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In recent years, a common approach to understanding how the basal ganglia contribute to learning and
memory in humans has been to study the deficits that occur in patients with basal ganglia pathology,
such as Parkinson’s disease and Huntington’s disease. Pharmacological manipulations in patients and
in healthy volunteers have also been conducted to investigate the role of dopamine, a neurotransmitter
that is crucial for normal striatal functioning. When combined with powerful functional neuroimaging
methods such as positron emission tomography and functional magnetic resonance imaging, such studies
can provide important new insights into striatal function and dysfunction in humans. In this review, we
consider this broad literature in an attempt to define a specific role for the caudate nucleus in learning
and memory, and in particular, how this role may differ from that of the putamen. We conclude that the
caudate nucleus contributes to learning and memory through the excitation of correct action schemas
and the selection of appropriate sub-goals based on an evaluation of action-outcomes; both processes
that are fundamental to all tasks involve goal-directed action.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Parkinson’s disease (PD) is the most widely studied of the basal
ganglia disorders, and as such, is the principal source of information
from humans about striatal function and dysfunction. Studies of
patients with PD suggest that the characteristic clinical symptoms
of bradykinesia, rigidity and resting tremor are frequently accom-
panied by impairments in cognitive function. Although between 15
and 20% of PD patients develop a frank dementia [1], less severe
cognitive impairment is a well-recognized feature early in the dis-
ease that has been shown to be an important predictor for quality
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of life [2,3]. These cognitive deficits take many forms, but deficits
on tests of learning and memory are common [4,5]. Moreover, some
of these impairments have been shown to be extremely sensitive
to the effects of controlled L-Dopa withdrawal [6], suggesting that
they have a predominantly dopaminergic substrate. Dopaminer-
gic neuronal loss represents the primary neuropathology in PD and
occurs predominantly in the nigrostriatal tract and to a lesser extent
in the mesocortical pathway where neurons project from the ven-
tral tegmental area and the medial substantia nigra pars compacta
[7]. Recent functional neuroimaging studies exploring cognitive
deficits in this patient group suggest a role for disruption in both
the nigrostriatal [8,9] and mesocortical [10,11] pathways.

In this review, we will consider this literature in an attempt to
define whether the basal ganglia play any specific role in learning
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and memory. In particular, we will assess how the functions of the
caudate nucleus may differ from those of the putamen.

2. Anatomical considerations, structural and functional
connectivity

In humans, the basal ganglia comprise the striatum (the caudate
and the putamen, linked together through the fundus), the ventral
striatum (the nucleus accumbens and most ventral aspects of
caudate and putamen), the globus pallidus (internal and external
sectors), the substantia nigra, and the subthalamic nucleus [12].
The caudate and putamen are the main input nuclei to the basal
ganglia, receiving axons from nearly all parts of cortex apart from
primary visual, auditory, and olfactory cortices. The caudate and
putamen are reciprocally interconnected with the substantia nigra
(nigrostriatal tract), and most of the basal ganglia output is sent via
the substantia nigra and globus pallidus. An influential model for
understanding how the various basal ganglia nuclei relate to one
another (and to the cortex) has been the concept of cortico-striatal
loops [13], which emphasises the functional inter-relationships
between the neocortex and the striatum. According to this model,
widespread topographically organized cortical projections con-
verge upon the striatum, and project back, via the pallidal, nigral
and thalamic output structures, to discrete cortical regions. Infor-
mation is processed at each level before being relayed back to the
cortex, or directed via the brainstem to motor output structures
(Fig. 1).

Although the invasive tract tracing methods used to delineate
neuroanatomical connections in non-human animals are inappli-
cable to humans, diffusion tensor imaging (DTI) is a non-invasive
magnetic resonance technique that allows demonstration of white
matter fiber tracts in vivo. In white matter, water diffusion is higher
along the direction of fiber bundles (due to axonal organization
and the myelin sheath). This anisotropy is measured with magnetic
resonance imaging (MRI) to determine anatomical connectivity.
Examination of striatal anatomical and functional connections
using this method broadly supports the parallel loop model of stri-
atal organization [13,14]. For example, a DTI study by Lehericy and
colleagues [15] found that the head of the caudate was connected
primarily to medial, ventral, and dorsolateral prefrontal cortex, the

frontal pole, and the pre-supplementary motor area. The rostral
putamen was connected to similar cortical structures, but in gen-
eral, the caudate fibers were more rostral than those of the anterior
putamen. The caudate connectivity pattern was in contrast to that
of the posterior putamen, which was connected to primary sen-
sory and motor areas and the posterior supplementary motor area,
and also in contrast to the ventral striatum, which was connected to
orbitomedial frontal cortex, amygdala, hippocampus, and temporal
pole, which is broadly consistent with relevant studies in non-
human species. The connectivity patterns held both when tracing
from the striatum to cortical areas and when tracing from cortical
areas back to the striatum.

In addition to anatomical connectivity, functional connectiv-
ity of the striatum in humans has been investigated. Functional
connectivity measures the statistical tendency for different brain
regions to be active simultaneously, and thus does not necessarily
rely upon direct (monosynaptic) anatomical connections. A recent
meta-analysis of 126 positron emission tomography (PET) and func-
tional MRI (fMRI) studies has demonstrated that different areas of
the striatum have distinct patterns of functional connectivity with
the cerebral cortex [16]. The results of this analysis were also con-
sistent with the concept of segregated cortico-striatal connections,
as described in parallel loop models ([13] also see Fig. 1 above).
Whereas the putamen showed a high degree of coactivation with
primary cortical motor areas, the caudate was coactive with higher
level cognitive areas, such as the dorsolateral prefrontal cortex, ros-
tral anterior cingulate, and inferior frontal gyri.

This pattern of connectivity has been further confirmed in
humans through the use of transcranial magnetic stimulation
(TMS). TMS is a non-invasive method of exciting cortical neurons
via a weak electric current that is induced in the tissue by a rapidly
changing magnetic field. The method is ideal for stimulating the cor-
tical surface, although deeper structures such as the striatum are
generally beyond reach. However, the effects of stimulating sur-
face regions on deeper structures can be measured using other
techniques such as PET and fMRI, thereby providing important
clues about likely patterns of connectivity. For example, stimula-
tion of motor cortex increases activity in the putamen (measured
using fMRI) [17], and also induces focal dopamine release in the
putamen, but not the caudate [18]. Stimulation over dorsolateral

Ventral/ Anterior
Motor  Oculomotor Dorsolateral Orbital Cingulate
Cortex SMA FEF DLPFC LOF ACA
Striatum | Putamen Caudate Caudate (DL)  |Caudate (VM) VS
Pallidum vl-GPi/ cdm-GPi Idm-GPi mdm-GPi rl-GPi, VP
Subs. nigra cl-SNr vI-SNr rISNr rm-SNr rd-SNR
Thalamus VLo I-VAmc VApc m-VAmc pm-MD
Vim MDpl MDpc MDmc

Fig. 1. The dorsal and ventral striatum are differentially connected to discrete prefrontal cortical regions in segregated cortico-striatal circuits (adapted from Alexander
et al. [13]). The putamen plays a critical role within the so-called ‘motor circuit’ while the caudate forms part of the oculomotor, dorsolateral and ventral/orbital circuits.
SMA = supplementary motor area, vl-GPi = ventrolateral globus pallidus (internal segment), cI-SNr = caudolateral substantia nigra pars reticulata, VLo = ventrolateral nucleus
of thalamus pars oralis, VIm =ventrolateral nucleus of thalamus pars medialis, FEF=frontal eye fields, cdm-GPi=caudodorsomedial globus pallidus (internal segment),
vI-SNr = ventrolateral substantia nigra pars reticulata, I-VAmc = lateral ventral anterior nucleus of thalamus pars magnocellularis, MDpl = parvocellular subnucleus of mediodor-
sal nucleus of the thalamus, DLPFC=dorsolateral prefrontal cortex, Caudate (DL)=dorsolateral caudate, Caudate (VM)=ventromedial caudate, mdm-GPi=dorsomedial
globus pallidus (internal segment), rm-SNr =rostromedial substantia nigra pars reticulata, m-VAmc = medial ventral anterior nucleus of thalamus pars magnocellularis,
MDmc = magnocellular subnucleus of mediodorsal nucleus of the thalamus, ACA = anterior cingulate area, VS = ventral striatum, rl-GPi = rostrolateral globus pallidus (internal
segment), VP = ventral posterior nucleus of the thalamus, rd-SNr = rostrodorsal substantia nigra pars reticulata, pm-MD = posteromedial mediodorsal nucleus of the thalamus

(adapted from Alexander et al. [13]).
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prefrontal cortex, however, increases neural activity and dopamine
release in the caudate, but not the putamen [19,20]. Thus, non-
invasive measures of anatomical and functional connectivity in
humans demonstrate a clear link between the caudate nucleus and
frontal-lobe areas, in contrast to the putamen'’s links to more basic
sensorimotor regions.

3. Neuropathology in Parkinson’s disease

Dopaminergic neuronal loss represents the primary neu-
ropathology in PD and occurs predominantly in one of the four
main dopamine pathways in the brain; the nigrostriatal tract.
Another dopamine pathway, the mesocortical pathway (which
does not involve the striatum, but rather directly links the ventral
tegmentum and medial substantia nigra pars compacta to frontal
areas) is also dopaminergically depleted, but to a lesser degree
[7]. Although the striatum as a whole is compromised in PD,
some conclusions can still be drawn about the role of the caudate
nucleus specifically. For example, the main output of the dorso-
medial projection of the nigrostriatal tract is to the head of the
caudate nucleus [21]. Interestingly, a correlation between the loss
of dopaminergic neurons that project to the caudate and the degree
of dementia in PD patients has been reported [22]. In addition,
correlations exist between dopaminergic depletion of the caudate
nucleus and neuropsychological performance [23,24] although
these findings have not been universally corroborated [25,26].

As PD is a progressive neurodegenerative disease, anatomical
and neuropathological evidence suggests that the evolving pattern
of cognitive impairments observed in these patients may be best
explained in terms of the spatiotemporal progression of dopamine
depletion within the striatum and the terminal distribution of its
cortical afferents. This is highlighted by a detailed post-mortem
neurochemical analysis which shows uneven patterns of striatal
dopamine loss in patients dying with idiopathic PD [27]. The study
confirms that the putamen is more severely depleted than the
caudate nucleus, and also shows that the caudal putamen is more
affected than the rostral portions. Within the caudate nucleus,
dopamine depletion is greatest (to a maximum of about 90%)
in the most rostrodorsal extent of the head of this structure, an
area which is heavily connected with dorsolateral regions of the
frontal-lobe [28]. The rostrodorsal regions of the caudate nucleus
are most likely subjected to greater disruption by the disease and
probably at an earlier stage of its progression. By contrast, ventral
regions of the caudate, which are preferentially connected with
more ventral regions of the frontal-lobe (including the ventro-
lateral prefrontal cortex) [28], are relatively spared in early PD,
which may leave functions which are maximally dependent on
this circuitry relatively intact.

Although this “traditional” view that the pathological process in
PD starts by degeneration of dopaminergic neurons in the substan-
tia nigra fits with the apparent progression of cognitive deficits in
the disease, it has recently been challenged by Braak and colleagues
[29]. It is also important to acknowledge that other factors may
play a role in the cognitive deficits observed in PD. For example,
non-dopaminergic forms of pathology, including noradrenergic,
serotoninergic and cholinergic deafferentation of the cortex also
occur in PD [30], and may play a significant role in some of the cog-
nitive deficits observed. Similarly, cortical Lewy bodies, which may
occur even in the early stages of PD, may play a contributory role
[31,32]. Finally, patients with PD have dopamine depletion within
the frontal cortex itself [33] through degeneration of the mesocor-
tical dopamine pathway. However, this system is known to be less
severely affected (50% depletion) than the nigrostriatal dopamine
system in PD [34] and possibly at a later stage of the disease process.

In summary, given the relatively large numbers of patients
available for study (compared, for example, to HD) PD is the best
available model of basal ganglia dysfunction in humans, although

its specificity in this regard is likely to decrease as the disease
progresses. Thus, studies of ‘de novo’ patients, or at least those in
the earliest stages of the disease, are a primary source of informa-
tion about the likely cognitive functions of the caudate nucleus in
humans.

4. Cognitive deficits in PD

In the last 20 years, an enormous number of studies have
reported cognitive deficits in non-demented groups of patients
with PD (e.g. [4,5,35-42]). A central model for much of this work
has been the concept of cortico-striatal loops described above ([13];
also see Fig. 1), which emphasises the functional inter-relationships
between the neocortex and the basal ganglia. Of particular inter-
est is the fact that the principal target of basal ganglia outflow
appears to be the frontal-lobes. Although many of these studies
report poor performance on tests of learning and memory, these
deficits are by no means specific; rather they appear to reflect a
more general impairment of executive functions early in the disease
process. ‘Executive’ processes have been defined as cognitive mech-
anisms by which performance is optimized in situations requiring
the simultaneous operation of a number of different processes
[43]. Many test of memory and learning involve executive pro-
cesses, particularly when the action or response is novel or complex
[44]. Executive processes are also central to all tasks that involve
directing attention to a relevant stimulus (e.g., a stimulus to be
remembered) and/or inhibition of irrelevant stimuli as well as tests
that require switching attention between different processes or the
coding and checking of the contents of memory storage. The frontal-
lobes have long been known to play an important role in executive
functioning, although the fact that the ‘dysexecutive syndrome’
may be observed in patients with damage to other brain regions
(e.g. [43]), suggests that an equivalence between the prefrontal
cortex and executive functioning cannot be assumed. Moreover,
as damage to different regions of the basal ganglia in non-human
species produces deficits that often resemble the effects of damage
to their corresponding targets of projection within the prefrontal
cortex [45] it is entirely unclear whether executive deficits in PD
reflect predominantly their cortical (frontal-lobe) or subcortical
(striatal) damage. A logical approach to this problem is to compare
the behaviour of patients with early PD to that of patients with
circumscribed excisions of the frontal cortex.

One of the most widely studied cognitive impairments in PD
is a profound and somewhat specific deficit in tests of visual dis-
crimination learning [4,46-48]. During such tasks, PD patients, like
patients with frontal-lobe damage, are more impaired when they
are required to learn that an attentional shift is required between
two competing perceptual dimensions such as ‘colour’ and ‘num-
ber’ (a so-called ‘extra-dimensional shift’, EDS), than when learning
that a shift is required between two different values of the same
dimension such as ‘blue’ and ‘red’ (a so-called ‘intra-dimensional
shift’, IDS [49]. This EDS deficit in PD has been further delineated
into two cognitively distinct learning processes, ‘perseveration’ and
‘learned irrelevance’ [40,50]. Perseveration refers to an inability to
disengage attention from a previously relevant dimension at the
EDS stage of learning (e.g., to stop responding on the basis of colour).
In contrast, learned irrelevance which was developed originally
within the framework of classical animal learning theory, refers to
the inability to attend to, or to learn about, information which has
previously been shown to be irrelevant (e.g., to start responding
to colour, when it has previously been irrelevant) [51]. Owen et
al. [40] contrasted two EDS conditions that allowed perseveration
(but not learned irrelevance) or learned irrelevance (but not perse-
veration), respectively, in patients with PD and a group of patients
with circumscribed frontal-lobe removals. In one sense, these two
conditions can be considered to be sub-goals of the broader set-
shifting task, requiring the participant to cease responding to one
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Fig. 2. Learned irrelevance in Parkinson’s disease: Left graph (adapted from Owen et al. [40]): Compared to controls, frontal-lobe EDS performance is impaired in the
perseveration EDS but not in the learned irrelevance EDS. In contrast, non-mediated patients with mild PD are equally affected in both conditions. Right Graph (adapted from
Slabosz et al. [50]): Compared to controls, PD patients are significantly impaired at learning that a stimulus is fully irrelevant, but not that it is only partially irrelevant. Bars

represent standard error of the mean.

set of stimuli on the one hand, and to engage a second (competing)
set of stimuli (which have previously been randomly paired with
reinforcement) on the other (Fig. 2).

The group of neurosurgical patients with frontal-lobe excisions
made significantly more errors than controls in the ‘perseveration’
condition, but performed normally in the ‘learned irrelevance’ con-
dition. In contrast, a group of non-medicated PD patients in the
early stages of the disease were equally and significantly impaired
in both sub-goals, failing both to disengage from the previously rel-
evant dimension and to orient attention to the previously irrelevant
dimension [40]. This effect was explored further in a recent study by
Slabosz et al. [50] in which a novel visual discrimination tasks was
used to assess the effects of variable dimensional relevance in PD
patients and in controls. The patients made more errors than con-
trols in a condition in which they had to learn prior to the EDS that
target dimension was completely irrelevant, but not in a condition
in which the dimension was partially reinforced, confirming that
learned irrelevance is a significant factor in accounting for visual
discrimination learning deficits in PD. Taken together, these studies
suggest thatin early PD (when pathology is most likely to be focused
on the rostrodorsal portion of the head of the caudate nucleus),
‘frontal-like’ visual discrimination learning deficits are observed,
but they are rather broader and involve more sub-components of
the task than those seen after direct damage to the frontal-lobe.

These results described above are typical of findings from stud-
ies that have sought to investigate the precise nature of learning
and memory deficits in early PD; that is to say, performance is
often compromised on tests that involve the integration of multi-
ple sub-goals, although frequently, when the tasks are decomposed
into their constituents elements, the PD and frontal-lobe patients
appear to be impaired for quite different reasons (for a review, see
[52]). For example, like frontal-lobe patients, patients with mild
(medicated) PD are impaired on a test of spatial working mem-
ory, which requires the selection between, and sequencing of, a
series of sub-goals for successful overall performance [4,53]. This
test is essentially a modification of a task used by Passingham [54]
to examine the effects of prefrontal cortex lesions in primates, and
is conceptually similar to the radial arm maze which has been suc-
cessfully used to assess working memory in rats [55]. In the human
version of the task, participants are required to search through an
array of ‘boxes’ on a touch sensitive screen for hidden ‘tokens’,
avoiding boxes that have been checked previously and shown to
contain a token on a previous search. Like many tests of learn-
ing and memory that have been shown to be sensitive to deficit
in PD, successful performance of this test involves the selection of
behaviour (e.g., a particular sequence of boxes to search) based on

the changing values of goals (e.g., whether any given box has pre-
viously been used to conceal a token or not) and a knowledge of
which actions lead to what outcomes (e.g., that selecting a particu-
lar box has already revealed no hidden token). Thus, as participants
search through the boxes, an ongoing secondary task (or sub-goal),
is to take note of those boxes that have previously been associ-
ated with reward and to avoid them. Failure to do so leads to an
increase in ‘between search errors’ [53]. Like frontal-lobe patients,
PD patients with mild disease make significantly more ‘between
search errors’ than matched healthy controls [4] However, unlike
the frontal-lobe group, the PD patients are not impaired in terms
of ‘within search errors’ (returns to boxes previously opened and
shown to be empty earlier in the same search) and their impair-
ment in ‘between search errors’ cannot be explained in terms of an
inappropriate task strategy [56]. One interpretation of this result is
that, while PD patients can perform this complex memory task, car-
rying out effective searches and adopting a similar overall approach
(or strategy) to controls, they are unable to alternate effectively
between important sub-goals; notably, to take note of a specific sub-
set of boxes based on their changing value and to modify subsequent
behaviour accordingly.

Further comparisons between studies also suggest that some
aspects of cognitive function may be affected earlier in the course of
PD than others. For example, Bradley et al. [37] found that patients
with mild to moderate PD were impaired on a test of visuospatial
working memory, whilst performance on an analogous test of ver-
bal working memory was unaffected. Similarly, both Postle et al.
[42] and Owen et al. [57] have demonstrated that, whilst spatial
working memory is impaired in medicated patients with mild PD,
working memory for visual shapes is relatively preserved. While
this pattern of impairments may simply reflect a disproportionate
involvement of spatial processing deficits in PD [58], an alternative
possibility is that the spatial memory tasks used in these studies dif-
fer from the non-spatial memory tasks in terms of their underlying
executive requirements.

Several studies have investigate this possibility directly by com-
paring the performance of groups of patients with PD on learning
and memory tests which are known to tap demonstrably differ-
ent aspects of executive function [4,6,36,59]. For example, one
cross-sectional study of patients with PD clearly demonstrated that
L-Dopa medicated and non-medicated patients at different stages
ofthe disease can be differentiated in terms of their performance on
a test of spatial memory span [4]. In this task, patients are required
to remember sequences of colour-changing boxes on a computer
screen. After each successful trial, the number of boxes changing
in the next sequence is increased, from two up to a maximum of
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nine boxes. Performance is scored according to the highest level at
which the patient successfully recalls the sequence of boxes (so-
called ‘memory span’). A significant impairment was observed in
patients who were medicated and had severe clinical symptoms,
but not in patients who were either medicated or non-medicated
with mild disease [4]. It is unlikely that dopaminergic medication
contributed significantly to this deficit as a parallel study of ten
patients with severe PD has demonstrated that L-Dopa improves,
rather than impairs, performance on the spatial span task [6].

This pattern of impaired spatial span performance in severe PD
and intact spatial span in early PD contrasts markedly with the per-
formance of these same groups on the more complex spatial search
task described above [4]. In fact, medicated PD patients with both
mild and severe clinical symptoms make more errors than matched
controls on that task and a non-significant trend towards impair-
ment was even observed in a non-medicated PD group of patients
with extremely mild disease [4,5].

These results clearly demonstrate that patients at different
stages of PD can be differentiated in terms of their performance on
two tests of spatial memory that make different demands of execu-
tive processes. Among the patients with PD, there is an apparent
increase in severity and broadening of spatial memory impair-
ments as patients show increasing clinical disability. Thus, when the
task simply involved the retention and recall of a spatial sequence
within working memory, deficits were only observed in a sub-
group of patients with severe clinical symptoms. By contrast, when
the task required the active manipulation of spatial information
within working memory and the identification and implementation
of organizational strategies, deficits were observed in medicated
patients with both mild and severe clinical symptoms. Because of
the controlled nature and design of these tests, these differences
cannot simply be explained in terms of the concurrent deterio-
ration of motor function in these patients. The results do, in fact,
concur fully with more extensive neuropsychological evaluations
of these same patient groups which suggest that the pattern of
learning and memory impairment in PD emerges and subsequently
progresses according to a defined sequence which evolves in par-
allel with the motor deficits that characterize the disorder [4,5].
This apparent ‘progression’ on tests which are known to empha-
size different aspects of executive function could simply reflect a
global difference in cognitive capacity between patients with mild
and severe PD. This seems unlikely, however, since similar groups
of patients cannot be distinguished in terms of their performance
on ‘non-frontal’ tests of visual recognition memory [5].

It seems likely that the subtle differences in performance
between patients with circumscribed lesions of the frontal-lobe and
patients with mild PD on test of learning and memory combined
with the apparent broadening of executive deficits that co-occurs
with the deterioration of motor function in PD may provide some
important clues about the role of the caudate nucleus in healthy
cognition. For example, while several of the studies discussed above
suggest that the frontal-lobe contributes to complex executive tasks
by generating and/or monitoring appropriate strategies and evalu-
ating outcomes, the subtly different behaviour of patients with PD
suggests that striatal pathology may interfere with performance on
the same tasks at a more fundamental level; specifically, by failing to
excite the correct action schemas and the selection of appropriate
sub-goals based on an evaluation of action-outcomes, both pro-
cesses fundamental to all tasks that require successful goal-directed
action.

5. Pharmacological studies of learning and memory in
Parkinson’s disease

So-called ‘on/off’ studies have been used to demonstrate a
specific relationship between executive cognitive deficits and

dopaminergic pathology in PD [6,35]. L-Dopa, a precursor primarily
affecting levels of dopamine in the central nervous system [60], typ-
ically ameliorates the motor symptoms of PD, although the effects
on cognition are more variable. Thus, deleterious as well as benefi-
cial effects have beenreported [6,35,61,62]. For example, Gotham et
al. [35], observed beneficial effects of dopaminergic medication on
some cognitive tasks, but detrimental effects on others and spec-
ulated that the L-Dopa dose necessary to restore normal levels of
dopamine to the striatum may ‘overdose’ any area where dopamine
depletion is less severe, such as the prefrontal cortex. Swainson
et al. [62] explored this issue directly using tasks that have been
differentially associated with specific components of frontostriatal
circuitry. Non-medicated PD patients were impaired on a spatial
recognition memory task that has been shown to involve the dorso-
lateral frontal cortex [63], but performed significantly better than
medicated patients on a test of reversal learning that appears to
depend more on ventral frontal and striatal regions [64]. It was
suggested that the medication dose sufficient to restore function
to dorsal frontostriatal circuitry effectively overdoses and impairs
function in the less affected ventral frontostriatal circuitry. This
important result was followed up by Cools et al. [65] who demon-
strated both beneficial and deleterious effects of dopaminergic
medication in the same group of patients with PD on cognitive
tasks that were selected according to their known dependence
on different components of frontostriatal circuitry. Thus, whereas
withdrawal of L-Dopa in PD impaired task set-shifting, which is
assumed to involve the dorsolateral frontal cortex and its associ-
ated circuitry, it improved performance on probabilistic reversal
learning, which is assumed to involve the ventrolateral frontal cor-
tex and its associated circuitry, and orbitofrontal regions and the
ventral striatum [64]. Because the effect of L-Dopa stems mainly
from its ability to elevate dopamine levels [60] in the striatum [66],
the authors suggested that the observed effects on task set-shifting
and reversal learning are most likely due to effects of dopamine in
the dorsal and ventral striatum, respectively [65]. However, given
the role of the mesocortical dopamine projection in PD, by which
neurons project from the ventral tegmental area and the medial
substantia nigra pars compacta to the frontal-lobes, a direct effect
on the frontal-lobe cannot be ruled out. In one influential study
drawing on a computational model of the basal ganglia dopamine
system, Frank et al. [67] successfully reconciled some of the appar-
ently contradictory effects of dopaminergic medication in PD. In
a procedural learning task, patients off medication were better
at learning to avoid choices that resulted in negative outcomes
than they were at learning from positive outcomes. Dopamine
medication reversed this bias, demonstrating how both cognitive
enhancements and impairments can arise from medication in PD,
depending on the task being performed.

Broadly speaking, the results of ‘on/off’ studies in PD also con-
cur closely with the few relevant pharmacological studies that have
been conducted in healthy volunteers. For example, Mehta et al.
[68] used the dopaminergic D2 receptor antagonist sulpiride (with
the striatum as its presumed major site of action) to investigate
the role of striatal dopamine in cognitive functioning. Following
sulpiride administration, impairments were found on many exec-
utive learning and memory tasks, the overall pattern of deficits
being similar to that found in early PD. In contrast, the indirect
catecholamine agonist methylphenidate (Ritalin), improves perfor-
mance in healthy volunteers on the spatial memory task described
above [69,70], which is known to be sensitive both to early PD [4]
and to the effects of L-Dopain PD patients [6]. PET and SPECT studies
that have explored the relationship between other cognitive tasks
and components of the dopamine system have found that dopamin-
ergic activity modulates a range of frontal executive-type cognitive
processes, such as working memory, attentional functioning, and
sequential organization [71,72].
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6. Comparison with other diseases affecting basal ganglia
function

The pattern of neuropsychological deficits in early PD described
above is also broadly similar to that observed in other disor-
ders that affect the integrity of the caudate nucleus. For example,
Huntington’s disease (HD) is an autosomal, dominantly inherited
neurodegenerative disorder characterized phenotypically by motor,
cognitive and affective disturbances. Pathologically, the most strik-
ing changes in HD are found in the striatum. Neuronal loss begins
with the striosome compartment of the head of the caudate nucleus
and progresses in a dorsal to ventral direction [73]. The striosomes
in the dorsal regions of the caudate nucleus are connected primarily
with the dorsolateral frontal cortex, while those in ventral regions
of the caudate nucleus receive inputs from limbic related areas. In
the earliest stages of HD (as well as in pre-clinical carriers of the
mutation) when the damage may be relatively restricted to the head
of the caudate nucleus, the cognitive deficits are relatively circum-
scribed, and include impairments in several tasks that involve the
selection and execution of specific action schemas in the context of
broad and complex goals [74-77], including the tests of visual dis-
crimination learning and spatial working memory described above.

7. Functional neuroimaging in Parkinson’s disease and
Huntington’s disease

Although clues about the functions of the basal ganglia can be
gleaned from behavioural studies of patients with PD (or HD), it is
not possible to delineate the exact contributions of different stri-
atal regions to behaviour on the basis of these studies alone; even in
the early stages of disease, the pathology is likely to be distributed
and involve a number of anatomical regions and neurochemical
systems. In recent years, however, functional neuroimaging tech-
niques such as PET and fMRI have provided a unique opportunity
for assessing the relationship between patterns of cortical and sub-
cortical activation and different aspects of cognitive processing in
healthy control volunteers and in patients with neuropathological
disorders. These techniques measure the increase in oxygenated
blood flow to the local vasculature that accompanies neural (synap-
tic) activity in different brain areas. PET measures regional cerebral
blood flow (rCBF) directly, by determining the spatial distribution
of a positron-emitting tracer, 1°0, throughout the brain, during
a 6-120s time window. FMRI measures a correlate of rCBF: the
change in magnetic resonance signal that occurs when levels of
oxygenated (diamagnetic) as opposed to deoxygenated (paramag-
netic) haemoglobin increases in areas with recent neural activity.
This ‘Blood Oxygenation Level Dependent’ (BOLD) contrast effect is
detected using special MR protocols. In both PET and fMRI, the sub-
ject typically performs the task of interest (e.g., a memory task),
in one scan or set of scans and a ‘control’ task requiring many,
but not all, of the same motoric, perceptual and cognitive compo-
nents during another scan or set of scans. The data are then usually
transformed into a standardized stereotaxic coordinate system (e.g.
[77]), so they can be averaged across all subjects, and subtraction
images are generated. These images represent the difference in
blood flow occurring across the brain during the task of interest and
during the ‘control’ task. Statistical parametric maps [78], or t-maps
[79], are then generated and the stereotaxic coordinates (x, y, z), of
local maxima are calculated within the standardized stereotaxic
system.

Neuroimaging of neurodegenerative disorders is potentially a
very powerful tool, combining behavioural observations of neuro-
logical patients with corresponding neural activation differences.
However, unlike imaging in healthy volunteers, this approach is
very much in its infancy and only a few studies have so far been
conducted. In one early study, Owen et al. [8] observed abnor-

mal blood flow in patients with PD in both the caudate nucleus
and the internal segment of the globus pallidus when difficult and
easy versions of a spatial working memory test conceptually simi-
lar to the one described above were compared. The abnormal basal
ganglia activation pattern in the PD patients was accompanied by
a performance deficit, similar to that seen previously in patients
with frontal-lobe damage, although no abnormalities in regional
cerebral blood flow were observed in the prefrontal cortex when
the conditions were compared. This observation suggests that the
striatum (and specifically, the caudate nucleus) is the likely neural
substrate for the deficit observed in these patients on these tasks.
Recent work by Lozza and colleagues [80] with ®F-dopa PET scan-
ning (which uses radioactively tagged L-dopa to measure dopamine
uptake in the brain) found that hypometabolism in a network of
brain areas including the striatum and ventromedial frontal cortex
was correlated with performance on tests of strategy, planning, and
working memory. Other 8F-dopa PET studies, and, more directly,
pathological [26,81] studies have confirmed a correlation between
caudate dopamine loss and neuropsychological performance in PD
patients [24], suggesting a preferential role for this system in cog-
nitive impairment [82].

Monchi and others [83,84] examined set-shifting in PD patients
and controls using fMRI, and found decreased cortical activation
in the patient group that was dependent on the caudate nucleus
involvement in the task. In another recent study, the role of the cau-
date nucleus in the working memory deficits that are observed in PD
was explored using fMRI in a design that compared matched groups
of patients selected according to whether they were executively
impaired or not [85]. Two groups of patients with mild disease,
who were well matched on a range of clinical and neuropsycholog-
ical measures, but differed in terms of their executive impairments,
underwent event-related fMRI during a novel working memory
task that assessed multiple components of performance simultane-
ously [85]. The results revealed selective impairments in working
memory that were associated with reduced activity in the caudate
nucleus in the executively impaired sub-group of patients with PD,
but not in the executively unimpaired sub-group of patients. This
observation suggests again that the caudate nucleus contributes to
tests of learning and memory by guiding the selection of responses
necessary to achieve the goals of the task in hand and by initiating
the required action contingencies and evaluating the subsequent
outcomes (Fig. 3).

Neuroimaging in patients with early HD also suggests that the
neural substrate of many of the observed cognitive deficits cen-
tres on the caudate nucleus. For example, PET and SPECT measures
of caudate atrophy in HD correlate strongly with performance on
many executive tasks [86,87]. Furthermore, measures of resting
caudate metabolism have been shown to correlate with perfor-
mance of the Wisconsin Card Sorting Task, the clinical ‘standard’
of visual discrimination learning described above [86,87] examined
the relationship between PET measures of striatal neuronal loss and
cognitive function in HD patients and in presymptomatic HD muta-
tion carriers. Striatal medium-spiny neurons express dopamine
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Fig. 3. (Adapted from Lewis et al. [85]). Regional mean fMRI signal during a working
memory tasks. The subgroup of PD patients with executive impairment demon-
strated significant underactivation compared with executively unimpaired patients
in the caudate nucleus, but not in a ‘control’ occipitoparietal region. During retrieval
(no manipulation), caudate underactivity was also observed in the executively
impaired subgroup of patients.
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receptors and thus, dopamine receptor binding potentials pro-
vide an index of basal ganglia pathology. A direct relationship
was observed between impaired executive function and caudate
dopamine D2 receptor binding potentials, suggesting that executive
dysfunction in HD, which includes deficits in visual discrimination
learning, is indeed related to caudate neuronal loss [88].

8. Conclusions

Itis widely accepted that the basal ganglia as a whole are broadly
responsible for sensorimotor coordination, including response
selection and initiation. However, it has become increasingly clear
that regions of the striatum can be functionally delineated along
cortico-striatal lines. The convergence of several research domains
in humans, including neuropsychological and neuropharmaco-
logical studies in patients, anatomical studies of cortico-striatal
circuitry and neuroimaging studies of both patients and healthy
volunteers, have focused the search for the neural mechanisms of
goal-directed action on the striatum and, in particular, on the cau-
date nucleus. In particular, measures of anatomical and functional
connectivity in healthy humans, concur with the available data
in non-human primates and in rats in demonstrating a clear link
between the caudate nucleus and regions of the frontal-lobe known
to be responsible for ‘executive’ functions. Many tests of learning
and memory make executive demands by requiring the genera-
tion and monitoring of appropriate strategies and the evaluation
of potential outcomes for successful performance. Neuropsycho-
logical studies of patients with early PD have shown a tendency
for relatively specific impairments in tests of learning and memory
that make demands on executive processes. Importantly, however,
these deficits are rather broader and involve more sub-components
of the tasks than those seen after direct damage to the frontal-lobe.
In these early-in-the-course patients, the pathology in the striatum
is focused predominantly on the rostrodorsal portion of the head of
the caudate nucleus suggesting this as the most parsimonious locus
for the effects observed. Similarly, in early Huntington’s disease,
another neurodegenerative disorder that affects the integrity of the
caudate nucleus, deficits are most apparent in learning and mem-
ory tasks that require the selection of appropriate sub-goals based
on an evaluation of action-outcomes; both processes fundamental
to successful goal-directed action.

In summary, the cumulative evidence from converging method-
ologies in humans suggests a rather fundamental role for the
caudate nucleus in representing action-outcome contingencies,
which subserve adaptable goal-directed behaviour across many
tests of learning and memory. Thus, whereas the prefrontal cortex
appears to monitor performance and select appropriate strategies,
the striatum, and more specifically the caudate nucleus, may be
responsible for initiating and maintaining correct responses. These
simpler mechanisms are crucial for all forms of normal behaviour,
not just those involving learning and memory, because they free
up attentional resources required for more complicated cognitive
functions. This modular conception of the parts of the striatum is
consistent with hierarchical models of cortico-striatal function [89]
through which adaptive behaviour towards significant goals can be
identified, planned and implemented effectively.
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