmanC,TseMT. 2006.Multiple
dopamine receptor subtypes in the medial prefrontal cortex of the rat
regulate set-shifting. Neuropsychopharmacology. 31:297--309.

Floresco SB, Phillips AG. 2001. Delay-dependent modulation of memory
retrieval by infusion of a dopamine D1 agonist into the rat medial
prefrontal cortex. Behav Neurosci. 115:934--939.

Fox MT, Barense MD, Baxter MG. 2003. Perceptual attentional set-
shifting is impaired in rats with neurotoxic lesions of posterior
parietal cortex. J Neurosci. 23:676--681.

Gaykema RP, van Weeghel R, Hersh LB, Luiten PG. 1991. Prefrontal
cortical projections to the cholinergic neurons in the basal forebrain.
J Comp Neurol. 303:563--583.

Gebhard R, Zilles K, Schleicher A, Everitt BJ, Robbins TW, Divac I. 1995.
Parcellation of the frontal cortex of the New World monkey
Callithrix jacchus by eight neurotransmitter-binding sites. Anat
Embryol (Berl). 191:509--517.

Goldman-Rakic P. 1987. Circuitry of primate prefrontal cortex and
regulation of behavior by representational memory. In: Plum FMV,
editor. Handbook of physiology. Bethesda (MD): American Physiol-
ogy Society. p. 373--417.

Goldman-Rakic PS. 1999. The ‘‘psychic’’ neuron of the cerebral cortex.
Ann N Y Acad Sci. 868:13--26.

Goldman-Rakic PS, Leranth C, Williams SM, Mons N, Geffard M. 1989.
Dopamine synaptic complex with pyramidal neurons in primate
cerebral cortex. Proc Natl Acad Sci USA. 86:9015--9019.

Goldman-RakicPS,LidowMS,GallagerDW.1990.Overlapofdopaminergic,
adrenergic, and serotoninergic receptors and complementarity of their
subtypes in primate prefrontal cortex. J Neurosci. 10:2125--2138.

Granon S, Passetti F, Thomas KL, Dalley JW, Everitt BJ, Robbins TW. 2000.
Enhanced and impaired attentional performance after infusion of D1
dopaminergic receptor agents into rat prefrontal cortex. J Neurosci.
20:1208--1215.

Hampshire A, Owen AM. 2006. Fractionating attentional control using
event-related fMRI. Cereb Cortex. 16:1679--1689.

Hasselmo ME, McGaughy J. 2004. High acetylcholine levels set circuit
dynamics for attention and encoding and low acetylcholine levels set
dynamics for consolidation. Prog Brain Res. 145:207--231.

Hollerman JR, Schultz W. 1998. Dopamine neurons report an error in the
temporal prediction of reward during learning. NatNeurosci. 1:304--309.

Hornak J, O’Doherty J, Bramham J, Rolls ET, Morris RG, Bullock PR,
Polkey CE. 2004. Reward-related reversal learning after surgical
excisions in orbito-frontal or dorsolateral prefrontal cortex in
humans. J Cogn Neurosci. 16:463--478.

Iversen SD, Mishkin M. 1970. Perseverative interference in monkeys
following selective lesions of the inferior prefrontal convexity. Exp
Brain Res. 11:376--386.

Jakab RL, Goldman-Rakic PS. 1998. 5-Hydroxytryptamine2A serotonin
receptors in the primate cerebral cortex: possible site of action of
hallucinogenic and antipsychotic drugs in pyramidal cell apical
dendrites. Proc Natl Acad Sci USA. 95:735--740.

Jazbec S, Pantelis C, Robbins T, Weickert T, Weinberger DR, Goldberg
TE. 2006. Intra-dimensional/extra-dimensional set-shifting perfor-
mance in schizophrenia: impact of distractors. Schizophr Res. doi:
10.1016/j.schres.2006.08.014.

Jodo E, Chiang C, Aston-Jones G. 1998. Potent excitatory influence of
prefrontal cortex activity on noradrenergic locus coeruleus neurons.
Neuroscience. 83:63--79.

Kheramin S, Body S, Ho MY, Velazquez-Martinez DN, Bradshaw CM,
Szabadi E, Deakin JF, Anderson IM. 2004. Effects of orbital prefrontal
cortex dopamine depletion on inter-temporal choice: a quantitative
analysis. Psychopharmacology (Berl). 175:206--214.

Konishi S, Nakajima K, Uchida I, Kameyama M, Nakahara K, Sekihara K,
Miyashita Y. 1998. Transient activation of inferior prefrontal cortex
during cognitive set shifting. Nat Neurosci. 1:80--84.

Kowalska DM, Bachevalier J, Mishkin M. 1991. The role of the inferior
prefrontal convexity in performance of delayed nonmatching-to-
sample. Neuropsychologia. 29:583--600.

Kringelbach ML, Rolls ET. 2003. Neural correlates of rapid reversal
learning in a simple model of human social interaction. NeuroImage.
20:1371--1383.

Lapiz MD, Bondi CO, Morilak DA. 2006. Chronic treatment with
desipramine improves cognitive performance of rats in an atten-
tional set-shifting test. Neuropsychopharmacology. 32:1000--1010.

Lapiz MD, Morilak DA. 2006. Noradrenergic modulation of cognitive
function in rat medial prefrontal cortex as measured by attentional
set shifting capability. Neuroscience. 137:1039--1049.

ListonC,MillerMM,GoldwaterDS, Radley JJ, RocherAB,Hof PR,Morrison
JH, McEwen BS. Forthcoming. 2007. Stress-induced alterations in pre-
frontal cortical dendritic morphology predict selective impairments
in perceptual attentional set-shifting. J Neurosci. 26:7870--7874.

Cerebral Cortex 2007, V 17 Supplement 1 i159

 at V
anderbilt U

niversity - M
assey Law

 Library on O
ctober 28, 2015

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 



Malkova L, Bachevalier J, Webster M, Mishkin M. 2000. Effects of
neonatal inferior prefrontal and medial temporal lesions on learning
the rule for delayed nonmatching-to-sample. Dev Neuropsychol.
18:399--421.

Mason ST, Lin D. 1980. Dorsal noradrenergic bundle and selective
attention in the rat. J Comp Physiol Psychol. 94:819--832.

McAlonan K, Brown VJ. 2003. Orbital prefrontal cortex mediates
reversal learning and not attentional set shifting in the rat. Behav
Brain Res. 146:97--103.

Mesulam MM, Mufson EJ. 1984. Neural inputs into the nucleus basalis of
the substantia innominata (Ch4) in the rhesus monkey. Brain. 107(Pt
1):253--274.

Middleton HC, Sharma A, Agouzoul D, Sahakian BJ, Robbins TW. 1999.
Idazoxan potentiates rather than antagonizes some of the cognitive
effects of clonidine. Psychopharmacology (Berl). 145:401--411.

Milstein JA, Lehmann O, Theobald DE, Dalley JW, Robbins TW. 2006.
Selective depletion of cortical noradrenaline by anti-dopamine beta-
hydroxylase-saporin impairs attentional function and enhances the
effects of guanfacine in the rat. Psychopharmacology (Berl). doi:
10.1007/s00213-006-0594-x.

Mirenowicz J, Schultz W. 1994. Importance of unpredictability for
reward responses in primate dopamine neurons. J Neurophysiol.
72:1024--1027.

Mrzljak L, Levey AI, Goldman-Rakic PS. 1993. Association of m1 and m2
muscarinic receptor proteins with asymmetric synapses in the
primate cerebral cortex: morphological evidence for cholinergic
modulation of excitatory neurotransmission. Proc Natl Acad Sci USA.
90:5194--5198.

Muly EC 3rd, Szigeti K, Goldman-Rakic PS. 1998. D1 receptor in
interneurons of macaque prefrontal cortex: distribution and sub-
cellular localization. J Neurosci. 18:10553--10565.

Murphy FC, Smith KA, Cowen PJ, Robbins TW, Sahakian BJ. 2002. The
effects of tryptophan depletion on cognitive and affective processing
in healthy volunteers. Psychopharmacology (Berl). 163:42--53.

Nagahama Y, Okada T, Katsumi Y, Hayashi T, Yamauchi H, Oyanagi C,
Konishi J, Fukuyama H, Shibasaki H. 2001. Dissociable mechanisms of
attentional control within the human prefrontal cortex. Cereb
Cortex. 11:85--92.

Nakahara K, Hayashi T, Konishi S, Miyashita Y. 2002. Functional MRI of
macaque monkeys performing a cognitive set-shifting task. Science.
295:1532--1536.

O’Doherty J, Critchley H, Deichmann R, Dolan RJ. 2003. Dissociating
valence of outcome from behavioral control in human orbital and
ventral prefrontal cortices. J Neurosci. 23:7931--7939.

O’Doherty J, Kringelbach ML, Rolls ET, Hornak J, Andrews C. 2001.
Abstract reward and punishment representations in the human
orbitofrontal cortex. Nat Neurosci. 4:95--102.

Owen AM, James M, Leigh PN, Summers BA, Marsden CD, Quinn NP,
Lange KW, Robbins TW. 1992. Fronto-striatal cognitive deficits at
different stages of Parkinson’s disease. Brain. 115:1727--1751.

Pantelis C, Barber FZ, Barnes TR, Nelson HE, Owen AM, Robbins TW.
1999. Comparison of set-shifting ability in patients with chronic
schizophrenia and frontal lobe damage. Schizophr Res. 37:251--270.

Pazos A, Probst A, Palacios JM. 1987. Serotonin receptors in the human
brain--IV. Autoradiographic mapping of serotonin-2 receptors. Neu-
roscience. 21:123--139.

Petrides M, Pandya DN. 1994. Comparative architectonic analysis of the
human and themacaque frontal cortex. In: Boller F, Grafman J, editors.
Handbook of neuropsychology. Amsterdam, The Netherlands:
Elsevier Science B. V. p. 17--58.

Ragozzino ME. 2002. The effects of dopamine D(1) receptor blockade in
the prelimbic-infralimbic areas on behavioral flexibility. Learn Mem.
9:18--28.

Rahman S, Sahakian BJ, Hodges JR, Rogers RD, Robbins TW. 1999.
Specific cognitive deficits in mild frontal variant frontotemporal
dementia. Brain. 122:1469--1493.

Roberts AC, De Salvia MA, Wilkinson LS, Collins P, Muir JL, Everitt BJ,
Robbins TW. 1994. 6-Hydroxydopamine lesions of the prefrontal
cortex in monkeys enhance performance on an analog of the
Wisconsin Card Sort Test: possible interactions with subcortical
dopamine. J Neurosci. 14:2531--2544.

Roberts AC, Robbins TW, Everitt BJ, Jones GH, Sirkia TE, Wilkinson J,
Page K. 1990. The effects of excitotoxic lesions of the basal forebrain
on the acquisition, retention and serial reversal of visual discrim-
inations in marmosets. Neuroscience. 34:311--329.

Roberts AC, Robbins TW, Everitt BJ, Muir JL. 1992. A specific form of
cognitive rigidity following excitotoxic lesions of the basal forebrain
in marmosets. Neuroscience. 47:251--264.

Rogers RD, Blackshaw AJ, Middleton HC, Matthews K, Hawtin K,
Crowley C, Hopwood A, Wallace C, Deakin JF, Sahakian BJ, et al.
1999. Tryptophan depletion impairs stimulus-reward learning while
methylphenidate disrupts attentional control in healthy young
adults: implications for the monoaminergic basis of impulsive
behaviour. Psychopharmacology (Berl). 146:482--491.

Rolls ET, Hornak J, Wade D, McGrath J. 1994. Emotion-related learning in
patients with social and emotional changes associated with frontal
lobe damage. J Neurol Neurosurg Psychiatry. 57:1518--1524.

Rowe J, Saunders J, Durantou F, Robbins T. 1996. Systemic idazoxan
impairs performance in a non-reversal shift test: implications for the
role of the central noradrenergic systems in selective attention.
J Psychopharmacol. 10:188--194.

Sarter M, Bruno JP. 1997. Cognitive functions of cortical acetylcholine:
toward a unifying hypothesis. Brain Res Rev. 23:28--46.

Sawaguchi T, Goldman-Rakic PS. 1991. D1 dopamine receptors in pre-
frontal cortex: involvement inworkingmemory. Science. 251:947--950.

Sawaguchi T, Matsumura M, Kubota K. 1990. Effects of dopamine
antagonists on neuronal activity related to a delayed response task
in monkey prefrontal cortex. J Neurophysiol. 63:1401--1412.

Schoenbaum G, Nugent SL, Saddoris MP, Setlow B. 2002. Orbitofrontal
lesions in rats impair reversal but not acquisition of go, no-go odor
discriminations. NeuroReport. 13:885--890.

Seamans JK, Yang CR. 2004. The principal features and mechanisms of
dopaminemodulation in theprefrontalcortex. ProgNeurobiol. 74:1--58.

Smiley JF, Goldman-Rakic PS. 1993. Heterogeneous targets of dopamine
synapses in monkey prefrontal cortex demonstrated by serial section
electron microscopy: a laminar analysis using the silver-enhanced
diaminobenzidine sulfide (SEDS) immunolabeling technique. Cereb
Cortex. 3:223--238.

Smiley JF, Williams SM, Szigeti K, Goldman-Rakic PS. 1992. Light and
electronmicroscopic characterization of dopamine-immunoreactive
axons in human cerebral cortex. J Comp Neurol. 321:325--335.

Tunbridge EM, Bannerman DM, Sharp T, Harrison PJ. 2004. Catechol-o-
methyltransferase inhibition improves set-shifting performance and
elevates stimulated dopamine release in the rat prefrontal cortex. J
Neurosci. 24:5331--5335.

Walker S, Argyle L, Crofts H, Robbins T, Roberts AC. 2005. The role of the
prefrontal cortex in spatial self-ordered sequencing: a neural and
neurochemical analysis. Soc Neurosci Abstr. 31.

Walker SC, Mikheenko YP, Argyle LD, Robbins TW, Roberts AC. 2006.
Selective prefrontal serotonin depletion impairs acquisition of a de-
tour-reaching task. Eur J Neurosci. 23:3119--3123.

Wallis JD, Anderson KC, Miller EK. 2001. Single neurons in prefrontal
cortex encode abstract rules. Nature. 411:953--956.

Wallis JD, Dias R, Robbins TW, Roberts AC. 2001. Dissociable contribu-
tions of the orbitofrontal and lateral prefrontal cortex of the
marmoset to performance on a detour reaching task. Eur J Neurosci.
13:1797--1808.

Williams GV, Goldman-Rakic PS. 1995. Modulation of memory fields by
dopamine D1 receptors in prefrontal cortex. Nature. 376:572--575.

Williams SM, Goldman-Rakic PS. 1993. Characterization of the dopami-
nergic innervation of the primate frontal cortex using a dopamine-
specific antibody. Cereb Cortex. 3:199--222.

Winstanley CA, Theobald DE, Dalley JW, Cardinal RN, Robbins TW. 2006.
Double dissociation between serotonergic and dopaminergic mod-
ulation of medial prefrontal and orbitofrontal cortex during a test of
impulsive choice. Cereb Cortex. 16:106--114.

Yu AJ, Dayan P. 2005. Uncertainty, neuromodulation, and attention.
Neuron. 46:681--692.

Zahrt J, Taylor JR, Mathew RG, Arnsten AF. 1997. Supranormal
stimulation of D1 dopamine receptors in the rodent prefrontal
cortex impairs spatial working memory performance. J Neurosci.
17:8528--8535.

i160 Differential Regulation of Fronto-Executive Function d Robbins and Roberts

 at V
anderbilt U

niversity - M
assey Law

 Library on O
ctober 28, 2015

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 


