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Aberrant Dopamine Transmission and
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Abstract. Due to the relative success of therapeutic interventions aimed at treating the overt motor symptoms evident in
Parkinson’s disease (PD), a greater appreciation of the non-motor aspects of the disease has emerged in recent time. Indeed,
evidence suggests that impairments in emotional processing, behavioural control and cognitive function may emerge early in
the onset of the disease. Decades of experimental research have seen the development of diverse animal models, all of which
have aimed to mimic the characteristic features of the disease process including the dopaminergic neural cell loss, the molecular
neuropathology and the concomitant behavioural impairments. The following review provides an overview of the use of animal,
particularly rodent, models in the quest to obtain a greater understanding of the role of corticostriatal dopamine in cognitive
and neuropsychiatric functions. Given the limitations of using the available rodent models of PD, including altered motor
and motivational function, it has become necessary to employ a range of techniques to eke out the precise function of this
neurotransmitter in corticostriatal function. Combinations of lesion and pharmacological studies have allowed the assessment of
dopamine depletion and precise receptor populations in the learning or expression of a range of executive functions, which has
gained us considerable insight into the relationship between the neuropathology that occurs in PD and the resulting impairments
in cognitive and neuropsychiatric function.
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INTRODUCTION cognitive impairment, dementia and fronto-executive
dysfunction have been shown to manifest as deficits in

Due to the relative success of therapeutic inter- cognitive flexibility, focussed planning, working mem-

ventions aimed at treating the overt motor symptoms
evident in Parkinson’s disease (PD), a greater appre-
ciation of the non-motor aspects of the disease has
emerged in recent time. It is now recognised that emo-
tional, neuropsychiatric and cognitive impairments
may emerge even before the observable motor dysfunc-
tions. Depending on the severity of the disease, mild
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ory, and reinforcement learning [1-3]. Furthermore,
neuropsychiatric dysfunctions, including the emer-
gence of depressive, anxious and psychotic tendencies
[4-6], have been identified as an important aspect of
the PD syndrome. These forms of aberrant neural pro-
cessing are thought to be driven, at least in part, by
dopaminergic dysmodulation resulting from degen-
eration of the ventral mesencephalic neurons of the
substantia nigra and ventral tegmental area.

The following review will consider how well the
various available animal models of PD recapitulate
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aspects of emotional, neuropsychiatric and cogni-
tive dysfunction manifest in PD patients. Although
dopamine (DA) plays a well established role in many
aspects of neural function, including processes that
relate to motivation, reward, activity, sleep, attention,
and learning, its specific role in cognition is still not
well understood. The ability to manipulate and induce
a diminution of this neurotransmitter in the brains of
experimental animals allows the relationship between
dopaminergic dysmodulation and the cognitive dys-
function evident in PD to be clarified.

MODELLING PD IN ANIMALS

Given the range of pathological symptoms and
neurobiological alterations observed in PD, from the
diverse motor and neuropsychiatric symptoms to the
extensive molecular and cellular alterations identified
at the neuroanatomical level, modelling PD in rodents
has been challenging and undergone multiple trans-
formations in an attempt to mimic the disease process
as closely as possible. Early pharmacological models
altered DA transmission either by blocking the synthe-
sis of DA (e.g. with a-methyltyrosine), by inhibiting
the storage of DA (e.g. with reserpine) or by block-
ing the DA receptors (e.g. with haloperidol). While
each of these models could successfully induce spe-
cific aspects of motor dysfunction, such as akinesia
and bradykinesia [7, 8], the influence of such phar-
macological manipulations on other neurotransmitter
systems, such as the noradrenaline system, meant that
these models lacked the necessary DA specificity and,
in turn, resulted in ambiguity regarding the locus of the
induced impairments.

While the introduction of the catecholamine neu-
rotoxin 6-hydroxydopmine (6-OHDA) in the 1960’s
provided a more focused method of targeting DA sys-
tems in the basal ganglia, it too was found to impact
upon the noradrenaline system [9, 10]. In an attempt to
reduce this influence, pre-lesion injection of the nora-
drenaline uptake inhibitor, des-methyl imipramine,
was used to render the toxin more specific to deple-
tion of the DAergic cells [10]. Using this toxin, DA
depletion could be induced along the nigrostriatal path-
way via injection into the lateral ventricles, substantia
nigra, the medial forebrain bundle or the striatum itself.
Intra-striatal infusion of the 6-OHDA toxin was found
to produce differential results depending on the locus
and quantity of toxin injected. Bilateral infusion into
the lateral ventricles induced motor dysfunctions, such
as akinesia and catalepsy, disrupted feeding regimes,

and produced aphagia and adipsia, which were too
severe for prolonged maintenance of the animal [11,
12]. Interestingly, reducing the level of DA depletion
was less detrimental to the welfare of the animal, but
instead was found to result in spontaneous recovery
of the motor and ingestive dysfunctions [13]. Even
animals that underwent some recovery of function,
however, would often continue to display bradyki-
nesic movements and reduced motivation for appetitive
rewards, rendering them difficult to study using oper-
ant behavioural paradigms. More focal bilateral striatal
injections of 6-OHDA reduce the impact of the toxin
on the animals’ welfare and allow for evaluation of the
regional influence of DA transmission, but the nature of
the partial lesion means that spontaneous recovery of
the DA depletion and the resultant behavioural effects
render this model of limited use without considerable
care.

An alternative method of modelling DA depletion
was introduced in the form of the unilateral lesion
model. Here, injection of 6-OHDA along the nigrostri-
atal pathway resulted in a profound unilateral striatal
depletion of DA. The primary advantage of this model
is the ability to contrast behavioural dysfunction on
the side of the body contralateral to the lesion with
the relatively spared ipsilateral side. Although uni-
lateral injection of 6-OHDA has been shown to alter
the biochemical status of the contralateral hemisphere
to a small extent [14], the severity of the unilateral
DA depletion on the ipsilateral side is sufficient to
induce a postural bias and a motor asymmetry that cre-
ates a marked tendency for turning behaviour when
the animal is activated. For example, systemic injec-
tion of d-amphethamine can induce ipsilateral turns
of up to 10-15 per minute over the several hours
duration of drug action [15, 16]. A distinct advan-
tage of the unilateral model is the lack of impact
on the animals’ health status, with feeding and moti-
vational drives remaining intact. The presence of a
relatively intact contralateral hemisphere does, how-
ever, largely eliminate the possibility of study cognitive
or neuropsychiatric impairments induced by aberrant
DA transmission since the intact hemisphere is able
to function relatively normally despite the unilateral
disruption. Furthermore, the ability to isolate neural
processes to one or other hemisphere exclusively is
difficult, even using lateralised tasks.

Other neurotoxins are available that also selectively
target the ventral mesenchephalic neurons, one of
the most widely studied of which has been 1-methyl-
4-phenyl-tetrahydropiridine (MPTP). While a single
peripheral injection of MPTP in primates can induce
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acute partial lesions that are capable of spontaneous
recovery, multiple injections yield bilateral lesions and
a profound Parkinsonian syndrome that is relatively
stable, but can give rise to extreme welfare issues. As
with 6-OHDA, MPTP can be targeted towards a sin-
gle hemisphere by injection into the ascending carotid
artery, resulting in unilateral denervation of DAer-
gic fibres. Although this model has proved useful for
studying potential novel therapeutics in primates, its
applicability to rodents is rather more limited. In par-
ticular, whereas the MAO-B isoform of monoamine
oxidase is the primary substrate for conversion of
MPTP into the active neuronal toxin MPP+, MAO-A
is the predominant isoform used in catecholamine
metabolism in rat; as a consequence, MPTP is con-
siderably less toxic in rats than in primates, humans
and mice, and is of limited use in this species. For
example, explicit comparison of bilateral injections of
6-OHDA and MPTP into the rat SNpc demonstrated a
number of differences between the models with respect
to histological and mortality measurements, with the
6-OHDA model presenting considerably greater cell
loss, more acute loss of body weight and a higher rate
of mortality [17]. To achieve a comparable lesion in
rats to that induced in other species it is necessary to
infuse the already oxidised molecule MPP+ [18], and
that requires central injection into the nigra, bypass-
ing the principle advantage of MPTP, viz. the utility
for its peripheral administration. In mice, MPTP is
highly toxic and results in profound DA depletion,
although the mechanism by which this occurs results
in a model that differs considerably from the patho-
logical situation and it is known to also affect other
catecholaminergic neurons [19]. That is, rather than
induce primary degeneration of the DAergic neurons,
MPTP injected into mice alters, at least to some extent,
the activity of the tyrosine hydroxylase enzyme, and
thereby affects the biosynthesis of DA in otherwise
surviving neurons.

The systemic administration of chemical agents,
such as paraquat and rotenone, has been found to
induce Parkinsonian symptoms. Indeed, paraquat and
rotenone, which are used as pesticides, may denote real
environmental risks of developing PD [20]. Chronic
oral ingestion of paraquat has been shown to reduce
levels of DA and its metabolites in the striatum of
mice and the suggested mechanism of action is oxida-
tive stress within neurons of the substantia nigra [21].
Rotenone, a mitochondrial complex I inhibitor, has
been shown to induce a-synuclein accumulations in
the substantia nigra and to reduce tyrosine hydroxy-
lase positive neurons in this regions by 15.4% after

chronic intragastric administration in mice, although
these pathological alterations did not induce significant
DA loss in the striatum [22]. To date, these pre-clinical
models of PD have undergone limited behavioural
characterisation, and the relatively mild depletions in
striatal DA and tyrosine hydroxlase induced by such
chemical agents render such models less ideal for eval-
uating the role of DA in cognitive function than toxin
models.

Genetically modified mouse models of PD have
been developed based upon the identification of famil-
ial disease mutations, for example, in the a-synuclein
gene [23], leucine-rich repeat kinase 2 (LRRK2),
Parkin, DJ-1 and PTEN-induced kinase 1 (PINKI1)
[24]. Transgenic a-synuclein mice demonstrate neu-
ronal inclusions and loss of DA, but not overt motor
impairments [25]. While a number of transgenic and
knock-in mice have recently been generated and char-
acterised, to date the model that appears to demonstrate
the cardinal features of PD most accurately is the
mutant (R1441 G) BAC transgenic mouse line [26].
The LRRK?2 transgenic mouse model exhibits an age-
dependent akinesea-like movement impairment, which
has been shown to be responsive to apomorphine and
L-dopa administration, reduced DA release and abnor-
malities in the mesencephalic DA neurons and along
their nigrostriatal axonal projections.

Overexpression of key proteins implicated in the
pathogenesis of PD can also be induced via injec-
tion of recombinant adeno-associated viral (AAV) and
lentiviral (LV) vectors, which have been shown to effi-
ciently transduce nigral DAergic neurons. Expression
of human wild-type or mutated a-synuclein in mid-
brain DAergic neurons has been found to induce a
progressive pathology in the nigrostriatal projection,
including aberrant protein aggregation, neuronal dys-
function and cell loss [27-29].

While the more recently developed viral vector
and genetically modified models of PD will undoubt-
edly generate insights into the molecular pathology
of PD and represent promising models for testing
therapeutic strategies and for mimicking motor, cog-
nitive and neuropsychiatric aspects of the disease, the
infancy of such techniques means that few models have
yet undergone comprehensive behavioural evaluation.
Thus, the neurotoxic 6-OHDA model remains the most
widely characterised and utilised model to date and, as
such, the following consideration of cognitive deficits
induced after DA manipulation will focus largely
around the neurotoxin model, with consideration of
pharmacological interventions and genetically modi-
fied lines where appropriate.
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NEUROPSYCHIATRIC FUNCTION

Parkinson’s disease

PD patients present with a host of neuropsychiatric
symptoms that may be manifest before overt motor
symptoms and include the emergence of depressive and
anxious tendencies [4]. Furthermore, apathy, agitation,
sleep disturbances, fatigue and psychosis have been
identified as preclinical symptoms of the disease pro-
cess [5, 6]. Although PD patients occasionally present
with symptoms of psychosis, including visual halluci-
nations, delusions and paranoid beliefs [30], they prove
very difficult to evaluate in rodent models. Thus, ini-
tial attempts to identify the influence of aberrant DA
transmission in the manifestation of neuropsychiatric
symptoms have focussed largely on modelling the fea-
tures of depression and anxiety.

Animal models

Not only does assessing the development of neu-
ropsychiatric symptoms in animal models of PD
require a suitable bilateral model, confidence in their
existence is confounded by the concomitant emergence
of motor impairments. In an attempt to characterise
the emotional and cognitive changes that occur in a
premotor stage model of PD, Tadaiesky et al. [31]
used a bilateral lesion model in which 6-OHDA
was injected into the ventrolateral neostriatum. They
report increased anhedonic-depressive-like symptoms,
assessed using the sucrose consumption and forced
swimming tests, and increased anxiogenic behaviour,
as revealed by the elevated plus maze task. Cogni-
tive function was examined using the Morris water
maze task, which revealed impaired working memory
function. Although this battery of tests represents a
valid and broad assessment of preclinical symptoms,
the inherent motor abnormalities need to be consid-
ered. For example, while the number of entries into the
open arms of an elevated plus maze differed between
lesion and non-lesion rats, critically, the percentage of
time spent in the open arms did not differ between
cohorts. Since the latter is generally accepted as a sign
of anxiogenic tendencies, it may be that the number of
arm entries represents a measure of locomotor activ-
ity, more so than an index of anxiety. Furthermore,
even subtle differences in limb function can affect per-
formance in swimming speed and the postural profile
during swimming and these fine motor impairments
may not be evident in broad activity measures. Thus,
performance on the forced swimming and water maze

task may represent a more subtle motor deficit in swim-
ming efficiency or limb function that is not sufficiently
controlled for in this battery of tests, rather than assess-
ing the intended neuropsychiatric symptoms.

Vuckovic et al. [32] examined emotional, asso-
ciative and neuropsychiatric symptoms in the MPTP
mouse model of PD, and demonstrated impaired social
transmission of food preference along with increased
extinction of freezing behaviours after auditory fear
conditioning. They did not, however, find evidence of
altered anxiogenic or depressive-like behaviours after
employing a battery of tasks that included sucrose pref-
erence and light-dark preference tests. Interestingly,
neuropsychiatric impairments were not evident in the
MPTP mouse model despite the fact that it displays
changes in both DA and serotonin throughout multi-
ple brain regions including the striatum, amygdala and
frontal cortex [32].

One model that appears to mimic some aspects of
the neuropsychiatric syndrome evident in PD patients
is the VMAT2-deficient mouse line. Taylor et al. [34]
conducted a comprehensive evaluation of non-motor
functions in this model across a range of ages and
the results demonstrate a progressive development
of many of the dysfunctions evident in PD, includ-
ing impaired olfactory discrimination, altered sleep
latency and depressive behaviour. Despite demonstrat-
ing increased anxiety at 4-6 months of age, by 12-15
months of age, mutant mice spent a similar amount of
time in the open arms of an elevated plus-maze as did
wild-type mice. Further investigation of the depressive
symptoms is also warranted to ensure that the increased
immobility evident in the forced swimming test and
tail suspension test is not a consequence of bilater-
ally impaired limb use. While this model does not
strictly mimic DA-depletion, the disruption to DA, NA
and 5-HT neurotransmitter systems in multiple brain
regions including the striatum, hippocampus and cor-
tex, may represent a reasonable model of PD given the
age-dependent emergence of non-motor behavioural
symptoms, the loss of the nigrostriatal DA, the accu-
mulation of a-synuclein and evidence of locomotor
deficits [33—-35]. This model does not, however, allow
the precise influence of DA dysmodulation or diminu-
tion on neuropsychiatric dysfunction to be evaluated.

ASSOCIATIVE LEARNING

Parkinson’s disease

Associative learning impairments have been identi-
fied in Parkinson’s patients, depending on the stage
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and severity of the disease, with significantly more
deficits manifest at the later stages of the disease [36].
PD patients were found to be impaired on an associa-
tive learning task that required learning by trial and
error, a task sensitive to frontal lobe dysfunction [37].
Specifically, an analysis of stimulus-stimulus learning
in PD patients, in which spatial and object memory
were compared, revealed a particular deficit in learning
of the spatial task [38, 39].

A comparison of simple and choice reaction time
tasks in PD patients, which require the formation
of stimulus associations, has revealed an interesting
pattern of results. Utilising the asymmetry of DA
depletion in PD patients, one study found that reac-
tion time performance with the more affected hand was
impaired relative to performance with the less affected
hand [40]. Interestingly, however, in a simple choice
reaction time task, in which an early stimulus presen-
tation provided information regarding the nature of the
subsequently required response, allowing for motor
preparation, PD patients were unimpaired in utilising
this advance information to enhance their performance
and this effect was comparable for both hands [40].

Animal models

In animal models it has been found that intact DA
transmission is essential for the initial acquisition of
appetitive behaviours, but after extended training the
influence of the DA system is diminished. For exam-
ple, after minimal training of a CS-reward pairing,
rats injected with the D1 antagonist SCH23390 were
found to be impaired in initiating approach responses
to both a conditioned stimulus and an unconditioned
reward [41]. After extensive training, however, D1
receptor blockade resulted in robust responding to
the conditioned stimulus, while continuing to impair
the unconditioned response. Thus, DA modulation of
synaptic plasticity early in training is necessary for
the learning of the CS-outcome pairing, but not the
maintenance or expression of the conditioned response
[41].

Post-training depletion of DA has been found to
impact upon stimulus-response performance. Using
a choice reaction time task, Brown and Robbins
[42] pre-trained rats to respond in one of two lat-
eralized response locations before infusing 6-OHDA
unilaterally into the striatum. Post-lesion performance
revealed a marked impairment in response times when
stimuli were presented on the side of the body con-
tralateral to the lesion and a marked bias for directing
responses in the nearer of the two possible response

locations. The results represented a deficit in directing
responses in contralateral space rather than an inability
to detect stimuli [42]. Indeed Carli et al. [43] discuss a
similar lateralized impairment after intrastriatal infu-
sion of 6-OHDA as not indicating sensory inattention,
but rather representing a form of ‘intentional neglect’.

Interestingly, when comparing the impact of stri-
atal DA depletion on simple and choice reaction time
tasks, as Rafal et al. [40] did with PD patients, Brown
and Robbins [44] report an impairment in motor readi-
ness but not response preparation. Motor readiness
was evaluated relative to the pre-lesion performance in
which a delay-dependant speeding of response was ini-
tially evident, but this delay-dependency was abolished
post-DA depletion. Lesion rats, however, continued to
demonstrate a benefit when the response was pre-cued
in the simple reaction time task, in a similar manner to
PD patients. Furthermore, improved motor readiness
has been observed on a conditioned motor task after
systemic injection of d-amphetamine or intrastriatal
infusion of DA [45].

In a further evaluation of lateralized reaction time
performance, Dowd and Dunnett [46] demonstrated
differential effects of infusing 6-OHDA either intrastri-
atally or in the medial forebrain bundle. In the former,
a mild post-lesion impairment in movement time and
accuracy was evident, both of which spontaneously
recovered over time, while the latter produced a more
profound lateralized impairment with no subsequent
recovery of function. Furthermore, an analysis of the
immediate post-lesion performance revealed an inter-
esting phenomenon. Namely, despite demonstrating
marked and robust impairments in motor function after
induction of a>95% unilateral DA depletion in the
MFB cohort, on the first day or two of post-operative
testing, lesion rats were capable of performing as well
as control rats on the contralateral side. Only after a few
days of operant testing did the impairment manifest.
Indeed, when rats were re-introduced to the test appa-
ratus after a six week break, rats again demonstrated a
transient alleviation of the response impairment. Given
that the mesolimbocortical pathway and the dorsal stri-
atal cell populations, are considered to play a role in
reward signalling [47], the authors hypothesised that
the lesion-induced contralateral impairment was not
purely motoric in nature. Instead, it is suggested that
the motor function remains relatively intact, which
accounts for the transiently unimpaired post-lesion
performance, but that disruption to the reward sig-
nalling pathways impaired the rats’ ability to maintain
the association between the stimulus and the outcome
[48]. In essence, the behaviour appeared to resem-
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ble the concept of extinction insofar as performance
declined due to a removal of the reward and new
learning about the stimulus-response association was
formed. The suggestion that reward signalling impair-
ments may occur upstream of the motoric difficulties
opens a new avenue for interpretation of seemingly
simple functional deficits in complex tasks [48].

HABITUAL VERSIONS GOAL-DIRECTED
BEHAVIOUR

Parkinson’s disease

Recent studies in patients have suggested that altered
DA transmission impacts upon the ability to execute
both goal-directed and habitual behaviours, although
the precise profile of impairment is not yet well estab-
lished. In a recent report from de Wit et al. [49],
PD patients undergoing an instrumental response con-
flict task demonstrated intact use of stimulus-response
associative representations, while the ability to utilise
the goal-directed associative components appropri-
ately was dependent on the severity of the disease.
Thus, interestingly, despite the fact that patients with
PD predominately present with loss of DA in the
posterior putamen, the region of the basal ganglia
associated with habitual behaviours, de Wit and col-
leagues suggest that S-R behaviours remain intact
in PD patients. In a recent review evaluating the
relationship between basal ganglia function and the
neuropathology manifest in PD, it is suggested that
primarily habitual responding, and to a lesser extent
goal-directed behaviour, are likely impaired (albeit dif-
ferentially) in PD patients and that disruption to the
circuitry underlying habitual behaviours can explain
much of the loss of automaticity and impaired implicit
control mechanisms displayed by PD patients [50].

Animal models

DAergic mechanisms have long been associated
with the development of behavioural autonomy. Clas-
sic theories of instrumental learning suggest that
two dissociable associative components control the
acquisition and expression of behaviour, namely
action-outcome and stimulus-response associations. In
the former, behaviour is flexible and is mediated by
an action-reward association that guides behaviour
according to a learned representation of the incen-
tive value of the goal or response outcome [51-53],
in the latter, response selection is largely habitual and,
thus, occurs independent of the incentive value of the

response outcome [54]. Furthermore, subregional dif-
ferentiation of the striatum has highlighted distinct
corticostriatal pathways underlying each form of learn-
ing. At the cellular level, the dorsolateral striatum has
been implicated in the maintenance of habitual S-R
responding, while the dorsomedial striatum supports
the more flexible goal-directed behaviours [55-59].

There is considerable evidence of a role for DA
in S-R instrumental behaviour. Post-training intrac-
erebral injections of the caudate nucleus with either
direct D1 and D2 agonists, or the indirect DA agonist
d-amphetamine, have been shown to improved S-R
learning on an 8-arm radial maze task [60]. Indeed,
amphetamine sensitisation has also been shown to
enhance S-R learning by disrupting the acquisi-
tion of goal-directed behaviour. In this experiment,
pre-training sensitisation to amphetamine induced
robust habitual responses after minimal operant train-
ing, relative to vehicle-injected rats that remained
goal-directed. Post-training sensitisation with the
DA agonist, however, did not induce the habitual
behaviours and instead performance remained sensi-
tive to the incentive value of the outcome [61].

It has been hypothesised that amphetamine sensi-
tisation alters DA signalling sufficiently to effect a
rapid and robust transition from goal-directed to habit-
ual behaviour, but that this neurotransmitter signalling
may only be necessary early on in learning, after which
behaviour is transferred to and maintained by other,
likely cortical, neural systems [62, 63]. Wickens et al.
[64] suggest two mechanisms by which this change
from DA-mediated to DA-independent behaviour may
occur. Firstly, it is possible the DA initially influences
and modulates task-relevant corticostriatal glutamater-
gic postsynaptic potentials during the acquisition of
an associative pairing. Long-term, however, DA facil-
itation may no longer be required for the expression
of the behaviour to occur, since these glutamatergic
synapses might at this stage function sufficiently to
not necessitate the DA-enhancement of glutamater-
gic transmission [64, 65]. Alternatively, with extended
training the neural locus of the behaviour may shift
such that it is eventually represented by non-DA
regions, rendering it less sensitive to DA modulation.
Thus, as training proceeds, conditioned representations
may shift from cortico-striatal mediation to cortico-
cortical control [62, 64].

Direct empirical evidence of the subregional locus of
habitual behaviour has been more difficult to obtain in
the case of DA signalling. Interestingly, however, in a
recent study, repeated exposure to the psychostimulant
methamphetamine was shown to increase significantly
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the density of mushroom and thin spines on medium
spiny neurons in the dorsolateral region of the stria-
tum. In contrast, the density of mushroom spines in
the dorsomedial striatum was found to be reduced [66].
Given that repeated exposure to methamphetamine has
been suggested to be capable of inducing a rapid tran-
sition from goal-directed to habital performance [61],
the authors suggest that the alteration in spiny density,
may represent a mechanism by which DA modulation
induces a shift between these forms of behaviour.

Injection of the neurotoxin 6-OHDA into the neos-
triatum of the rat after operant training has rendered
diverse results. In an initial study, Faure et al. [67]
trained rats to associate two stimuli (tone or light) with
two instrumental responses (lever press or chain pull)
and each conditioned pair was associated with a reward
(either sucrose or grain pellets). After extensive train-
ing and subsequent bilateral depletion of DA from the
dorsolateral striatum, rats were tested for automaticity
by employing a satiety-specific devaluation procedure.
In control rats, only the lever press response became
habitual, while the chain pull remained goal-directed
and sensitive to devaluation procedures. In DA-
depleted rats, both responses remained goal-directed,
suggesting that dorsolateral DA is implicated in habit-
ual behaviours. However, in a subsequent experiment
aimed at assessing the ability of DA agonists to restore
habit formation in DA-depleted rats, the same bilateral
6-OHDA lesion failed to disrupt habitual responding
during the extinction test [68]. Despite employing a
similar paradigm, this time using two levers instead of a
chain pull, the only evidence of altered operant perfor-
mance was during the rewarded test, in which rats were
allowed access to the devalued reward and, therefore,
not utilising an internal representation of the asso-
ciative stimuli and the incentive value of the reward.
Furthermore, the dissociation between the dorsome-
dial and the dorsolateral striatal subregions in the DA
modulation of habit learning has yet to be evidenced
behaviourally.

DAergic innervation of the prelimbic cortex and
DMS is essential for maintaining sensitivity to the
contingency between an action and its outcome, but
not for influencing goal-directed behaviours relative
to the current incentive value of a reward. Whereas
outcome devaluation manipulations assess the relation-
ship between an action and the value of the reward,
outcome contingency tasks gauge the animal’s sensi-
tivity to the schedule of reinforcement. That is, they
determine whether the animal is able to detect changes
in the relationship between the action and the reward
presentation by manipulating the delivery of reward

(for example, rewards may be delivered at a probability
of 0.2 per press or they may be delivered pseudo-
randomly during the test session but be completely
non-contingent upon lever press). Naneix et al. [69]
demonstrated an effect of pre-training 6-OHDA lesions
of the prelimbic cortex in a contingency degradation
paradigm but not on an outcome devaluation test, and
infralimbic lesions had no effect on either paradigm.
Furthermore, the mixed D1/D2 receptor antagonist
flupenthixol was also shown to disrupt sensitivity to
contingency degradation after injection into the pre-
limbic cortex. Thus, DA transmission is an important
mediator of associative function in the prelimbic cortex
when the contingency between an action and its reward
is modulated, but does not appear to be implicated in
the development or expression of responses reflecting
the incentive value of an outcome. Interestingly, Lex
and Hauber [70] report no impact of 6-OHDA lesions
of the prelimbic cortex on either contingency degra-
dation or outcome devaluation, but instead reported
impaired sensitivity to the contingency between the
action and the outcome after 6-OHDA lesion of the
DMS. Unlike excitotoxic lesions [55], outcome deval-
uation was unaffected by DA dennervation of the DMS.
Interestingly, DA has been shown to influence goal-
directed behaviour after infusion into the ventromedial
prefrontal cortex (vmPFC), but not the dorsome-
dial prefrontal cortex (dmPFC) [71]. Intact rats were
trained to lever press for a sucrose solution under a
schedule of reinforcement capable of inducing habitual
responding. After conditioned taste aversion treatment,
rats that had DA infused into the dmPFC did not alter
their habitual responses, while rats infused with DA in
the vmPFC demonstrated sensitivity to the incentive
value of the reward by increasing responses when the
reward was non-devalued and decreasing lever presses
in response to the devalued reward. Furthermore, DA
enhancement of the vmPFC suppressed responding in
a progressive ratio paradigm. Hitchcott and colleagues
[71] suggest that infusions of DA in the vmPFC act to
modulate attention in a manner that biases the process-
ing of task-relevant information, while suppressing
attention towards task-irrelevant information.

ATTENTIONAL SELECTION

Parkinson’s disease

Attentional capabilities, which are often considered
as part of the executive function domain, are known
to involve the DAergic system. Impaired attention has
been identified in PD patients after evaluation of event
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related potentials [72] and in tasks of spatial atten-
tional orientation [73]. Furthermore, in a cohort of
PD patients identified as having mild cognitive impair-
ment, approximately 10% were found to present with
impairments attentional and executive function [2].

Animal models

Impaired DA transmission and DA-receptor regu-
lation in the striatum and frontal cortex have often
been associated with changes in attentional function.
As it early as the late 1980°s it was reported that
6-OHDA lesions of the rat ventral striatum, which
depleted DA in the nucleus accumbens and reduced
neocortical noradrenaline, impacted upon attentional
processing [74]. Although the resultant neurotrans-
mitter depletion induced only a transient decrease in
speed and impulsivity on the 5 choice serial reac-
tion time (5CSRT) task, a stable attenuation of the
increased responding typically observed in response
to arousing events, such as bursts of white noise and
infusion of systemic amphetamine, became evident.
In the dorsal striatum, DA depletion was not found
to impair accuracy on the 5CSRT task, but instead
lengthened response latencies, increased omissions
and increased perseverative behaviours. Furthermore,
reducing the temporal predictability of the visual
stimulus presentation resulted in an impairment in
accuracy, a deficit not induced by ventral striatal
6-OHDA lesions and, thus, specific to dorsal stri-
atal function [74, 75]. Indeed, using an instrastriatal
bilateral 6-OHDA model, Almaric and colleagues
demonstrated impaired attentional performance on a
reaction time task, which was shown to be signifi-
cantly improved by co-administration of the D»/D3
receptor agonist, piribedil, and L-Dopa [76], demon-
strating a role for striatal dopamine in attentional
function.

Granon et al. [77] demonstrated a dissociation
between D1 and D2 receptors in the mPFC of rats
in modulating attentional function. Using the SCSRT
task, they report no effect on performance after bilat-
eral infusion of the D2 antagonist sulpiride into the
mPFC. By contrast, infusion of the D1 receptor antag-
onist SCH 23390 impaired accuracy of attentional
performance on the task in rats originally performing
with the highest baseline levels of accuracy. Inter-
estingly, impaired accuracy on the SCSRT task was
induced after simultaneous injection of the D1 recep-
tor antagonist SCH 23390 and the NMDA receptor
antagonist CCP into the dorsomedial striatum [78].
Not only was this effect found to be specific to visual

discrimination and not found to impact upon other
aspects of behavioural control including decision time
and omissions, each dose of receptor antagonist in and
of itself was shown to be ineffective in inducing this
attentional impairment.

Taking a different tact, Chudasama and Robbins [79]
demonstrated that prefrontal cortical stimulation of D1
receptors was sufficient to improve attentional accu-
racy on an operant task designed to challenge both
attentional and working memory functions. Further-
more, a beneficial effect of the receptor stimulation on
short-term working memory was evident in response
to stimuli presented after a long-delay, while impaired
performance was induced in the short-delayed trials.

COGNITIVE SET SHIFTING

Parkinson’s disease

Set-shifting requires the ability to learn a rule to
solve a task and to subsequently adapt to a new rule or
strategy as the contingencies in the task are altered.
This paradigm assesses many aspects of executive
function, including cognitive flexibility, attentional
ability and working memory. In patients, set-shifting
is often assessed using the Wisconsin Card Sorting
task, which requires patients to sort cards into piles
according to a particular feature of the stimulus pre-
sented on the cards. The stimulus typically consists of
a number of features, including the shape, the colour
and the number depicted. As the task contingencies
change, participants need to shift to utilising a new
rule that requires learning to ignore the previously rel-
evant dimension and to attend to a new dimension
(extra-dimensional shift). A large literature has iden-
tified impairments in this aspect of executive function
in PD patients [e.g. 80, 81]. Interestingly, Monchi and
colleagues demonstrated an involvement of both the
striatum and frontal cortical regions in this task [82]
and have argued that DA dysmodulation in the cor-
tical regions as well as the corticostriatal pathway
impair performance of different aspects of the task
[83].

Animal models

Analogous tasks have been developed for use in
rodents that incorporate similar stimulus features,
but rather than just assessing extra-dimensional shift
performance, intra-dimensional shifts and reversal
manipulations are also integrated in the tasks. Reversal
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manipulations require a shift towards responding to
the particular intra-dimensional feature that was pre-
viously unrewarded; intra-dimensional shifts can be
introduced during a new trial set and require the animal
to continue to attend to the previously correct fea-
ture, but to learn a new discrimination based on novel
stimuli. Required responses in the rodent versions
of the set-shifting task typically consist of digging
in bowls or responding on manipulanda in operant
boxes [e.g. 84, 85]. Interestingly, although cognitive
set-shifting deficits have been identified and evaluated
extensively in PD patients, little data exists that demon-
strates set-shifting impairments in animal models of
DA dysregulation. For example, 6-OHDA lesions of
the caudate in the common marmoset have been shown
to either have no influence on performance during a set-
shifting task [86], or a mild influence manifest as more
focused attention in lesion marmosets [87].

Using a maze-based set-shifting task, Floresco et
al. [88] demonstrated a role for D2 receptors, but not
D4 receptors, in the prefrontal cortex of rats on atten-
tional set-shifting. Infusion of D2 receptor antagonist
eticlopride in PFC impaired the rats’ ability to switch
between using a response strategy and attending to a
visual discrimination, regardless of the order in which
the shifts were required. In contrast, the D4 antagonist
L-745, 870 actually enhanced set-shifting perfor-
mance. Interestingly, using a series of procedures that
manipulated rule-learning and reward contingencies,
Stefani and Moghaddam [89] demonstrated a corre-
lation between frontal cortical DA release and the
time taken to shift between discrimination rules. Thus,
although arole for prefrontal cortical DA in set-shifting
can certainly be inferred from the literature, there has
yet to be an explicit evaluation of the focal effect of
cortical or striatal DA depletion and performance on
this task in rodent models.

WORKING MEMORY

Parkinson’s disease

Another goal-directed aspect of learning and
response selection that is influenced or mediated by
cortical or striatal DA transmission includes that of
working memory. PD patients in the late stages of
the disease have been shown to be impaired in ver-
bal, non-spatial and spatial tests of working memory
[1]. Specifically, Lewis et al. [3] suggest that the abil-
ity to manipulate information in working memory is
more affected in PD than the maintenance or retrieval
of information from working memory.

Animal models

A common method of measuring working memory
function in rodent models is by employing an uncued
spatial water maze task. In this paradigm, animals are
placed in a water maze tank containing opaque water
and required to find a submerged platform in order
to escape. Since placement of the platform changes
between sessions, but not between trials, demands are
placed upon the working memory system from trial to
trial. Although completion of this task requires the use
of spatial room cues and has been shown to be sensitive
to working memory impairments, use of this test with
models of PD may be confounded by the motor dys-
functions induced after DA depletion, with secondary
effects on the neglect of the extra-maze cues necessary
to navigate in space [90].

After bilateral injection of either 6-OHDA or MPTP
into the SNpc, Ferro et al. [17] report impairments
in working memory and stimulus-response learning
revealed by increased time to reach a submerged plat-
form in the spatial and cued versions of the Morris
water maze. Similarly, Tadaiesky et al. [31] reported
impaired working memory in a bilateral intrastriatal
6-OHDA model after observing deficits on the water
maze task. In a second behavioural measure how-
ever, Tadaiesky et al. report increased immobility in
a forced swimming test in lesion rats. Thus, given
that rats receiving bilateral dopamine depletion present
with motor impairments, increased difficulty in the
ability to swim to the platform in each version of
the water maze task cannot be ruled out, suggest-
ing that the observed impairments may relate more to
motor than cognitive function. Furthermore, impaired
navigation in the water maze task in rats receiving
bilateral 6-OHDA lesions of the MFB or the lateral
ventricle has been reported, with evidence of rela-
tive differences in the preference to utilise proximal,
rather than distal, cues in the lesion cohort, which
may account for the performance deficit [90]. Thus,
DA-induced motor deficits in swimming efficiency
and/or impaired utilisation of extra-maze cues likely
influence the profile of observed impairments in these
tasks.

There is, however, evidence that DA transmission
plays arole in working memory function. For example,
by pharmacologically manipulating DA modulation,
prefrontal cortical injections of the D1 receptor antag-
onists SCH 23390 and SCH 39166 in rhesus monkeys
were found to impair performance on a delayed
response task, a classic task of working memory, with-
out affecting motor function [91].
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DA depletion in the caudate nucleus of the com-
mon marmoset has also been shown to induce deficits
in working memory. Interestingly, while DA depletion
produced a marked impairment in a spatial delayed
response task, a standard task of working memory, per-
formance on an attentional set-shifting task was found
to be largely preserved [87]. Thus, while the precise
role of DA in working memory remains to be more pre-
cisely understood, DA transmission in corticofrontal
systems does appear to be implicated in this cognitive
function.

BEHAVIOURAL INHIBITION

Parkinson’s disease

As well as being a disorder of movement initiation,
PD has been found to induce broad deficits in motor
and cognitive inhibition [92-95]. Thus, the ability to
withhold a prepotent response is impaired in PD and
has been linked to altered regulation of DA systems
[96, 97]. Although the impairments in response inhibi-
tion and conflict resolution in PD patients have largely
been attributed to aberrant functionality of the sub-
thalamic nucleus and pre-supplementary motor cortex,
respectively, altered DA transmission in striatum may
also contribute. This aspect of executive function can
be assessed in patients using tests of motor and cog-
nitive control, which include the smooth pursuit task,
the Stroop task, the conditional stop signal reaction
time task and the Go/NoGo task. In each of these tests,
aspects of attentional, cognitive and motor inhibitory
control can be measured by evaluating the ability to
withhold a response. When presented with conflict
situations, both response initiation and response inhi-
bition have found to be impaired in patients with PD,
suggesting that a generalized deficitin response control
(i.e., selection and suppression) is manifest [93]. Inter-
estingly, in advanced PD, significantly diminished D2
receptor densities have been reported [98, 99], which
may contribute to both the response inhibition and acti-
vation impairments evident in PD patients, although
other neurotransmitter systems including 5-HT and
noradrenaline may also play a role [for a review, see
100].

Animal models

Impaired behavioural inhibition can be defined as
an inability to withhold or suppress a response or the
expression of impulsive characteristics. The stop sig-
nal task has been used recently in rodents to evaluate

the contribution of DA signalling in the striatum to the
suppression of ongoing responses. Eagle et al. [101]
examined the influence of D1 and D2 receptor sub-
types in both the dorsomedial striatum and the nucleus
accumbens core on performance in the stop-signal task.
Their results demonstrated contrasting effects of the
D1 receptor antagonist SCH 23390 and the D2 recep-
tor antagonist sulpiride in the dorsomedial striatum, but
no effect of either in the ventral striatum. SCH 23390
was found to decrease (i.e., speed up) stop-signal reac-
tion time, while sulpiride increased (i.e., slowed down)
both stop- and go- signal reaction times and impaired
trial completion when administered at the high doses.
Thus, the D1 and D2 receptor subtypes appear to play
contrasting, and therefore possibly balancing, roles
in controlling behavioural inhibition [101]. Interest-
ingly, atomoxetine, a noradrenaline-specific reuptake
inhibitor, has been shown in human and animal studies
to increase the stop-signal reaction time on this task
[100, 102].

SEQUENCE LEARNING

Parkinson’s disease

Considerable evidence has amassed suggesting that
PD patients demonstrate impairments in sequence
learning. Although ultimately able to acquire a new
motor sequence, PD patients take considerably longer
to learn the actions, an impairment that is more man-
ifest in the later stages of the disease [103]. Price
and Shin [104] report impaired performance on a
non-motor sequence learning task in PD patients at
the moderate, but not early, stage of the disease.
Importantly, sequence learning deficits were manifest
without any evidence of impaired spatial attention in
these patients. Instead, performance on the non-spatial
sequence learning task was found to correlate with
results of three neuropsychological tests, including the
Wisconsin Card Sorting task, which assessed cognitive
flexibility and executive functioning.

Animal models

Studies of sequential learning in both primate and
rodent models after altered DA transmission have iden-
tified a role for DA in this form of motor learning
[105-107]. Using a serial reaction time task, rats were
extensively trained to respond to 12 sequentially illu-
minated stimuli [106]. Measures of response speed
and accuracy were also obtained for two sequence
disruption manipulations: namely, the inference test,
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whereby the sequence was occasionally switched from
sequential to pseudo-random, and the violation test,
where only one of the 12 stimuli is presented out of
order. Interestingly, no robust effect of DA depletion
was evident after post-training lesion [108], but rats
that had received bilateral 6-OHDA lesions of the neos-
triatum prior to training demonstrated impairments in
learning. The neostriatal DA depletions largely tar-
geted the dorsomedial region, with an approximate
44-66% reduction in striatal DA levels. The result
was decreased accuracy and slower reaction times dur-
ing the learning phase than control rats. Furthermore,
during the violation test, control rats demonstrated an
increased reaction time to the random stimulus, in
contrast to lesion rats, which demonstrated less of a
difference between the random and sequential stimuli.
Thus, the automation of responses is less evident in
rats with 6-OHDA lesions, evidencing a role for striatal
DA in the learning of a sequential stream of stimuli.
Furthermore, impaired learning in this task has been
shown to be specific to dorsostriatal, and not ventral
striatal, DA diminution [109].

CONCLUSION

A considerable amount of data has been amassed
that suggests a role for corticostriatal DA transmission
in several aspects of cognitive processing, including
executive and attentional function, goal-directed and
habitual behaviours, working memory and many other
aspects of learning or behavioural control. It is worth
noting, however, that other neurotransmitter systems,
including the noradrendergic and cholinergic system
are also considerably disrupted in PD [110, 111] and
these neurochemical pathways have been implicated
in many of the neural function that are disrupted in the
course of the disease, including working memory and
attentional function [112, 113]. Thus, while aberrant
DA transmission may certainly play arole in disrupting
aspects of higher cognitive function in PD patients, the
important influence of other neurotransmitter systems
and, indeed, the interactions between them, likely con-
stitute important contributing factors to the non-motor
symptoms of the disease.

Ideally, long-term progressive degeneration of cor-
ticostriatal DAergic neurons could be modelled in
rodents, but the available techniques for inducing DA
diminution do not allow for either progressive eval-
uation, nor do they come without limitations and
confounding impairments. Interestingly, despite tech-
nological advances, the development of numerous
genetically modified and viral vector models has, to

date, yielded relatively limited data on the relation-
ship between the pathological process in PD and
behavioural function. More detailed behavioural evalu-
ations may yet yield interesting results in these models,
and the development of even more sophisticated mod-
els, including the marking of neural pathways with
optical or molecular reporters may soon provide further
insight into basal ganglia function and dysfunction.

The mostly widely used techniques for modelling
PD at present, however, remain the lesion method
and pharmacological manipulation. Given the inher-
ent limitations of using the available models of PD,
including altered motor and motivational function, it
has become necessary to employ a range of comple-
mentary techniques to eke out the precise function of
the dopamine neurotransmitter system in corticostri-
atal function. Thus, combinations of pharmacological
and lesion studies have allowed the assessment of
DA depletion and precise receptor populations in the
learning or expression of DA-modulated behaviours,
which has gained us considerable insight into the rela-
tionship between the neurobiological pathology and
neurotransmitter dysregulation that occurs in PD, and
the resulting impairments in cognitive or neuropsychi-
atric function.
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