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The long-term replacement therapy with the dopamine (DA) precursor

3,4-dihydroxy-l-phenylalanine (L-DOPA) is a milestone in the treatment of

Parkinson’s disease (PD). Although this drug precursor can be metabolized

into the active neurotransmitter DA throughout the brain, its therapeutic

benefit is due to restoring extracellular DA levels within the dorsal striatum,

which lacks endogenous DA as a consequence of the neurodegenerative pro-

cess induced by the disease. In the early phases of PD, L-DOPA treatment is

able to restore both long-term depression (LTD) and long-term potentiation

(LTP), two major forms of corticostriatal synaptic plasticity that are altered

by dopaminergic denervation. However, unlike physiological DA trans-

mission, this therapeutic approach in the advanced phase of the disease leads

to abnormal peaks of DA, non-synaptically released, which are supposed to

trigger behavioural sensitization, namely L-DOPA-induced dyskinesia. This

condition is characterized by a loss of synaptic depotentiation, an inability to

reverse previously induced LTP. In the advanced stages of PD, L-DOPA can

also induce non-motor fluctuations with cognitive dysfunction and neuro-

psychiatric symptoms such as compulsive behaviours and impulse control

disorders. Although the mechanisms underlying the role of L-DOPA in both

motor and behavioural symptoms are still incompletely understood, recent

data from electrophysiological and imaging studies have increased our under-

standing of the function of the brain areas involved and of the mechanisms

implicated in both therapeutic and adverse actions of L-DOPA in PD patients.
1. Introduction
Parkinson’s disease (PD) is caused by the progressive degeneration of dopa-

mine (DA) neurons in the substantia nigra pars compacta, resulting in a

deficiency of DA in the striatum. PD patients develop a triad of motor symp-

toms: akinesia, rigidity and tremor. The aetiology of neuronal death in PD is

still unclear. Several possible mechanisms of degeneration in dopaminergic

neurons might occur in addition to genetic factors: formation of free radicals,

oxidative stress, mitochondrial dysfunction, excitotoxicity, calcium-induced

neurodegeneration, altered production of neurotrophic factors, inflammatory

processes, environmental factors and toxic action of nitric oxide [1–3]. These

multiple factors reciprocally interact inducing a vicious cycle of toxicity that

causes altered synaptic plasticity, morphological changes and finally cell death.

The current therapeutic approaches only alleviate the clinical symptoms, but

they cannot cure the disease by changing the natural course of this disorder. In

fact, until now, no therapy has been developed to stop or at least slow down the

neurodegeneration occurring in dopaminergic neurons in PD patients.

Levodopa (3,4-dihydroxy-l-phenylalanine, L-DOPA) is a precursor of DA and

it represents the first and most successful breakthrough in the symptomatic treat-

ment of PD. In fact, DA replacement therapy with L-DOPA is still the gold

standard for symptomatic treatment of PD. However, patients usually experience
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Figure 1. Schematic representation of the possible mechanisms of action, the motor and behavioural effects induced by a long-term treatment with L-DOPA in PD patients.
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severe side effects after several years of L-DOPA treatment,

such as the L-DOPA-induced dyskinesias (LIDs) [4,5].

Although L-DOPA treatment is more than 50 years old,

the exact mechanism of action of L-DOPA is still controversial

[6]. In fact, it has been reported in preclinical studies that

while acute treatment with L-DOPA might not be able to

restore motor activity, chronic treatment is more effective in

reducing parkinsonian symptoms and in restoring striatal

synaptic plasticity [7]. A possible explanation for this differ-

ence is that long-term L-DOPA treatment is able to restore

physiological synaptic plasticity in the DA-denervated stria-

tum because it is able to ensure a tonic dopaminergic level

that is not reached following an acute treatment. It has also

been proposed that chronic treatment might stimulate the pro-

duction of trophic factors able to compensate for the structural

alterations of dendritic spines induced by DA denervation

[8,9]. Chronic L-DOPA treatment, however, might also cause,

by itself, aberrant structural plasticity in the dendrites and

the spines of striatal medium spiny neurons causing further

functional short- and long-term alterations of glutamatergic

and dopaminergic transmission [10,11] (figure 1).
2. Possible mechanisms of adverse effects
L-DOPA also seems to act through non-canonical modes of

action besides its well-known effect as a DA precursor. These

effects could involve not only the striatum, considered the estab-

lished target area for the actions of DA, but also other nuclei of

the basal ganglia circuits. For example, it has been recently

reported that L-DOPA has dual effects on nigral dopaminergic
neurons [12]. An ‘early’ effect is associated with a membrane

depolarization and is reduced by an a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptor antagonist.

A ‘late’ phase of the excitation is not mediated by glutamate

receptors but is sensitive to carbidopa, a dopa-decarboxylase

inhibitor, demonstrating its dependence on the conversion of

L-DOPA to DA. These dual excitatory effects are associated

with an intracellular calcium increase and they might influence

the survival of the dopaminergic neurons as well as the release

of DA from the residual axon terminals.

An increasing number of findings support the view that,

in the advanced phase of PD and in the presence of a massive

degeneration of nigrostriatal terminals, DA is released as a

false neurotransmitter from the striatal serotonin terminals

and this might act as a critical presynaptic factor underlying

LIDs [13]. Experimental data from animal models and human

clinical studies support this view, which indicates the seroto-

nin system as a promising target for anti-dyskinetic therapy

in PD patients under L-DOPA medication. Accordingly, it

has been reported that L-DOPA treatment induces sprouting

of serotonin axon terminals, with an increased incidence of

synaptic contacts, and a larger activity-dependent poten-

tiation of DA release in the denervated striatum [14]. It is

interesting to note that the authors hypothesize that an

increased activity of brain-derived neurotrophic factor

(BDNF) could be involved in this sprouting. Accordingly,

an increase in mRNA for BDNF has been previously reported

following repeated L-DOPA administrations [15].

According to this hypothesis, serotonin terminals, which

lack an efficient reuptake machinery to control synaptically

released DA, can contribute to abnormal pulsatile stimulation
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of DA receptors that causes aberrant responses to long-term

L-DOPA treatment. In this regard, L-DOPA-induced plas-

ticity of the striatal serotonin innervation might represent

an important factor underlying abnormal presynaptic DA

dynamics contributing to the development of LIDs.

In addition to the multiple therapeutic motor effects of

L-DOPA, possible toxic effects induced by this drug have

to be taken into account. These effects might induce maladap-

tive plasticity in the striatum and in other brain structures

(figure 1 and table 1).
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3. Non-motor effects
(a) Cognition
The influence of L-DOPA on the cognitive and behavioural

status of PD patients has gained increasing attention. It is

now widely recognized that in PD patients, cognitive impair-

ment and psychiatric symptoms cause a great worsening in

the quality of life of the patients and their carers [28,29].

Original studies contributed to the concept of subcortical

dementia associated with bradyphrenia and cognitive rigidity

resulting from basal ganglia dysfunction in PD [30]. However,

it is now clear that cognitive deficits in PD might be caused not

only by fronto-executive dysfunctions, but also by functional

deficits in anatomical structures other than basal ganglia,

such as the hippocampus [31]. Moreover, it is now clear that

not only dopaminergic dysregulation, appearing as deficits

in flexibility, planning, working memory and reinforcement

learning, but also non-dopaminergic, and in particular

cholinergic cortical dysfunction, might cause mild cognitive

impairment and dementia in PD. Thus, DA and acetylcholine

might interact in a critical manner in the regulation of cognitive

function resulting in diverse clinical phenotypes [32]. Accord-

ingly, recent clinical, neuropathological, imaging and genetic

studies have revealed a great heterogeneity in the features of

cognitive deficits in PD patients [33–35].

An important clinical issue is represented by the influence

that L-DOPA exerts on cognitive function in PD patients.

Despite the fact that L-DOPA improves motor function in PD

patients, this DA precursor can ameliorate cognition in some

patients while worsening this function in others. To explain

this apparent discrepancy, some authors [36] have postulated

that dopaminergic medications, and in particular L-DOPA,

impair the activity of those neural structures receiving dopamin-

ergic innervations, with less denervation than the striatum, and

alter the behavioural outcomes depending on these structures.

According to this hypothesis, supported by imaging studies,

the regional topography of DA denervation becomes a critical

factor. Functions such as reversal learning and memory of

motor sequences might be significantly affected by L-DOPA.

In particular, patients can express either positive or negative

cognitive responses to L-DOPA according to the mesolimbic

and prefrontal cortical dopaminergic status and to the specific

gene polymorphisms [36].

A heterogeneous cognitive response to L-DOPA can also be

predicted according to the ‘dual syndrome’ hypothesis for cog-

nitive deficits in PD. This hypothesis postulates that while an

executive syndrome results from the frontostriatal dysfunction

and is caused by dopaminergic deficits, a posterior cortical syn-

drome involves visuospatial, mnemonic and semantic

functions and correlates with Lewy body pathology and

cholinergic loss [37].
(b) Impulse control disorders
Another spectrum of non-motor disorders observed in PD and

possibly related to dopaminergic treatments is represented by

the impulse control disorders, a complex variety of psychiatric

manifestations such as compulsive eating, pathological gam-

bling, hypersexuality and compulsive buying [38]. Patients

treated with dopaminergic medications may also develop

repetitive, purposeless behaviours known as punding [39,40].

These disabling non-motor symptoms appear with frequencies

of 13–35% among patients receiving DA replacement therapy

[41]. Although impulse control disorders in PD are strongly

associated with the use of DA agonists, these disturbances

can be observed following L-DOPA treatment as well as in

naive PD patients [28]. Individual susceptibility and synaptic

alterations progressively observed are also critical factors for

the development of impulse control disorders. In particular,

differences between nigrostriatal and mesolimbic dopamin-

ergic denervation, coupled to non-physiological pulsatile

administration of dopaminergic drugs may induce abnormal

‘hyperstimulation’ of the mesolimbic system. This ‘hyper-

dopaminergic state’ alters reward-learning behaviours in PD

patients. In addition, L-DOPA can increase impulsivity of PD

patients during decision-making and favour risk-taking beha-

viours [42,43]. Abnormal DA intake might also correlate with

an excessive seeking of rewards, a condition closely mimicking

drug-seeking behaviour observed in drug addiction [44].
4. Dorsal striatum
(a) Evoked and spontaneous excitatory glutamatergic

synaptic transmission
Unilateral 6-hydroxy-dopamine (6-OHDA)-induced lesion of

the substantia nigra is commonly used as an experimental

model for PD. The activity of striatal neurons from parkinso-

nian rats has been recorded intracellularly in an ex vivo slice

preparation [45]. Intracellular recordings were obtained at

different time points after the denervation. In DA-denervated

slices, unlike naive slices, most of the neurons showed spon-

taneous depolarizing postsynaptic potentials characterized as

glutamate-mediated synaptic events. The percentage of cells

showing increased spontaneous depolarizing postsynaptic

potentials was maximal at four months after the denervation

and was not associated with changes in intrinsic membrane

properties such as resting membrane potential or input resist-

ance. Thus, it was proposed that abnormal excitability of

striatal neurons in this model of PD was not caused by

changes of the intrinsic membrane properties, but was the

result of increased glutamatergic cortical inputs to the striatum.

Using this model of PD, it has also been shown that a dose of

L-DOPA able to reverse motor deficits in about half of the

parkinsonian animals, reversed glutamatergic overactivity

and hypersensitivity of presynaptic D2 DA receptors control-

ling glutamate release from corticostriatal terminals [46].

Surprisingly, no change was detected in the sensitivity of pre-

synaptic D2 DA receptors modulating striatal g-amino butyric

acid (GABA) transmission in both parkinsonian and L-DOPA-

treated rats. These findings indicate that the reversal of striatal

glutamatergic overactivity and the normalization of hypersen-

sitive D2 DA receptors modulating excitatory transmission

might underlie some of the therapeutic actions of L-DOPA

in PD.
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An interesting field of research has been represented by the

characterization of the effects of stereotaxic neurosurgery to

reverse the motor symptoms of PD and ameliorate LIDs. The

subthalamic nucleus is a target of choice for the neurosurgical

treatment of PD. The therapeutic effect of subthalamic lesion in

PD is classically ascribed to the rescue of physiological activity

in the output structures of the basal ganglia and a consequent

reduction in the L-DOPA equivalent dose necessary to exert a

therapeutic action.

Stimulation of the subthalamic nucleus also improves

the majority of non-motor symptoms, such as mood, impulse

control disorders, sleep and some autonomic dysfunctions.

Nevertheless, little is known about the possible adaptive

changes of the striatal medium spiny neurons following this pro-

cedure in comparison with L-DOPA treatment. Interestingly, it

has been reported that the beneficial motor effects produced in

parkinsonian rats by subthalamic lesion or L-DOPA therapy

are paralleled by the normalization of the overactive frequency

and amplitude of striatal glutamate-mediated spontaneous

excitatory postsynaptic currents. Thus, the reversal of these

abnormalities in striatal excitatory synaptic transmission can

be attributable to the normalization of glutamate release [47].

Another promising field of investigation is the link

between glutamatergic synaptic transmission, L-DOPA and

the endocannabinoid system. This system is highly expressed

at different levels in the basal ganglia where it bidirectio-

nally interacts with the dopaminergic and glutamatergic
signalling systems. In particular, at synapses linking cortical

and striatal neurons, endocannabinoids modulate synaptic

transmission [48,49]. In the 6-OHDA model of PD, striatal

levels of the endocannabinoid anandamide are increased,

while the activity of its membrane transporter and hydrolase

(fatty-acid amide hydrolase) are reduced [50]. Interestingly,

both L-DOPA treatment and the pharmacological inhibition

of fatty-acid amide hydrolase were able to reverse the

anomalies in the endocannabinoid system. These biochemical

changes were paralleled by a normalization of glutamatergic

activity suggesting that inhibition of fatty-acid amide hydro-

lase, in association with L-DOPA, might represent a possible

strategy to decrease the abnormal cortical glutamatergic

activity observed in PD [50].
(b) Long-term depression
Among the various mechanisms of action that have been pos-

tulated to underlie the beneficial motor and cognitive effects

of L-DOPA is the restoration of physiological forms of synap-

tic plasticity such as long-term depression (LTD), long-term

potentiation (LTP) and synaptic depotentiation in different

brain areas (figure 2). In fact, cognition and memory are

generally believed to involve the adjustment of synaptic

strength in networks of connected neurons. Accordingly, LTD

and LTP are processes whereby synaptic strength is rapidly

decreased or increased, respectively, and they are currently
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the best candidates as cellular substrates of cognition and

memory. Similarly, maladaptive synaptic plasticity might med-

iate the adverse motor effects such as LIDs and wearing-off as

well as non-motor symptoms such as cognitive dysfunction

and impulse control disorders observed following long-term

L-DOPA treatment [51] (figure 2). Moreover, different brain

areas can be implicated in specific therapeutic and adverse

events induced by this drug.

The dorsal striatum is a major station of the basal ganglia

circuit receiving dopaminergic inputs from the substantia

nigra and excitatory glutamatergic afferents from the cortex

and the thalamus [52]. The cortico-basal ganglia-cortical

circuit functions as a complex, integrated network with

multiple feedback and feed-forward loops. The inputs from

motor cortical areas send a somatotopically organized, gluta-

matergic signal to the striatal GABAergic medium spiny

neurons. The medium spiny neurons are connected to the

output nuclei either indirectly, through the external globus

pallidus and the subthalamic nucleus, or directly through

striatonigral projections. The internal globus pallidus and

the substantia nigra pars reticulata are the output nuclei of

the basal ganglia and project to the thalamic nuclei, which

project to the striatum and back to the cortex.

Postsynaptically, DA regulates the excitability of striatal

D2-bearing and D1-bearing neurons [53]. DA also regulates

the plasticity of striatal neurons by modulating glutamate-

mediated LTD, LTP and synaptic depotentiation [54,55].

This latter form of synaptic plasticity represents a homeo-

static mechanism that returns a potentiated synapse to its

pre-potentiated state [16]. LTD and LTP are important for

motor learning, while depotentiation is thought to be necess-

ary for removing unnecessary motor information [16]. The

activation of D1 receptors is necessary for induction of both

LTP and depotentiation, while the co-activation of D1 and

D2 receptors is required for induction of LTD [56].

An activity-dependent and N-methyl-D-aspartate (NMDA)-

independent form of LTD was originally described in medium

spiny neurons recorded from striatal slices following high-

frequency stimulation (HFS) of glutamatergic afferents [57,58].

Interestingly, a critical involvement of striatal cholinergic inter-

neurons in this form of synaptic plasticity observed in medium

spiny neurons was also demonstrated [59]. While these studies

suggested that LTD was expressed in the large majority of

medium spiny neurons, another study has proposed that this

form of synaptic plasticity is only expressed in the medium

spiny neurons of the indirect pathway [60]. In a more recent

investigation, an immunohistochemical analysis combined

with whole-cell recordings to identify direct and indirect

medium spiny neurons pathways, demonstrated the presence

of a DA-dependent LTD in both direct and indirect pathways.

This suggests that differences in experimental settings might

account for the apparent discrepancies among the results

obtained by different research groups [61].

The hypothesis that an altered cell-type-specific induction

of plasticity can be expressed in distinct striatal neuronal sub-

types as an effect of L-DOPA treatment has been investigated

as a possible cellular basis for LIDs by a study conducted

using in vivo extracellular recordings [18].

Electrophysiological studies associated with pharmaco-

logical analyses have demonstrated a critical role of the nitric

oxide/cyclic guanosin monophosphate (GMP) pathway in

the induction of corticostriatal LTD [62]. Experiments have

been made to target striatal phosphodiesterases and thereby
regulate the intracellular levels of cyclic GMP to reduce LIDs

[17]. Behavioural measurements of LIDs were performed

before and after the treatment with two phosphodiesterase

inhibitors, zaprinast and UK-343664. LIDs were associated

with the loss of LTD expression at glutamatergic striatal

synapses in medium spiny neurons. Both zaprinast and

UK-343664 rescued this form of synaptic plasticity via the

modulation of intracellular cyclic GMP levels. The rescue of

LTD was associated with a decrease of LIDs following intras-

triatal injection of phosphodiesterase inhibitors [17]. This

analysis reveals the need for future studies to investigate the

possible therapeutic effects of phosphodiesterase inhibitors in

non-human primate models of PD.

Repetitive transcranial magnetic stimulation in humans

increases DA levels in the proximity of active corticostriatal

terminals [63,64], suggesting its use to alleviate PD symptoms.

A single-session of cortical repetitive transcranial magnetic

stimulation using intermittent theta-burst pattern rescued

LTD of glutamate-mediated field excitatory postsynaptic

potentials recorded from hemiparkinsonian rats [65]. These

findings show that cortical intermittent theta-burst stimulation

affects neuronal activity of subcortical regions and suggest that

this technique, in conjunction with L-DOPA treatment, might

concur to ameliorate PD symptoms.
(c) Long-term potentiation
HFS of glutamatergic afferents to striatal medium spiny neur-

ons induces an NMDA-dependent LTP when these glutamate

receptors are active [66]. This form of synaptic plasticity is

also DA-dependent, as it is blocked by unilateral 6-OHDA-

induced lesion on the medial forebrain bundle [67] as well

as by D1 receptor antagonism [68]. The requirement of a

rise in intracellular calcium [69] and the concomitant acti-

vation of both glutamate and dopaminergic inputs [70] for

the induction of striatal LTP was further supported by

in vivo electrophysiological studies.

While the complete depletion of striatal DA, mimicking

advanced stages of the disease, results in the loss of LTP

and LTD, a partial denervation, causing mild motor deficits,

selectively affects the NMDA-dependent LTP, but not the

LTD. Moreover, partial and full dopaminergic lesions alter

the NMDA receptor subunit composition in the postsynaptic

density in different manners, indicating that decreasing

the striatal DA levels has distinct effects on corticostriatal

synaptic plasticity depending on the level of depletion [71].

DA is not only released in the striatum, but also from

ventrally projecting dendrites of the substantia nigra pars

compacta on the substantia nigra pars reticulata, a major

output structure of the basal ganglia. The synaptic plasticity

in the substantia nigra pars reticulata using field-evoked

potentials induced with a nearby microelectrode has been

analysed in PD patients undergoing implantation of deep

brain stimulation electrodes in the subthalamic nucleus [22].

Tetanic stimulation in the substantia nigra pars reticulata

failed to induce a lasting change in test field-evoked potential

amplitudes in PD patients OFF medication. However, after

oral L-DOPA administration, HFS was able to induce a

potentiation of the field-evoked potentials amplitudes. This

clinical finding clearly confirms that L-DOPA, by increasing

the basal ganglia DA tone, modulates the activity-dependent

synaptic plasticity inducing LTP-like synaptic changes.
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(d) Depotentiation (reversal of long-term potentiation)
Various manipulations can reverse LTP when applied shortly

after its induction. This kind of reversal of synaptic strength

from the potentiated state to pre-LTP levels is termed synaptic

depotentiation. Depotentiation of HFS-induced LTP in striatal

medium spiny neurons is effectively induced by low-frequency

stimulation of afferent corticostriatal fibres [16]. The mechan-

isms responsible for this phenomenon have not been fully

characterized. Nevertheless, NMDA receptor activation, the

increases in intracellular calcium concentrations and altered

states of protein kinases and phosphatases seem to play a

role. Importantly, this phenomenon has been implicated in

the mechanisms of ‘forgetting’ unessential information [72].

Thus, depotentiation can be considered a homeostatic

synaptic downscaling operating as a negative feedback response

to an abnormally increased network activity to reduce the firing

rate of neurons. This form of synaptic plasticity decreases the

strength of individual synapses. Moreover, synaptic downscal-

ing might counteract the possible run-away excitation due to

Hebbian-type LTP and maintain an appropriate degree of

synaptic efficacy linked to memory information [73].

Control and L-DOPA-treated non-dyskinetic rats express

synaptic depotentiation in response to a subsequent low-

frequency stimulation protocol, while dyskinetic rats do not.

The depotentiation observed in both L-DOPA-treated non-

dyskinetic rats and intact animals is prevented by activation

of the D1-like DA receptors as well as by inhibition of protein

phosphatases. The striata of dyskinetic rats contain abnor-

mally high levels of phospho[Thr34]-DARPP-32, an inhibitor

of protein phosphatase 1. These findings show that the devel-

opment of LIDs is associated with abnormal information

storage in corticostriatal synapses [16].

Another factor influencing the induction and expression of

LIDs is the molecular composition of NMDA receptor subunits

in striatal medium spiny neurons. Molecular studies have

shown that dyskinetic rats have significantly higher levels of

GluN2A subunit in the postsynaptic compartment than naive

parkinsonian rats or parkinsonian rats showing therapeutic

benefit following L-DOPA treatment. Moreover, the GluN2B

subunit is significantly reduced in the postsynaptic density of

DA-denervated and dyskinetic rats [74]. These molecular altera-

tions are associated with changes of NMDA receptor GluN2B

subunit association with scaffolding elements, i.e. members of

the membrane-associated guanylate kinase (MAGUK) protein

family, such as postsynaptic density-95, synapse-associated

protein-97 and synapse-associated protein-102. Interestingly,

treatment of non-dyskinetic animals with a cell-permeable syn-

thetic peptide (TAT2B), able to affect GluN2B binding

to MAGUK proteins, as well as synaptic localization of this

subunit, induces a shift in treated rats towards a dyskinetic

phenotype. This finding indicates abnormal GluN2B redis-

tribution between synaptic and extrasynaptic membranes

as an important molecular disturbance of the glutamatergic

synapse involved in dyskinesia.

In line with this hypothesis, the manipulation of the

composition of synaptic NMDA receptors by using a cell-

permeable peptide targeting the GluN2A subunit during

the induction of LIDs reduces the percentage of parkinsonian

rats developing LIDs [75].

Another issue in the characterization of the mechanisms

underlying the occurrence of LIDs is the comparison of the

molecular and motor effects of L-DOPA with those of D2
receptor agonists. These drugs are usually preferred to

L-DOPA in the early phases of the disease for their lower

risk of developing dyskinesia [76]. However, D2 receptor ago-

nists can also be used in the advanced stages of PD, in

conjunction with reduced doses of L-DOPA, to delay the

expression of the motor complications. Electrophysiological

experiments and behavioural analysis have compared the

effects of L-DOPA to those of pramipexole, a D2 receptor

agonist widely used in PD therapy [76]. These experiments

have shown that the striatal NMDA/AMPA receptor ratio

and the AMPA receptor subunit composition are altered in

experimental parkinsonism. Surprisingly, while L-DOPA in

dyskinetic subjects fails to restore these critical synaptic altera-

tions, chronic treatment with pramipexole, a D2-agonist,

is associated not only with a reduced risk of dyskinesia devel-

opment but also with a dose-dependent rebalance of the

synaptic properties. However, high-dose pramipexole fails

to rescue the physiological NMDAR/AMPAR ratio and,

similarly to L-DOPA, induces dyskinesia.

The Ras-extracellular signal-regulated kinase (Ras-ERK)

pathway, a signal transduction cascade implicated in behav-

ioural plasticity, regulates synaptic activity in striatal medium

spiny neurons and it can be considered as an important

transduction signal downstream of the D1 receptor [77]. A

recent molecular and electrophysiological study has reported

that the Ras-ERK pathway is not only essential for activity-

dependent striatal LTP, but also for the synaptic depotentiation.

Ablation of Ras protein-specific guanine nucleotide-releasing

factor 1 (Ras-GRF1), a neuronal activator of Ras proteins,

causes a specific loss of LTP in the medium spiny neurons in

the direct pathway without affecting LTP in the indirect path-

way. Analysis of LTP in 6-OHDA-lesioned animals showing

LIDs revealed a complex Ras-GRF1 and pathway-independent,

apparently stochastic involvement of ERK [77].

Another molecular study has identified several hundred

genes modulated in a similar model of LIDs. The expression

of these genes correlated with the dose of L-DOPA and many

of them are under the control of activator protein-1 and ERK

signalling [78]. The authors propose that, although homeo-

static adaptations involve several signalling modulators,

activator protein-1-dependent gene expression is significantly

altered especially in the medium spiny neurons of the direct

pathway following chronic L-DOPA treatment.

The paradigm of spike-timing-dependent plasticity has

been recently applied to the study of PD models. In this type

of protocol, the order and the precise temporal interval between

pre- and postsynaptic spikes determine the sign and magnitude

of LTP or LTD. Spike-timing-dependent plasticity is widely

used in models of circuit-level plasticity, development and

learning [79].

Using this model in brain slices from DA receptor trans-

genic mice, it has been reported that DA plays distinct and

complementary roles in medium spiny neurons of the direct

and indirect pathways to ensure synaptic plasticity in a bidirec-

tional and Hebbian manner [80]. Interestingly, in models of PD,

this system is placed out of balance, leading to unidirectional

changes in plasticity that might cause network dysregulation

and motor symptoms.

The molecular mechanisms of LIDs were also investigated

using spike-timing-dependent plasticity protocols applied

to corticostriatal synapses in slices from 6-OHDA-lesioned

mouse models of parkinsonism and LIDs. These disease

models were generated in transgenic mice in which
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transfection with a bacterial artificial chromosome allows the

expression of the enhanced Green Fluorescent Protein selec-

tively on the direct or the indirect output pathways [19]. In

control mice, bidirectional synaptic plasticity (LTD and LTP)

was induced, resulting in a significant change in the amplitude

of excitatory postsynaptic potentials in each direction in both

striatal output pathways. In parkinsonism and LIDs, both

pathways exhibited only unidirectional plasticity, irrespective

of stimulation paradigm. In fact, in parkinsonian animals, a

symptomatic dose of L-DOPA restored bidirectional plasticity

on both pathways to levels comparable to control animals. In

dyskinetic animals, in the presence of L-DOPA, the indirect

pathway exhibited only LTD, whereas in the direct pathway,

only LTP could be induced. Thus, this study further confirms

the concept that while normal motor control requires bidirec-

tional plasticity of both striatal outputs, LIDs are caused by a

switch from bidirectional to unidirectional plasticity.

Another study of Surmeier’s group suggests that changes

of spike-timing-dependent plasticity in the PD state and in

LIDs are cell-type specific. In fact, the intrinsic excitability

and corticostriatal synaptic connectivity of medium spiny

neurons of the indirect pathway are lower in PD models than

in the healthy condition. Conversely, these properties in

medium spiny neurons of the direct pathway are elevated in

tissues from PD models and suppressed in LIDs models [81].

The concept of a distinct pattern of abnormal bidirectional

synaptic plasticity as a functional marker of PD and LIDs has

been recently confirmed in PD patients undergoing deep

brain stimulation [23]. The authors investigated whether low-

frequency stimulation of the internal globus pallidus and the

substantia nigra pars reticulata could induce depotentiation at

synapses that had already undergone LTP. They measured the

field-evoked potentials induced by stimulation from a nearby

microelectrode in patients undergoing implantation of deep

brain stimulation electrodes in the subthalamic nucleus and

internal globus pallidus. According to studies in experimental

models, synapses of internal pallidus and substantia nigra

pars reticolata in patients with less severe LIDs underwent

greater depotentiation following low-frequency stimulation

than in patients with more severe dyskinesia. This demon-

stration of impaired depotentiation in basal ganglia output

nuclei in PD patients with dyskinesia is an important validation

of the animal models of LIDs.
5. Ventral striatum
A brain area to be investigated to understand the cognitive

effects of L-DOPA in PD patients is the ventral striatum

(nucleus accumbens). This structure plays an important role

in the cognitive processing of motivation, pleasure, reward,

and reinforcement learning in physiological conditions [82].

The ventral striatum is also extensively involved in the

neural mechanisms of conditions [83]. Moreover, it has

been implicated in the development of emotions like fear

and impulsivity [84] as well as in the placebo effect [85].

The ventral striatum receives DA innervation mainly from

ventral tegmental area dopaminergic neurons. Studies using

functional magnetic resonance imaging (fMRI) in humans

have shown that some healthy old adults have an abnormal

signature of expected value, resulting in an incomplete

reward prediction error signal in the ventral striatum. More-

over, structural connectivity between ventral tegmental area
and accumbens, measured by diffusion tensor imaging, is

associated to inter-individual differences in the expression

of this expected reward value signal in the ventral striatum.

Interestingly, L-DOPA augments the task-based learning

rate and task performance in old adults to the level of

young adults. This pharmacological effect is linked to the

recovery of a normal neural reward prediction error

suggesting that in old adults there is a neurochemical failure

of the dopaminergic system underlying reward processing

operating in the ventral striatum [86].

L-DOPA does not only induce restorative positive thera-

peutic effects in the ventral striatum. In fact, in PD patients

this DA precursor improves task-switching performance but

impairs certain aspects of cognitive function, such as reversal

learning [87,88]. In particular, it has been postulated that the

beneficial effect of L-DOPA on task-switching reflects a com-

pensation of DA levels in depleted dorsal frontostriatal

circuitry, whereas the impairing effect of L-DOPA on reversal

learning reflects a detrimental ‘over-dosing’ of intact ventral

frontostriatal circuitry [87,88]. According to this hypothesis,

functional imaging studies in PD patients have revealed that

the beneficial effect of L-DOPA on working memory is

accompanied by modulation of the dorsolateral prefrontal

cortex (PFC), which is strongly connected with the severely

depleted dorsal striatum. Conversely, it has been shown, by per-

forming neuroimaging analysis in PD patients scanned in both

ON and OFF condition during a reversal learning task, that

L-DOPA modulates reversal-related activity in the nucleus

accumbens, but not in the dorsal striatum or the PFC [88].

In a study that analysed D2-like DA receptor binding

through the use of positron emission tomography, it has been

observed that PD patients with a DA dysregulation syndrome

exhibit enhanced L-DOPA-induced ventral striatal DA release

compared with L-DOPA-treated patients not compulsively

taking dopaminergic drugs [89]. The sensitized ventral striatal

DA neurotransmission induced by L-DOPA in these patients

correlates with self-reported compulsive drug ‘wanting’ but

not ‘liking’ and is coupled with an increased psychomotor acti-

vation. This clinical finding clearly links sensitization of ventral

striatum to compulsive drug use in PD patients.

Although the synaptic and/or neuronal mechanism

mediating reversal learning and compulsive drug use in the

ventral striatum has not been fully investigated, we can hypoth-

esize that changes in synaptic plasticity might account for this

behavioural process. In fact, medium spiny neurons of the ven-

tral striatum express both LTD and LTP with some similarities

with the features of these forms of synaptic plasticity in the

dorsal striatum [90]. Moreover, it has been reported that

drugs of abuse such as cocaine might induce long-lasting

changes at excitatory synapses in the nucleus accumbens and

ventral tegmental area owing to activation of the mechanisms

that underlie LTP and LTD in these structures [91,92]. Thus, it

is possible that also L-DOPA, acting in this brain area, might

affect motivated behaviour with mechanisms similar to those

implicated in the plastic changes induced by drugs of abuse.

Another mechanism potentially implicated in the behav-

ioural effects of L-DOPA and involving the nucleus

accumbens emerges from the in vivo electrophysiological studies

from Grace’s group. These electrophysiological recordings,

combined with manipulation of the DA system, have shown

that distinct modulation of D1- and D2-like receptors in the

nucleus accumbens produces different behavioural effects,

such as learning versus set shifting of response strategy.
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Moreover, the features of the release of DA within the nucleus

accumbens regulate the balance between limbic and cortical

drive via the activation of distinct DA receptor subtypes.

These synaptic and electrophysiological effects can, in turn, con-

trol goal-directed behaviour [93]. Thus, L-DOPA might play a

critical role in this regulation of the limbic system.

It is also useful to consider that L-DOPA administration

might shift the release of DA from a more physiological con-

tinuous release to a phasic and pulsatile presence of DA in

the synaptic cleft. This phasic release of DA in conjunction

with the glutamatergic inputs might be important for structural

plasticity in both physiological and pathological conditions.

Accordingly, it is known that animal behaviours are reinforced

by subsequent rewards within a narrow time window. In line

with this hypothesis, in an elegant study, dopaminergic and

glutamatergic inputs to medium spiny neurons of the ventral

striatum were optically stimulated in a separate manner,

demonstrating that DA promotes structural plasticity measured

as a spine enlargement only during a narrow time window

(0.3 to 2 s) after activation of the glutamatergic inputs [94].

This study further emphasizes the role of the medium spiny

neurons dendritic spine as the locus of reinforcement plasticity

in the ventral striatum and it might also shed light on the

mechanism of action of L-DOPA in the ventral striatum.
6. Hippocampus
Preclinical studies have shown that DA critically favours the

cellular consolidation of hippocampal-dependent memories

by inducing protein synthesis in hippocampal neurons

[95,96]. Activation of the hippocampus is required to encode

memories for new events. Thus, it has been hypothesized

that a release of DA is required for the persistence of hippocam-

pal-dependent memory beyond 4 to 6 h after its induction. This

observation suggests that dopaminergic enhancement might

improve human episodic memory persistence also for events

encoded with weak hippocampal activation.

A recent study using fMRI in an elderly population display-

ing a loss of DA neurons as part of normal aging, seems to

confirm this hypothesis. In this population, L-DOPA induced

a dose-related persistent episodic memory amelioration for

images of scenes [97], suggesting a role for DA in human

episodic memory consolidation.

In line with this observation in human subjects, a pioneer-

ing in vivo electrophysiological study has shown that oral

administration of L-DOPA is able to induce LTP in a subregion

of the hippocampus, the dentate gyrus of the hippocampus,

even after a sub-threshold tetanic stimulation of the perforant

pathway, which usually fails to elicit LTP [98].

Another interesting field of research dealing with DA

hippocampal function and memory is represented by the

analysis of the role of DA and L-DOPA in experimental

models of PD [31]. It has been reported that LTP in the

CA1 area of the hippocampus is altered in both 6-OHDA-

lesioned rats and transgenic models of PD (mice expressing

a truncated form of human a-synuclein 1–120). This plastic

alteration is associated with an impaired dopaminergic trans-

mission and a decrease of GluN2A/N2B subunit ratio in

synaptic NMDA receptors [21]. In the 6-OHDA-lesioned ani-

mals as well as in these mutant animals, the alterations of

the CA1 LTP were paralleled by deficits in hippocampal-

dependent learning. Interestingly, L-DOPA was able to
restore hippocampal LTP activating D1/D5 receptors and to

ameliorate the cognitive deficit in parkinsonian animals

suggesting that DA-dependent impairment of hippocampal

LTP may contribute to cognitive deficits in patients with PD.

The restorative effects of L-DOPA on hippocampal synaptic

plasticity have also been analysed in the dentate gyrus, in the

unilateral 6-OHDA-lesion model [20]. Here, the electrophysio-

logical analysis was coupled to a neurochemical detection of

catecholamines and the form of synaptic plasticity investigated

was the LTD induced by low-frequency stimulation of the

medial perforant path/dentate gyrus synapses. In vivo micro-

dialysis measurements revealed that the 6-OHDA injection

disrupts dopaminergic and noradrenergic transmission in

dentate gyrus. Ex vivo electrophysiological recordings have

shown that these neurochemical alterations are accompanied

by impairment of LTD. This alteration was reversed by

subchronic L-DOPA treatment. Surprisingly, however, the

therapeutic effect of L-DOPA on LTD was blocked by the

antagonism of b-noradrenergic receptors, but not by DA D1

or D2 receptor antagonists. Thus, while the dopaminergic

transmission does not seem to be implicated in this therapeutic

effect of L-DOPA, the noradrenergic system plays a central role

in the synaptic dysfunction of the dentate gyrus in experimen-

tal PD. This work further supported the complex role of the

catecholaminergic control on hippocampal synaptic plasticity

as well as on the possible synaptic mechanisms underlying

cognitive deficits in PD, suggesting that L-DOPA exerts a thera-

peutic effect on the parkinsonian brain through different and

coexistent mechanisms.
7. Cortex
In the striatum, activation of the D1-like family of DA recep-

tor increases the expression of several molecular markers [4].

In particular, the members of the immediate-early gene (IEG)

family, a class of genes rapidly transcribed in response to an

external stimulus, are modulated by L-DOPA. These IEG

include DFosB, ARC, FRA2 and Zif268 and their expression

patterns are specific for LIDs not only in the dorsal striatum,

but also in other dopaminoceptive structures of the brain

such as the motor cortex [99].

As several experimental and clinical studies have reported

that L-DOPA, acting as a DA precursor, exerts dose-dependent

effects with an inverted U-shaped profile on both cognitive and

motor functions, the possibility of a nonlinear dose-dependent

effect of L-DOPA on human cortical plasticity was investigated

by analysing transcranial direct current stimulation-induced

plasticity in healthy human subjects [24]. In particular, the

primary motor cortex was investigated as a model system,

and plasticity was monitored by motor-evoked potential

amplitudes elicited by transcranial magnetic stimulation.

Surprisingly, acute low and high dosages of L-DOPA abol-

ished facilitatory as well as inhibitory plasticity, whereas the

medium dosage prolonged inhibitory plasticity, and switched

facilitatory plasticity into an inhibitory form. Thus, these

results confirm the hypothesis that L-DOPA exerts nonlinear,

dose-dependent effects on both forms of cortical plasticity sup-

porting the view that a specific dosage of L-DOPA is required

to ameliorate plasticity.

Reduced levels of endogenous DA in untreated PD patients

are present not only in the striatum as a consequence of

degeneration of the mesostriatal pathway but also in the
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cortex, resulting from a parallel impairment of the mesocortical

projection. This latter deficiency affects synaptic plasticity in

various cortical areas. In particular, it has been proposed that

reduction of DA disrupts neural interactions between prefron-

tal and premotor areas. This alteration might underlie the

impairment of motor control observed in patients with PD.

In fact, DA denervation observed in PD patients impairs the

ability to establish oscillatory coupling between prefrontal

and premotor areas during an externally paced motor task

[100]. Interestingly, administration of L-DOPA in these PD

patients restores physiological prefrontal–premotor coupling

and additionally favours the occurrence of a frequency-specific

connectivity between these areas, which is not expressed in

healthy subjects.

In another electrophysiological study, plasticity of primary

motor cortices (M1) in de novo PD patients and age-matched

healthy controls in response to a single dose of L-DOPA has

been tested using intermittent versus continuous theta-burst

stimulation protocols to induce respectively LTP- and LTD-

like plasticity on both M1 cortices [25]. These protocols induced

plasticity in M1 of controls while in de novo PD patients no

plasticity was measured. Surprisingly, acute L-DOPA adminis-

tration did not improve these forms of plasticity, although

motor signs of PD improved. The differential response to

acute L-DOPA response between motor signs and M1 plas-

ticity observed in this study might be explained by possible

distinct effects of acute DA replacement on circuits recruited

by specific plasticity-induction techniques.

Different results from the latter study were obtained in

another experimental setting used to investigate cortical

plasticity in PD patients and healthy controls. In fact, paired-

associative stimulation to the contralateral peripheral nerve

and cerebral cortex to enhance the M1 excitability with two

synchronously arriving inputs has been used to analyse the

action of L-DOPA on cortical plasticity in PD patients and,

in particular, to investigate its possible contribution to the

associative LTP-like effect in the M1 in PD patients [26]. The

paired-associative stimulation comprises a single electric

stimulus to the right median nerve at the wrist and subsequent

transcranial magnetic stimulation of the left M1. The motor-

evoked potential amplitude in the right abductor pollicis

brevis muscle is increased by paired-associative stimulation

in healthy volunteers, but not in PD patients. However, the

ratio of the motor-evoked potential amplitude before and

after paired-associative stimulation in PD patients in the off-

state increased after L-DOPA replacement therapy, suggesting

that DA influences human cortical plasticity and this action

might be required for motor learning.

Electrophysiological studies using corticostriatal slices

obtained from parkinsonian rats with LIDs have shown that

loss of depotentiation is a key feature of this disabling

condition [16]. To address this issue, an elegant clinical

electrophysiological study has investigated depotentiation

of pre-existing LTP-like synaptic facilitation in the motor

cortex of PD patients with and without LIDs [27]. The

authors found that patients with PD without LIDs have

normal LTP- and depotentiation-like effects when they took

their full dose of L-DOPA, but there was no LTP-like effect

when they were on half dose of this drug. Conversely,

patients with LIDs could be successfully potentiated when

they were on half their usual dose of L-DOPA. However, in

striking similarity with the observations in preclinical studies,

they were unresponsive to the depotentiation protocol,
further supporting the view that reversal of LTP is also

abnormal in the motor cortex of patients with PD and LIDs.

The role of specific cortical areas in the pathophysiology of

LIDs has been further addressed by a recent study that has

combined fMRI and repetitive transcranial magnetic stimu-

lation [101]. The authors have analysed resting-state fMRI on

patients with PD with LIDs and patients without LIDs,

before and after administration of L-DOPA. The resting-state

imaging analysis has shown that in patients with LIDs, the con-

nectivity of the right inferior frontal cortex was decreased with

the left motor cortex and increased with the right putamen

when compared with patients without LIDs. This abnormal

pattern of connectivity was evident only during the ON

phase of L-DOPA treatment. Interestingly, the degree of this

alteration correlated with the motor disability. In a second

experiment, the authors applied different protocols of repeti-

tive transcranial magnetic stimulation over the right inferior

frontal cortex in another group of patients with LIDs. These

experiments demonstrated that continuous but not intermit-

tent theta-burst stimulation applied at the inferior frontal

cortex decreased LIDs induced by a single dose of L-DOPA.

These elegant experiments indicate that this cortical area

plays a key role in the pathophysiology of LIDs.

Maladaptive plasticity in response to L-DOPA in the cortex

of advanced PD patients is also suggested by another neuro-

physiological study investigating the effects of an acute non-

physiological DA boost. The authors propose that the loss of

the long-duration clinical response to L-DOPA and the nega-

tive effect of acute doses on cortical plasticity with

progression of disease may contribute to the pathophysiology

of motor complications [102]. They also postulate that repeated

non-physiological pulsatile elevations in synaptic DA during

acute L-DOPA dosing could potentially lead to persistent dys-

function of key enzymes of the intracellular signalling cascade

that are involved in the control of cortical plasticity.

It is interesting to note that cortical plasticity in advanced PD

patients can be modulated not only by L-DOPA but also by

drugs enhancing the pharmacological effect of this drug, such

as entacapone, a peripheral inhibitor of catechol-O-methyltrans-

ferase (COMT). Treatment with entacapone, in fact, reduces

wearing-off, one of the most frequent motor complications

observed in L-DOPA-treated patients with advanced PD, con-

sisting of a progressive shortening of L-DOPA therapeutic

effect duration. In a clinical imaging study, it has been reported

that patients significantly improved under COMT-inhibitor

treatment, and the fMRI findings have shown that while at base-

line patients present a bilateral activation of the primary motor,

contralateral premotor cortex and supplementary motor area, as

well as ipsilateral cerebellum, during treatment with entaca-

pone, PD patients show reductions in the activations of these

cortical areas and a decreased activation in the ipsilateral cer-

ebellum [103]. These findings suggest an increased specificity

for the activation of task-related cortical areas during this treat-

ment. These findings also indicate that fMRI is able to detect

cortical activation changes during long-term modulation of

dopaminergic treatment drug-induced cortical plasticity.

Altogether, human studies using repetitive transcranial mag-

netic stimulation, as well as other clinical electrophysiological

techniques, indicate that cortex shows synaptic abnormalities

in PD patients with LIDs similar to the plastic alterations

observed in the basal ganglia of experimental animal models.

For this reason, the morphology of dendritic spines of pyramidal

neurons in the motor cortex has been recently analysed in a rat
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model of LIDs [104]. Using the 6-OHDA-induced unilateral

dopaminergic lesion in the rat and a chronic treatment with

L-DOPA, the authors have measured the density and size of den-

dritic spines in pyramidal neurons in M1 cortex that project to the

medium spiny neurons in the direct pathway. The spine density

was not different among control animals and parkinsonian rats

with and without LIDs. Conversely, spine size was enlarged

both in parkinsonian rats and animals showing LIDs. However,

the enlargement of the spines was greater in the LIDs model than

in the PD model. This enlargement of the spines suggests that

these pyramidal neurons express a reduced threshold to excit-

atory stimuli. According to this hypothesis, the amplitude of

the miniature excitatory postsynaptic currents in the pyramidal

neurons recorded from the M1 cortex using whole-cell patch

clamps was augmented in the LIDs model compared with

naive animals. Thus, it could be hypothesized that spine enlarge-

ment and the subsequent overexcitability of pyramidal neurons

in M1 cortex contribute to the altered cortical synaptic plasticity

in LIDs.
0140184
8. Conclusion
Recent experimental and clinical studies have provided a con-

tribution to the understanding of the mechanisms underlying

both the beneficial and the detrimental effects of L-DOPA in

the parkinsonian brain. Concerning the pathophysiology

of LIDs, the most widely accepted theories assume that

the culprit for this adverse pharmacological effect are the

non-physiological synthesis, release and reuptake of DA

synthesized by exogenously administered L-DOPA in the

striatum, and the aberrant plasticity in the cortico-basal

ganglia systems (figure 1).

Physiological motor activity requires a correct integration

among the primary motor cortex M1, other cortical areas and

basal ganglia. DA-dependent plasticity expressed at these

different brain levels is of crucial importance for this integra-

tive activity and this delicate balance is disrupted in PD as

well as in LIDs. When tested with the regular pulsatile

L-DOPA doses, PD patients with LIDs show impairment of

the cortical M1 plasticity, and in particular the inability to

depotentiate an already facilitated synapse.
Dyskinetic patients have also severe impairment of the

associative, sensorimotor plasticity of M1 attributed to deficient

cerebellar modulation of sensory afferents to this cortical area.

In line with this evidence, recently described bidirectional con-

nections between the cerebellum and the basal ganglia support

the hypothesis of a key role of the cerebellum in the genera-

tion of LIDs. Accordingly, some clinical studies suggest that

stimulation of the cerebellum can reduce LIDs [105].

Motor complications, gait and balance disturbance as well as

cognitive impairment are problems often present in PD patients.

Motor complications can be reduced, or at least delayed, by the

appropriate use of L-DOPA and/or the administration of other

dopaminergic agents to spare L-DOPA use.

Moreover, recent clinical research has concentrated on non-

dopaminergic neurotransmitter systems, which may also have

applicability in the management of gait and balance as well as

in cognitive impairment in PD. In particular, cognitive altera-

tions also include deficits in inhibitory control, ranging from

subclinical alterations in decision-making to severe impulse

control disorders [42]. Preclinical studies on impulsivity factors

suggest the possibility of behavioural disturbances with dis-

tinct psychological profiles, as well as differential anatomical

and pharmacological features can be present in PD. Thus, not

only the DA, but also other transmitters such as noradrenaline

and serotonin, might be implicated in the cognitive dysfunc-

tion present in PD. These systems might represent interesting

additional therapeutic targets.
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