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Abstract
Dopamine (DA) replacement therapy with l-DOPA remains the most effective treatment for
Parkinson’s disease, but causes dyskinesia (abnormal involuntary movements) in the vast majority
of the patients. The basic mechanisms of l-DOPA-induced dyskinesia (LID) have become the object
of intense research focusing on neurochemical and molecular adaptations in the striatum. Here we
review this vast literature and highlight trends that converge into a unifying pathophysiological
interpretation. We propose that the core molecular alteration of striatal neurons in LID consists in
an inability to turn down supersensitive signaling responses downstream of DA D1 receptors (where
supersensitivity is primarily caused by DA denervation). The sustained activation of intracellular
signaling pathways induced by each dose of l-DOPA leads to abnormal cellular plasticity and high
bioenergetic expenditure. The over-exploitation of signaling pathways and energy reserves during
treatment impairs the ability of striatal neurons to dynamically gate cortically driven motor
commands. LID thus exemplifies a disorder where ‘too much’ molecular plasticity leads to plasticity
failure in the striatum.
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Introduction
Although it is presently recognized that several neuronal systems degenerate in Parkinson’s
disease (PD), the characteristic motor symptoms that define this disease are due to the demise
of nigrostriatal dopamine (DA) neurons (Fearnley and Lees, 1991 and Morrish et al., 1996).
Accordingly, these symptoms are alleviated by the DA precursor, l-DOPA. Following
peripheral administration, l-DOPA crosses the blood–brain barrier and is rapidly
decarboxylated to DA in the brain. Importantly, the capacity for l-DOPA uptake and its
conversion to DA is not compromised by the loss of nigrostriatal DA neurons, because other
cell systems in the brain are endowed with the enzyme that converts l-DOPA to DA [aromatic
amino acid decarboxylase; reviewed in Cenci and Lundblad (2006)]. However, with the loss
of nigrostriatal DA neurons the presynaptic control of DA release and clearance becomes
greatly impaired [reviewed in Cenci and Lundblad (2006)], leading to large fluctuations in
extracellular levels of DA concomitant with the l-DOPA dosing cycles. These variations are
closely associated with the development of abnormal involuntary movements, AIMs
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(dyskinesia) (Chase, 1998), a very common complication of the pharmacotherapy of PD
(Fabbrini et al., 2007). It has been estimated that 10% of PD patients per year develop
dyskinesia during the first 7 years of l-DOPA pharmacotherapy (Grandas et al., 1999), but the
reported prevalence of dyskinesia varies greatly among PD patient cohorts (Manson and
Schrag, 2006). l-DOPA-induced dyskinesia (LID) most typically consists of choreiform
movements that affect the limbs, the head and the trunk when plasma and brain levels of l-
DOPA are high (‘peak-dose dyskinesia’) (Fabbrini et al., 2007). The appearance of these
movements correlates with a large increase in extracellular DA levels in the striatum (de la
Fuente-Fernandez et al., 2004 and Pavese et al., 2006). This particular brain structure mediates
the dyskinetic effects of PD treatment, as indicated by the results of local drug infusion
experiments (Buck et al., 2009 and Carta et al., 2006) and cell transplantation procedures [see
Lane et al. (2010), this volume].

Striatal neurons express high levels of DA receptors and undergo profound molecular and
structural adaptations following DA depletion [see Surmeier et al. (2010), this volume]. During
the past 10 years, evidence has accumulated to indicate that DA replacement therapy, whether
pharmacological or cell-based, cannot reset the striatum back to its normal physiological state
but introduces novel functional/dysfunctional states that strictly correlate with the profile of
treatment-induced motor effects. This knowledge has been gained through studies performed
in rodents and non-human primates in which the nigrostriatal DA pathway was severed using
specific neurotoxins, thus producing a model of PD in laboratory animals. The most commonly
used neurotoxins are 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in non-human
primates and 6-hydroxydopamine (6-OHDA) in rats and mice. After DA depletion, animals
develop parkinsonian-like motor deficits that correlate with the extent of striatal DA
denervation and that can be ameliorated by dopaminergic drugs [reviewed in (Fox and Brotchie,
2010) and (Dunnett, 2010), this volume; see also Cenci et al. (2002)]. When treated with l-
DOPA, both rodents and non-human primates can develop AIMs of the limbs, head and trunk
with dystonic and hyperkinetic features [reviewed in (Cenci and Ohlin, 2009), (Cenci et al.,
2002) and (Jenner, 2003)]. Also in these animal models, the expression of LID correlates
temporally and quantitatively with an increase in striatal extracellular DA levels (Lindgren et
al., 2010), similarly to the situation reported in dyskinetic PD patients.

An active area of research is addressing the basic mechanisms of LID and the factors accounting
for individual differences in the susceptibility to this movement disorder. There is large
consensus that dyskinesia is caused by two interacting factors: striatal DA denervation and
pulsatile treatment with l-DOPA. These two factors in combination lead to (1) dysregulated
DA transmission, (2) secondary changes in non-dopaminergic transmitter systems, (3)
abnormal intracellular signaling and synaptic plasticity in striatal neurons and (4) altered
activity patterns in the basal ganglia output pathways. We have reviewed the full extent of this
pathophysiological cascade in recent articles (Cenci, 2007, Cenci, 2009 and Cenci and
Lindgren, 2007). The present chapter will zoom in on the third layer of alterations, namely,
molecular changes in striatal neurons. We shall first summarize basic mechanisms of DA
receptor-dependent signaling in the intact and DA-denervated striatum. We shall next review
intracellular signaling responses and patterns of gene expression that have been found to
correlate with LID in animal models. Finally, we shall integrate the main findings into a
unifying interpretation of this movement disorder.

1.1 Dopamine receptor signaling in the neurons of the intact striatum: modulation of cyclic
AMP/PKA pathways and non-canonical signaling

Before examining the molecular adaptations associated with LID, it is helpful to provide an
overview of the signal transduction mechanisms and intracellular events that follow the
interaction of DA with its receptors in the intact brain. Molecular cloning has revealed five DA
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receptors as the products of different genes (Grandy and Civelli, 1992 and Lachowicz and
Sibley, 1997). All DA receptors are coupled to G proteins, and pharmacological studies have
helped to group these receptors into two main classes: on one hand, D1-like DA receptors
(D1, D5) and, on the other hand, D2-like receptors (D2, D3, D4), which are oppositely linked
to adenylyl cyclase enzyme(s) and to the production/reduction of cyclic AMP (cAMP) (Sibley
and Monsma, 1992). D1-like receptors increase cAMP levels and activate protein kinase A
(PKA), whereas D2-like receptors decrease cAMP levels as well as PKA activity (Robinson
and Caron, 1997, Sibley et al., 1998 and Vallar and Meldolesi, 1989). D1 and D2 receptors are
abundantly expressed in the striatum, whereas the other members of the D1 and D2 subfamilies
predominate in mesocorticolimbic structures [reviewed in (Sibley and Monsma, 1992) and
(Strange, 1993)].

In the striatum, D1 and D2 receptors are largely segregated into the two main classes of efferent
neurons (medium-sized spiny neurons, MSN) that give rise to the ‘direct’ and ‘indirect’
striatofugal pathways, respectively (Gerfen, 1992) [see also Surmeier et al. (2010), this
volume]. Thus, these two neuronal populations are differently affected by DA, with PKA
activity induced in one subset of neurons and repressed in the other (Fig. 1). Activated PKA
phosphorylates surrounding proteins that are critical to neuronal plasticity and gene expression
(Schulman, 1995). In particular, activation of PKA by D1 receptors has facilitatory effects on
N-methyl-d-aspartate (NMDA) receptors, amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA)/kainate receptors and l-type Ca2+ channels (Cepeda and Levine, 1998, Cepeda
and Levine, 2006, Cepeda et al., 1993, Chao et al., 2002, Dudman et al., 2003, Gray et al.,
1998 and Konradi et al., 1996). Calcium entry through NMDA receptors or l-type Ca2+

channels can in turn activate calcium-dependent kinases, such as CaM kinase II and IV (Ghosh
et al., 1994 and Ginty, 1997). PKA as well as CaM kinases can phosphorylate the transcription
factor cAMP response element-binding protein (CREB) on Serine 133, inducing the expression
of immediate early genes (c-fos), and opioid precursor genes, such as prodynorphin
(preproenkephalin-B) or preproenkephalin (preproenkephalin-A) (Cole et al., 1995, Dudman
et al., 2003, Ghosh et al., 1994 and Rajadhyaksha et al., 1999) (Fig. 1). Because of their cellular
location and effect on PKA, D1 receptor agonists induce the expression of immediate early
genes and prodynorphin in ‘direct pathway’ MSN. In ‘indirect pathway’ neurons, immediate
early genes and opioid precursor genes (preproenkephalin-A) are induced by D2 receptor
antagonists (Konradi et al., 1996, Leveque et al., 2000 and Robertson et al., 1992). It can thus
be assumed that normal signaling downstream of D1 and D2-like receptors is essential to
maintain the distinctive gene expression patterns and physiological responses of ‘direct
pathway’ and ‘indirect pathway’ MSN.

Inactivation of DA receptors is an active process. After interaction with their ligand, DA
receptors get phosphorylated by G-protein-coupled receptor kinases (GRKs), which is
followed by their binding to arrestin (Claing et al., 2002). Arrestin binding blocks further G-
protein-mediated signaling and leads to receptor internalization. Like other G-protein-coupled
receptors (GPCRs), DA receptors are subjected to endocytosis (Ariano et al., 1997, Kim et al.,
2008, Paspalas et al., 2006, Vargas and Von Zastrow, 2004 and Xiao et al., 2009). An
insufficient internalization of DA receptors has recently emerged as an important mechanism
in LID and will be further discussed below (see Section ‘Altered intracellular trafficking of
DA and glutamate receptors’).

Beside their role in receptor internalization, arrestins are involved in a non-canonical (cAMP/
PKA-independent) signaling pathway downstream of D2 receptors. Activation of D2 receptors
leads to the formation of a protein complex composed of β-arrestin, protein kinase B (Akt and
protein phosphatase 2A (PP2A) (Beaulieu et al., 2005). The formation of this complex results
in the dephosphorylation/inactivation of Akt by PP2A and subsequent stimulation of glycogen
synthase kinase 3 (GSK3)-mediated signaling (Beaulieu et al., 2005) (Fig. 1). GSK3 is a
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regulator of many cellular functions, including cell architecture, motility and survival (Jope
and Johnson, 2004). Thus, even though DA stimulation of D2 receptors decreases the levels
of PKA activity in ‘indirect pathway’ MSN, it can promote DA-dependent adaptations through
the activation of this non-canonical signaling pathway, as has been shown to occur following
administration of amphetamine and apomorphine (Beaulieu et al., 2007). Inhibition of D2
receptors with anti-psychotic drugs, a situation that is akin to the loss of DA in PD, prevents
D2/beta arrestin 2-mediated signaling (Masri et al., 2008). These results warrant future
investigations on the role of β-arrestin/Akt/PP2A in the pathophysiology of both parkinsonism
and LID. In fact, recent data from a non-human primate model of LID lend support to the
hypothesis that striatal Akt/GSK3 signaling may be involved in the development of the
movement disorder (Morissette et al., 2010). An additional pathway deserving a closer look is
one linking D2 receptors to a mobilization of intracellular calcium stores. The coupling of
D2 receptors to Gi/o proteins causes both an inhibition of adenylyl cyclase (through the Gαi
subunit) and a release of Gβγ subunits, which are capable of stimulating phospholipase Cβ
isoforms, leading to production of diacylglycerol (DAG) and inositol trisphosphate (IP3),
followed by mobilization of intracellular Ca2+ stores (Fig. 1) (Hernandez-Lopez et al., 2000).
A possible role of this pathway in the cellular adaptations associated with PD and LID has not
yet been explored.

DA receptor-mediated changes in gene expression necessitate the re-packaging of histones
along the DNA. Tightly packed histones prevent transcription factors from binding to the DNA.
Modifications on the DNA (such as methylation of CpG islands) and post-translational
modifications of histone proteins affect the histone–DNA interaction and the ability of
transcription factors to transactivate a promoter. These epigenetic mechanisms have received
much attention in the last couple of years. Histones are subject to a wide variety of post-
translational modifications including lysine acetylation, lysine and arginine methylation, serine
and threonine phosphorylation, lysine ubiquitination and sumoylation (Vaquero et al., 2003).
A host of protein-modifying enzymes such as histone acetyltransferases, histone deacetylases,
histone methyltransferases or kinases help to organize the histone structure and contribute to
cell-specific gene expression patterns. DA receptor-mediated signal transduction pathways can
selectively activate or repress these modifying enzymes and thus trigger chromatin remodelling
(Kumar et al., 2005 and Schroeder et al., 2008).

1.2 DA receptor signaling in the DA-denervated striatum
As striatal DA levels decline in PD (Bernheimer et al., 1973 and Hornykiewicz, 1975),
allostatic changes take place in the nigrostriatal system. Adaptive mechanisms are employed
to maintain stability and functionality including a reduced rate of DA inactivation and increased
DA synthesis and turnover in residual DA neurons (Zigmond et al., 1990), as well as changes
in post-synaptic DA receptor sensitivity (Mishra et al., 1974 and Staunton et al., 1981). These
adaptive mechanisms can compensate for a large decline in DA concentrations, accounting for
the fact that manifest parkinsonian motor symptoms only occur when the loss of nigral DA
neurons exceeds 50% (Fearnley and Lees, 1991). Post-synaptic adaptations affecting DA
receptors and their downstream signaling mechanisms are particularly relevant to this chapter,
because denervation-induced supersensitivity of striatal DA receptors has long been regarded
as an important determinant of LID (Klawans et al., 1977, Marconi et al., 1994 and Nutt,
1990). This supersensitivity does not necessarily stem from an increased receptor number,
because no consistent changes in ligand-binding activities at D1, D2 or D3 receptors have been
found in dyskinetic PD patients (Hurley et al., 1996, Rinne et al., 1991 and Turjanski et al.,
1997), and findings from animal models have been contradictory, particularly with respect to
D1 (cf. Gerfen et al., 1990 and Konradi et al., 2004) and D3 receptors (cf. Bezard et al., 2003,
Hurley et al., 1996, Mela et al., 2010 and Quik et al., 2000). Although increased receptor
expression at the plasma membrane may contribute to D1 supersensitivity (Guigoni et al.,
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2007), denervation-induced supersensitivity of DA receptors is generally attributed to altered
signal transduction mechanisms in the dopaminoceptive neuron (Gerfen, 2003, Pifl et al.,
1992, Prieto et al., 2009 and Zhen et al., 2002). The following alterations have been documented
to occur in the DA-denervated striatum: (1) aberrant activation of non-canonical signaling
cascades downstream of D1 receptors; (2) exuberant activation of canonical signaling pathways
following D1 and D2 receptor stimulation and (3) reduced expression of negative signaling
modulators.

The most relevant example of non-canonical signaling pathway activation was provided by
Gerfen and collaborators, reporting that treatment with D1 receptor agonists induces mitogen-
activated protein kinases (MAPK) in striatonigral neurons in the DA-denervated but not the
intact striatum (Gerfen et al., 1990). Because this signaling alteration is particularly relevant
to LID, it will be extensively discussed in the following paragraphs.

Hyperactive canonical signaling seems to depend on an increased coupling of both D1 and
D2 receptors to their G proteins. The G-protein-coupling efficiency of striatal DA receptors
has been studied in both rat and monkey models of PD by measuring DA agonist-induced
guanosine 5'-O-(gamma[35S]thio)triphosphate ([35S]GTP-gammaS) binding. These studies
have shown that DA denervating lesions result in increased agonist-induced G-protein-binding
activity at both D2- and D1-type receptors (Aubert et al., 2005, Cai et al., 2002 and Geurts et
al., 1999) and that the G-protein-coupling activity of D1, but not D2 receptors, is further
enhanced in LID (Aubert et al., 2005). The increased guanosine triphosphate (GTP)-binding
activity of D1 receptors is paralleled by an upregulation of Gα-olf proteins (Corvol et al.,
2004 and Herve et al., 1993) and by a pronounced overactivity of the D1 receptor-adenylyl
cyclase signal transduction pathway (Mishra et al., 1974 and Pifl et al., 1992).

The duration and extent of DA receptor activation is limited not only by internalization
processes (discussed at Section ‘Altered intracellular trafficking of DA and glutamate
receptors’) but also by a range of negative signaling modulators, whose expression and
efficiency seem to be altered in the DA-denervated striatum (Geurts et al., 2003, Harrison and
LaHoste, 2006 and Zhen et al., 2002). Relevant to this chapter are the changes found in a family
of proteins named regulators of G-protein signaling (RGS), which promote GTP hydrolysis by
the alpha subunit of heterotrimeric G proteins, thereby inactivating the G protein and rapidly
switching off GPCR signaling pathways (De Vries et al., 2000). A selective decrease in RGS4
and RGS9 mRNA levels occurs in the rat striatum following DA denervation (Geurts et al.,
2003), and this change might predispose to overactive DA receptor signaling, hence to LID.
In keeping with this hypothesis, viral vector-mediated overexpression of RGS9-2 in the
striatum reduces the severity of l-DOPA-induced AIMs in both rat and monkey models of PD
(Gold et al., 2007).

2. Molecular alterations associated with LID
What happens when DA formed from exogenous l-DOPA acts on supersensitive receptors in
the parkinsonian striatum? A rapidly growing literature indicates that the molecular responses
to DA differ greatly between animals exhibiting dyskinesia and those showing a normal pattern
of motor activation. Prominent molecular differences between the two response categories have
been found at all levels of investigation, as will be explained below.

2.1 Altered intracellular trafficking of DA and glutamate receptors
Both DA denervation and l-DOPA treatment can alter GPCR desensitization and
internalization, and important differences have been observed between dyskinetic and non-
dyskinetic subjects in both rodent and non-human primate models of PD. In the striatum of
non-human primates treated with MPTP, D1 receptor density at the plasma membrane is
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increased and becomes further increased in LID (Guigoni et al., 2007), while D2 receptor
distribution is only modestly affected. In the rat model of LID, an exaggerated expression of
D1 receptors at the cell membrane correlates with the severity of the treatment-induced AIMs
(Berthet et al., 2009). Importantly, a recent study has shown that the internalization of D1
receptors in striatal neurons can be enhanced by lentiviral over-expression of GRK6 and that
this intervention alleviates LID in both rat and non-human primate models of PD (Ahmed et
al., 2010). These observations indicate that therapeutic strategies increasing D1 receptor
internalization may have a useful role in the future treatment of LID.

In addition to the D1 receptor, ionotropic glutamate receptors show altered subcellular
localization in LID. This phenomenon has been studied extensively with respect to the NMDA
receptor complex in both monkey and rat models of LID. In drug-naïve MPTP-treated
macaques, NR1 and NR2B subunits were found to be significantly decreased in synaptosomal
membranes, while the abundance of NR2A was unaltered (Hallett et al., 2005).
Dyskinesiogenic l-DOPA treatment normalized the abundance of NR1 and NR2B and raised
NR2A levels significantly above unlesioned control values. These results led to the suggestion
that a relative enhancement in the synaptic abundance of NR2A is implicated in LID (Hallett
et al., 2005). Studies in 6-OHDA-lesioned rats have emphasized the role of NR2B, showing
that the receptor-trafficking alteration most critically associated with LID consists in a re-
distribution of NR2B subunits between synaptic and extrasynaptic membranes (Fiorentini et
al., 2006 and Gardoni et al., 2006). Protein complexes consisting of D1-NMDA receptor
subunits exhibited a similar re-distribution in chronically l-DOPA-treated dyskinetic rats
(Fiorentini et al., 2006). The phenomenon was attributed to an altered interaction of NR2B
with post-synaptic scaffolding proteins in striatal neurons [see Gardoni et al. (2010), this
volume]. Following DA denervation, the synapse-associated scaffolding proteins, PSD-95,
SAP-97 and SAP102, appear to be shifted from the post-synaptic membrane into other
subcellular compartments (Gardoni et al., 2006 and Nash et al., 2005). Although chronic l-
DOPA treatment tends to restore the synaptic levels of these proteins, the restoration is more
pronounced in non-dyskinetic animals compared to dyskinetic ones (Gardoni et al., 2006).

Recently, an altered trafficking of AMPA receptor subunits also has been associated with LID.
In a study performed on MPTP-lesioned and l-DOPA-treated macaques, dyskinetic animals
were found to exhibit a re-distribution of AMPA receptors, and particularly of the GluR2/3
subunit, from the vesicular fraction into the post-synaptic membrane (Silverdale et al., 2010).
The increased relative abundance of AMPA receptor subunits in the post-synaptic membrane
was suggested to render striatal neurons more sensitive to glutamate (Silverdale et al., 2010),
providing a rationale to the use of AMPA receptor antagonists in the treatment of LID. This
suggestion is indeed supported by independent behavioural pharmacological studies in both
rat and nonhuman primate models of PD (Kobylecki et al., 2010 and Konitsiotis et al., 2000).
Further studies are, however, required to clarify how an altered subcellular distribution of
ionotropic glutamate receptor subunits affects the intrinsic excitability and synaptic responses
of striatal neurons in LID. Moreover, it will be important to identify key common upstream
mechanisms and downstream effectors. These studies will guide the choice of the most
appropriate target in the design of future anti-dyskinetic therapies.

2.2 Altered intracellular signaling
Stimulation of supersensitive DA receptors by l-DOPA would be expected to result in a large
activation and inhibition, respectively, of cAMP-dependent signaling pathways in D1- and
D2-rich striatal neurons. While the contribution of D2-rich, ‘indirect pathway’ MSN to LID
has not yet been elucidated, the overactivity of D1-mediated signaling in ‘direct pathway’ MSN
has indeed been shown to play a major role in LID across all animal models so far examined
(mouse, Darmopil et al., 2009 and Santini et al., 2007; rat, Lindgren et al., 2010 and Westin et
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al., 2007; and macaque, Aubert et al., 2005). Chronically l-DOPA-treated, dyskinetic rats and
mice show increased striatal phosphorylation of DA- and cAMP-regulated phosphoprotein of
32 KDa (DARPP-32) at the threonine-34 residue (Picconi et al., 2003 and Santini et al.,
2007). Phosphorylation of DARPP-32 at threonine 34 is induced by l-DOPA through the
stimulation of D1 receptors and PKA (Lebel et al., 2010). Because phospho-Thr34-DARPP32
is a potent inhibitor of protein phosphatase-1 (PP-1) (Svenningsson et al., 2004), it is not
surprising that the striatal levels of several phosphorylated substrates are elevated in the
‘dyskinetic’ striatum. Particularly important substrates include subunits of NMDA (Chase and
Oh, 2000 and Dunah et al., 2000) and AMPA receptors (Santini et al., 2007), ERK1/2 (Pavon
et al., 2006, Santini et al., 2007 and Westin et al., 2007) and the downstream targets of ERK1/2,
including molecules involved in the regulation of protein translation (Santini et al., 2009) and
gene transcription (Santini et al., 2009 and Westin et al., 2007). As extensively discussed below
(see Section ‘Studies of signaling pathway activation in dyskinetic rodents reveal a common
pattern of alterations’), the phosphorylated forms of all these molecules are significantly
increased in abundance in l-DOPA-treated dyskinetic animals compared to non-dyskinetic
cases (see also Fig. 1).

A large body of recent studies has addressed the role of Ras-ERK1/2 signaling in LID, pointing
to this pathway as an important target for future anti-dyskinetic treatments. Extracellular signal-
regulated kinases 1 and 2 (ERK1/2) belong to the MAPK family of signaling cascades, which
share the motif of three serially linked kinases regulating each other by sequential
phosphorylation (Seger and Krebs, 1995). The MAPK signaling system was originally
discovered as a critical regulator of cell division and differentiation and was later found to be
recruited in mature neurons by different types of extracellular stimuli inducing long-term
synaptic and behavioural adaptations (Sweatt, 2001). In both rat (Westin et al., 2007) and
mouse models of PD (Santini et al., 2007), phosphorylated ERK1/2 is detected in striatal MSN
following the administration of l-DOPA, and the levels of this phosphoprotein correlate
positively with the l-DOPA-induced AIMs scores. The time course of ERK1/2 phosphorylation
in dyskinetic animals indicate that the kinase is activated in striatal MSN by each dose of l-
DOPA and remains active for at least 120 min post-dosing (Westin et al., 2007), which is an
unusually long interval (cf. Valjent et al., 2000). An involvement of ERK1/2 in LID is
demonstrated by the anti-dyskinetic effects of treatments that inhibit upstream components of
the Ras-ERK signaling cascade (Lindgren et al., 2010, Santini et al., 2007 and Schuster et al.,
2008). Moreover, in a recent comparison of compounds targeting different types of glutamate
receptors, we found that the only pharmacological agents exerting significant anti-dyskinetic
effects were those capable of reducing l-DOPA-induced phospho-ERK1/2 levels in the striatum
(namely, selective antagonists of group I metabotropic glutamate receptors, Rylander et al.,
2009). The most potent pharmacological means to suppress l-DOPA-induced phospho-
ERK1/2 is represented by D1-like receptor antagonists (Westin et al., 2007), indicating that
the activation of ERK1/2 by l-DOPA is mediated by D1 receptors. Unfortunately, D1
antagonists do not have any clinical utility in PD, because they would interfere with the
therapeutic action of l-DOPA. It is therefore important to identify non-dopaminergic treatments
that can normalize ERK1/2-mediated signaling without compromising the beneficial effects
of l-DOPA.

How does Ras-ERK signaling contribute to LID? As a mediator of synaptic and behavioural
plasticity, this pathway is assumed to contribute to persistent neural adaptations that maintain
the brain in a dyskinesia-prone state (Cenci and Lindgren, 2007). Indeed, Ras-ERK1/2
signaling has been shown to mediate the following, long-lasting cellular adaptations in animal
models of LID: (1) nuclear signaling responses in striatal neurons, such as activation of histone
kinases, histone modifications and induction of nuclear transcription factors (Santini et al.,
2007, Santini et al., 2009 and Westin et al., 2007); (2) striatal regulation of the mammalian
target of rapamycin complex 1 (mTORC1), which is in turn involved in the control of protein
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translation and synaptic plasticity (Santini et al., 2009) and (3) endothelial proliferation and
angiogenic activities in the basal ganglia (Lindgren et al., 2009).

In addition to mediating long-lasting effects of l-DOPA treatment, the activation of Ras-
ERK1/2 signaling seems to contribute to the acute expression of dyskinesia. Indeed, using a
short drug treatment regimen (3 days) in 6-OHDA-lesioned rats, we found that an inhibitor of
the ERK1/2 upstream kinase (mitogen-activated protein kinase kinase, MEK) acutely reduced
the severity of l-DOPA-induced AIMs (Lindgren et al., 2009). The acute consequences of
ERK1/2 activation may rely on the phosphorylation of membrane-bound receptors, ion
channels and synaptic proteins (Sweatt, 2001), but the targets involved are as yet unknown.
This gap of knowledge is not surprising. While long-term adaptations contributing to the
development of LID have been intensely investigated, we know virtually nothing about the
molecular and electrophysiological activities mediating the acute expression of dyskinetic
movements after each dose of l-DOPA. Further investigations are thus needed to unravel the
‘electrophysiological signature’ of LID in the striatum, ranging from changes in conductances
and synaptic responses in D1-versus D2-positive MSN, to activity patterns at the single-unit
and neuronal ensemble level.

2.3 Altered expression and regulation of transcription factors
As explained above (see Section ‘DA receptor signaling in the neurons of the intact striatum:
modulation of cyclic AMP/PKA pathways and non-canonical signaling’), phosphorylation of
the nuclear protein, CREB at Serine 133 mediates changes in gene expression downstream of
DA receptors. Phosphorylated CREB binds to the cAMP responsive element (CRE) and to the
closely related activator protein-1 (AP-1) site in the promoter region of many genes, including
c-fos and the opioid precursor genes, preproenkephalin and prodynorphin (Cole et al., 1995,
Konradi et al., 1993 and Konradi et al., 1994). Prodynorphin is of particular interest because
its upregulation after chronic l-DOPA treatment is a consistent correlate of LID across species
and parkinsonian conditions (Aubert et al., 2007, Cenci et al., 1998, Henry et al., 2003 and
Lundblad et al., 2004). The upregulation of prodynorphin mRNA by l-DOPA, which depends
on the D1 receptor (St-Hilaire et al., 2005), concurs with reduced levels of opioid receptor
binding in the projection targets of ‘direct pathway’ MSN (Aubert et al., 2007 and Johansson
et al., 2001), which is indicative of a hyperactive opioid transmission along this pathway. While
CREB mediates D1-dependent prodynorphin transcription in the intact striatum (Cole et al.,
1995), the same protein is not required for the induction of prodynorphin by l-DOPA in the
DA-denervated striatum (Andersson et al., 2001). In the latter situation, CRE/AP-1 elements
in the prodynorphin promoter are bound and transactivated by ΔFosB-related proteins and
JunD (Andersson et al., 2001). This switch in transcriptional control is associated with a large
increase in the striatal levels of ΔFosB-like proteins, which correlates positively with
dyskinesia severity (Andersson et al., 1999). Unlike other Fos family proteins, ΔFosB and its
post-translationally modified forms are uniquely stable (Carle et al., 2007). Accordingly, the
upregulation of ΔFosB-like proteins and prodynorphin mRNA by chronic l-DOPA treatment
shows a strikingly protracted time course. The expression of both markers rises gradually
during a 2-week course of l-DOPA administration (Andersson et al., 2001 and Valastro et al.,
2007), maintaining high levels of expression for up to 1 year (Westin et al., 2001), which is
the longest period of l-DOPA administration so far examined. Following discontinuation of l-
DOPA treatment, the striatal levels of ΔFosB and prodynorphin mRNA remain significantly
elevated for weeks (Andersson et al., 2003). Intrastriatal infusion of anti-sense oligonucleotides
targeting fosB/ΔfosB mRNA attenuates the gradual increase in dyskinesia severity induced by
repeated l-DOPA administration and the associated upregulation of prodynorphin mRNA
(Andersson et al., 1999). These results indicate that ΔFosB-like transcription factors induce
and maintain changes in striatal gene expression that favour the expression of dyskinesia. In
keeping with this contention, molecular interventions that reduce the transcriptional activity
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of ΔFosB have been found to attenuate the severity of already established LID in a non-human
primate model of PD (Berton et al., 2009).

2.4 Altered plasticity of corticostriatal synapses
The idea that LID is caused by abnormal plasticity of corticostriatal synapses was proposed 10
years ago (Calabresi et al., 2000 and Calon et al., 2000) and has remained very popular ever
since (Jenner, 2008). The first evidence of altered activity-dependent plasticity of corticostriatal
synapses was provided by Picconi et al. (2003). This study compared the inducibility and
reversal of corticostriatal long-term potentiation (LTP) in brain slices from l-DOPA-treated,
dyskinetic or non-dyskinetic rats. High-frequency stimulation of cortical afferents was found
to induce a normal LTP in both groups, but dyskinetic rats showed a lack of depotentiation
upon subsequent low-frequency stimulation of the same afferent pathway (Picconi et al.,
2003). This loss of bidirectional synaptic plasticity points to aberrant gating of cortical inputs
in the dyskinetic striatum. If corticostriatal LTP cannot be promptly reversed, striatal neurons
would be unable to ‘erase’ irrelevant information when processing cortically driven motor
commands. The mechanisms accounting for the loss of synaptic depotentiation in dyskinetic
animals have not been completely resolved. The alteration was originally attributed to an
overactive signaling downstream of D1 receptors and ensuing hyperphosphorylation of
DARPP-32, leading to persistent inhibition of intracellular phosphatases (Picconi et al.,
2003). Further investigations are, however, required to clarify which phosphorylated
substrates, and upstream kinases, impede the reversal of LTP. It will also be important to verify
the relative involvement of ‘direct pathway’ versus ‘indirect pathway’ MSN in this synaptic
abnormality, an issue that has not been addressed thus far.

2.5 Altered gene expression patterns
The pattern of striatal mRNA expression differentiating l-DOPA-treated, dyskinetic animals
from non-dyskinetic ones was investigated by Konradi and collaborators using Affymetrix
gene chip arrays (Konradi et al., 2004). In this study, rats with 6-OHDA lesions were given a
therapeutic dose of l-DOPA, or saline, for 21 days and killed 18 h after the last injection. l-
DOPA-treated rats were classified as dyskinetic or non-dyskinetic based on the AIMs scores
recorded during the treatment. The most salient features of the mRNA expression profile
associated with dyskinesia indicated increased transcriptional activity of GABAergic neurons,
structural and synaptic plasticity, altered calcium homeostasis and calcium-dependent
signaling and an imbalance between metabolic demands and capacity for energy production
in the striatum. More specifically, genes coding for ion transporters, calcium-dependent
ATPases and voltage-gated ion channels were upregulated in the dyskinetic striatum, a pattern
indicative of increased neuronal activity and high ATP consumption. Accordingly, dyskinetic
rats showed upregulation of the mitochondrial gene, cytochrome oxidase subunit I (CO-I),
which is a marker of increased metabolic demands in neurons. At the same time, dyskinetic
animals showed significant downregulation of genes encoding two key enzymes of the
phosphocreatine pathway, guanidinoacetate methyltransferase and ubiquitous mitochondrial
creatine kinase (Mi-CK), a finding that was later confirmed with proteomics methods (Valastro
et al., 2007). Dyskinetic rats also had reduced expression of genes coding for glyceraldehyde-3-
phosphate dehydrogenase and lactate dehydrogenase, both of which are involved in energy
production through the glycolytic pathway. Several genes encoding ribosomal proteins were
downregulated in dyskinetic rats, a pattern suggestive of cellular stress (Warner, 1999). These
results were the first to indicate that dyskinesiogenic treatment with l-DOPA elevates the
metabolic demands of striatal neurons but downregulates pathways involved in energy
production in the striatum.

A more recent micro-array study focused instead on a comparison between acutely and
chronically l-DOPA-treated rats (El Atifi-Borel et al., 2009). Here, the l-DOPA dose was above
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threshold for the induction of dyskinesia in all animals. Although acute and chronic l-DOPA
treatment were found to regulate a common set of genes involved in signal transduction,
transcription and synaptic transmission, a threefold larger number of genes were altered in
response to repeated drug administration. The difference between acute and chronic l-DOPA
treatment was particularly noticeable for genes involved in metabolism, protein biosynthesis
(ribosomal genes), neurite outgrowth, synaptogenesis and cell proliferation. This study pointed
to a relationship between repeated l-DOPA exposure and structural cellular modifications in
the striatum. Although l-DOPA can induce dyskinesia even upon its first administration
(Nadjar et al., 2009), chronic treatment with l-DOPA is required to establish a long-lasting
predisposition to this movement disorder. In fact, repeated administration of l-DOPA induces
a gradual increase in dyskinesia severity over time and also reduces the dyskinetic threshold
dose of the drug (Cenci and Lundblad, 2006). This delayed effect, often referred to as the
‘dyskinesia-priming action of l-DOPA’, conceivably relies on structural modifications of cells
and synapses in the brain.

3. Towards a unifying molecular interpretation of LID
The literature reviewed above has revealed a large number of molecular alterations that are
linked to the expression and development of LID and uncovered therapeutic targets at many
possible levels. Further studies are required to shed light on the mechanisms through which
these molecular changes alter the function of cells and circuits within the basal ganglia. Based
on the current information, it is however possible to outline some general molecular features
of LID, and these will be the object of the following paragraphs.

3.1 Studies of signaling pathway activation in dyskinetic rodents reveal a common pattern
of alterations

As mentioned above (cf. Sections ‘Altered intracellular signaling’ to ‘Altered expression and
regulation of transcription factors’), nuclear signaling responses to l-DOPA are more exuberant
in dyskinetic animals compared to non-dyskinetic subjects. How does this difference come
about? Important clues have emerged from a comparison between chronically and acutely l-
DOPA-treated rats (Andersson et al., 2001, Cenci et al., 1999, Valastro et al., 2007 and Westin
et al., 2007), and further unpublished data by Konradi and Cenci (Fig. 2). In these studies, rats
with 6-OHDA lesions were given a therapeutic dose of l-DOPA either on one single occasion
(acute treatment) or repeatedly for 10–14 days, during which they were monitored on the AIMs
scale. As indicators of intracellular signaling activation we examined the levels of
phosphorylated (Thr 34) DARPP-32 (not shown), ERK1/2 and mitogen- and stress-activated
kinase-1 (MSK-1, nuclear target of ERK), and the histone modification, phospho(Ser10)-
Acetyl(Lys14)-histone 3, which has been linked to chromatin remodelling during active gene
transcription (Cheung et al., 2000). A common pattern of group differences emerged from the
analysis of each of the markers under investigation. Acute l-DOPA treatment caused a large
activation of signaling molecules in the DA-denervated striatum in all animals. Chronic
administration of l-DOPA abolished this upregulation in animals that had remained free from
dyskinesia during the treatment. By contrast, rats that had developed dyskinesia showed overtly
sensitized (e.g. ERK1/2) or only partially densensitized responses to the last injection of l-
DOPA, with levels of phosphoproteins that were significantly elevated above control values
in each of the comparisons. Similar results have been recently reported from a mouse model
of LID (Santini et al., 2007). Overall, these data indicate that chronic treatment with l-DOPA
would tend to normalize supersensitive signaling responses in DA-denervated striatal neurons,
but fails to achieve this effect in dyskinetic subjects. Because upregulation of the above
phosphoproteins by l-DOPA relies on the D1 receptor (see Sections ‘Altered intracellular
signaling’ and ‘Altered expression and regulation of transcription factors’), we conclude that
the core molecular alteration associated with LID consists in the inability of striatal neurons
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to desensitize adenylyl cyclase-dependent and MAPK-dependent signaling cascades
downstream of D1 receptors. The mechanisms underlying such an inability have not been
resolved and may be related to a deficient internalization of D1 receptors (Berthet et al.,
2009). Surface receptor availability is not, however, the only mechanism regulating the
duration of downstream signaling responses, and the possibility that intracellular signaling
inhibitors are less efficient in dyskinetic animals ought to be addressed in future studies. In
fact, the striatal gene expression profile detected in dyskinetic rats by Konradi and collaborators
(Konradi et al., 2004) pointed to an altered expression/activity of intracellular phosphatases,
while also revealing upregulation of positive upstream modulators of Ras-ERK signaling. In
particular, RAS guanyl nucleotide-releasing protein 1 (RasGRP1) was strongly upregulated in
dyskinetic rats relative to non-dyskinetic rats and controls (Konradi et al., 2004). RasGRP1
(also called CalDAG-GEF2) is a DAG-regulated nucleotide exchange factors that activates
Ras and the Erk/MAP kinase cascade through the exchange of guanosine diphosphate (GDP)
for GTP (Yang and Kazanietz, 2003). A closely related protein, RasGRP2 (CalDAG-GEFI),
activates Rap1A and inhibits Ras-dependent activation of the ERK/MAP kinase cascade
(Kawasaki et al., 1998). A recent study has addressed the regulation of RasGRP1 and RasGRP2
gene expression in the rat model of LID (Crittenden et al., 2009). In the DA-denervated
striatum, l-DOPA treatment produced upregulation of RasGRP1 and downregulation of
RasGRP2, and both of these effects correlated significantly with the severity of the AIMs.
These data are consistent with an overactivity of Ras-ERK1/2 signaling in the dyskinetic
striatum (cf. Section ‘Altered intracellular signaling’) and point to the dysregulation of
RasGRP1 (CalDAG-GEF2) and RasGRP2 (CalDAG-GEFI) as being an important upstream
mechanism. These data warrant a search for therapeutic strategies targeting striatum-enriched
Ras-ERK1/2 signaling modulators. This approach may relieve LID while avoiding the many
potential side effects of a complete, systemic blockade of MAPK signaling.

3.2 Potential consequences of dysregulated D1 receptor-dependent signaling
In summary, in dyskinetic animals each dose of l-DOPA results in an abnormally large and
sustained activation of adenylyl cyclase-dependent and MAPK-dependent signaling cascades
in striatal neurons, with downstream changes in epigenetic and transcriptional activities. Some
of the latter changes are very long-lasting (See section ‘Altered expression and regulation of
transcription factors’) and prone to accumulate upon repeated exposure to l-DOPA (Fig. 3 and
Fig. 4). By integrating these findings with other data reported in the literature, it is possible to
make some reasonable assumptions on the cellular consequences of such a response pattern.

One conceivable consequence is a pronounced structural and synaptic rearrangement of striatal
neurons. Beside the data provided by micro-array studies (cf. Section ‘Altered gene expression
patterns’), this contention is supported by novel evidence linking the D1 receptor/PKA pathway
to upregulation and/or increased phosphorylation of cytoskeletal proteins (Lebel et al., 2009
and Sgambato-Faure et al., 2005). In particular, a recent study in 6-OHDA-lesioned rats has
reported a significant increase in the striatal levels of phosphorylated tau protein following
chronic pulsatile l-DOPA treatment (Lebel et al., 2010). These data are interesting because
abnormal tau phosphorylation can lead to cytoskeletal and synaptic alterations (Mazanetz and
Fischer, 2007). Cytoskeletal modifications in LID are also suggested by the striatal
upregulation of arc (activity-regulated cytoskeletal-associated gene), since arc participates in
cytoskeletal rearrangements during synaptic plasticity (Steward and Worley, 2001). In the rat
model of LID, Arc mRNA and protein levels show a sustained upregulation in prodynorphin-
positive MSN within the same striatal regions exhibiting high ΔFosB-like immunoreactivity
(Sgambato-Faure et al., 2005). This would suggest that ‘direct pathway’ MSN undergo long-
term structural and synaptic modifications in LID, a suggestion that needs to be verified by
future investigations.
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Another consequence of repeated and sustained signaling activation is a large energy
expenditure in striatal neurons, a hypothesis supported by the results of gene expression micro-
array studies (discussed above) and biochemical investigations (Valastro et al., 2009). A large
bioenergetic expenditure is also supported by the findings of endothelial proliferation in the
striatum and other basal ganglia nuclei in dyskinetic rats (Westin et al., 2006), because
angiogenic responses in the adult brain are usually associated with long-lasting increases in
local metabolic demands. A large energy requirement, associated with impairments in certain
bioenergetic pathways (Konradi et al., 2004), would be expected to make striatal MSN more
vulnerable to glutamate- and DA-mediated toxicity.

Indeed, MSN are very sensitive to bioenergetic deficits. Primary genetic mitochondrial defects
can lead to striatal degeneration and associated dystonia and dyskinesia [reviewed in Damiano
et al., (2010)]. Insufficient availability of high-energy phosphates resulting in impaired activity
of plasma membrane ATPases would alter the response of striatal MSN to excitatory amino
acids, lowering the threshold for excitotoxicity (Calabresi et al., 1995). In addition high
extracellular DA levels (as induced by a l-DOPA bolus) can prime the striatum for
neurodegenerative events. Indeed, DA-dependent degeneration and apoptosis of striatal
neurons has been documented to occur in situations associated with high extracellular levels
of DA, such as intrastriatal DA injections (Hattori et al., 1998), metamphetamine
administration (Schmidt et al., 1985) and genetic ablation of the DA transporter (Cyr et al.,
2003). In primary striatal cultures, DA induces neuronal apoptotic death via stimulation of
D1 receptors, leading to sustained activation and cytoplasmic retention of ERK1/2 (Chen et
al., 2009). Sustained activation of ERK1/2 has been shown to render neurons more vulnerable
to glutamate toxicity in some model systems (Luo and DeFranco, 2006).

It is conceivable that the combination of high extracellular DA levels, sustained intracellular
signaling and bioenergetic deficits may lead to a progressive deterioration of striatal neurons
in LID. Although this possibility is not yet supported by experimental data, only few studies
have addressed the integrity of striatal neurons in animal models of LID (Lindgren et al.,
2007 and Westin et al., 2006). In these studies, 6-OHDA-lesioned rats were treated with l-
DOPA for a relatively short period (2–3 weeks), and the striata were examined using
histological methods (total neuronal cell counts and Fluorogold histochemistry) that cannot
detect neuronal deterioration preceding/accompanying cell death. Yet, in this animal model,
dietary supplementation of creatine can reduce the severity of LID (Valastro et al., 2009),
supporting a contribution of bioenergetic deficits to the pathophysiology of this movement
disorder. Patients in the complicated phase of PD receive l-DOPA treatment for years despite
their dyskinesias. The experimental data reviewed above call for further investigations
addressing the long-term consequences of a prolonged, dyskinesiogenic l-DOPA treatment on
the integrity and resilience of striatal neurons.

4 “Too much” molecular plasticity leads to plasticity failure
While the overactivation of D1-dependent signaling pathways may cause large morphological
and functional rearrangements in striatal neurons (‘too much plasticity’), it also hijacks the
molecular machinery by which these neurons normally respond to incoming stimuli (Fig. 4).
Striatal neurons integrate convergent cortical and thalamic inputs to modify the output of the
basal ganglia, playing a pivotal role in movement selection and adaptive motor control [see
Wiecki and Frank (2010), this volume]. Conceivably, dyskinesia represents a disorder of motor
selection featuring an inability to suppress excessive, purposeless movements. Dysregulated
D1-dependent signaling and sustained potentiation of corticostriatal synapses would be
expected to cause abnormal gating of cortically driven motor commands, being key to this
movement disorder. Moreover, if corticostriatal synapses are clogged by irrelevant information
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(Picconi et al., 2003), dyskinesia would be expected to go hand in hand with an impaired
capacity for experience-dependent modification of action selection.

This pathophysiological hypothesis is supported by a large number of clinical observations. In
the non-complicated stages of PD, treatment with l-DOPA promotes ‘positive’ plasticity,
resulting in long-lasting symptomatic benefit [reviewed in Cenci et al. (2009)], improved
efficacy of non-invasive cortical stimulation methods (Fierro et al., 2001 and Rodrigues et al.,
2008) and modulation of activity-dependent synaptic plasticity in basal ganglia output neurons
(Prescott et al., 2009). By contrast, in the advanced, complicated stages of PD, treatment with
l-DOPA loses its capacity to induce a long-lasting symptomatic improvement extending
beyond the effects of single doses (Nutt and Holford, 1996). In the same disease stages, l-
DOPA worsens striatum-dependent learning functions (Cools et al., 2007 and Feigin et al.,
2003) and negatively affects cortical plasticity. Motor cortex plasticity has been probed in PD
patients using a paired associative stimulation protocol (Morgante et al., 2006). While l-DOPA
was found to restore LTP-like cortical plasticity in non-dyskinetic subjects, it failed to achieve
an effect in dyskinetic patients. The mechanisms underlying a lack of cortical plasticity in LID
are presently unknown, but have been suggested to depend on synchronized neuronal activities
that impair information processing in basal ganglia–thalamo–cortical loops (Hammond et al.,
2007 and Morgante et al., 2006). Abnormal oscillatory patterns of neural activity have been
detected in the subthalamic nucleus and substantia nigra reticulata in dyskinetic PD patients
and rat models of LID, respectively (Alonso-Frech et al., 2006 and Meissner et al., 2006).
Future studies ought to address the role played by striatal neurons in the genesis of these
pathological activity patterns.

Concluding remarks
During the past 10 years, considerable advances have been made in unravelling the molecular
mechanisms of LID. This progress has been facilitated by the availability of rodent models of
LID, in which improved methods of behavioural analysis have allowed investigators to
distinguish dyskinetic animals from those that remained free from dyskinesia despite receiving
the same l-DOPA treatment [reviewed in Cenci and Ohlin, (2009)]. A large body of literature
using these models has shown that the molecular, neurochemical and cellular effects of l-DOPA
are very different depending on whether or not the treatment induces AIMs. As well as
revealing novel concepts and therapeutic targets, these studies have raised awareness that
plastic modifications of striatal cells and synapses are a major determinant of treatment
outcome in PD. In future research, it will be important to define the interactions between DA-
dependent adaptations and genetic susceptibility factors [see (Gasser, 2010) and (Martin et al.,
2010)] in determining different profiles of treatment response in PD.
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Abbreviations

6-OHDA 6-hydroxydopamine

AC5 adenylyl cyclase type 5

AIMs abnormal involuntary movements

Akt protein kinase B
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AMPA amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

AP-1 activator protein-1

Arc activity-regulated cytoskeletal-associated protein

cAMP cyclic AMP

CRE cAMP response element

CREB cAMP response element-binding protein

D1,2,3,4,5 dopamine receptors

DA dopamine

DAG diacylglycerol

DARPP-32 dopamine- and cAMP-regulated phosphoprotein of 32 kDa

DAT dopamine transporter

Elk-1 Ets like gene1

oncogene transcription factor

ERK1/2 extracellular signal-regulated kinases 1 and 2

GDP guanosine diphosphate

GKS3 glycogen synthase kinase 3

GPCRs G-protein-coupled receptors

G-protein guanosine triphosphate-binding protein

GRKs G-protein-coupled receptor kinases

GTP guanosine triphosphate

IP3 inositol trisphosphate

IP3R inositol trisphosphate receptor

l-DOPA l-3,4-dihydroxyphenylalanine

LID l-DOPA-induced dyskinesia

LTP long-term potentiation

MAPK mitogen-activated protein kinases

MEK mitogen-activated protein kinase kinase

mGluR metabotropic glutamate receptor

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MSK-1 mitogen- and stress-activated kinase 1

MSN medium-sized spiny neurons

mTORC1 mammalian target of rapamycin complex 1

NMDA N-methyl-d-aspartate

PD Parkinson’s disease

PET positron emission tomography

PKA protein kinase A
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PLC phospholipase C

PP-1 protein phosphatase 1

PP2A protein phosphatase 2A

Raf member of the MAP kinase pathway (rapidly accelerated fibrosarcoma
oncogene)

Ras oncogene of the MAP kinase pathway (RAt sarcoma oncogene)

RasGRP1 RAS guanyl nucleotide-releasing protein 1

RasGRP2 RAS guanyl nucleotide-releasing protein 2

RGS regulators of G-protein signaling

β-ARR beta arrestin
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Figure 1. Canonical and non-canonical signaling cascades downstream of D1 and D2 dopamine
receptors
Being coupled to stimulatory (Gs/olf) and inhibitory (Gi/o) GTP-binding proteins, D1 and
D2 receptors have opposite effects on the adenylyl cyclase/cAMP/PKA/DARPP-32 cascade
(‘canonical pathway’), which regulates the levels of phosphorylation of multiple cellular and
nuclear targets. In particular, the cAMP/PKA/DARPP-32 pathway modulates the activity of
MAPK-dependent signaling pathways downstream of glutamate receptors. It has been recently
recognized that cAMP-independent pathways are also recruited following D2 receptor
stimulation (non-canonical pathways; cf. Section ‘DA receptor signaling in the neurons of the
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intact striatum: modulation of cAMP/PKA pathways and non-canonical signaling’). Full names
of the molecules shown in this drawing are given in the list of abbreviations.
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Figure 2. Deficient densensitization of DA receptor-dependent signaling in the dyskinetic striatum
Acute treatment with l-DOPA results in a supersensitive activation of cAMP- and MAPK-
dependent pathways signaling to the nucleus, here exemplified by the phosphorylation of
ERK1/2 (on Thr202-Tyr204), MSK-1 (on Ser376) and by a modification of histone 3 that has
been linked to chromatin remodelling during active gene transcription (phospho[Ser10]-Acetyl
[Lys14]-H3). Chronic l-DOPA administration normalizes these supersensitive responses only
in animals that remain free from dyskinesia during the treatment (non-dyskinetic group). Levels
of signaling pathway activation remain significantly elevated above control values in
dyskinetic animals. Thus, a shift towards normal molecular responses during chronic l-DOPA
treatment is associated with a resistance to dyskinesia, while persistent supersensitivity is a
correlate of LID. These data show both published and unpublished results obtained from 6-
OHDA-lesioned rats, which received chronic (10–12 days) or acute treatment with l-DOPA
(l-DOPA methyl ester, 10 mg/kg/dose combined with 15 mg/kg/dose of benserazide), or
physiological saline, and were killed 30 minutes post injection. Data in (a) and (b) represent
counts of immunoreactive neurons in the lateral part of the DA-denervated caudate–putamen,
from animals reported in Westin et al. (2007), and five chronically l-DOPA-treated non-
dyskinetic rats from the same study (not reported in the paper). Data in (c) show results from
Western immunoblotting analysis. The optical density on specific immunoreactive bands was
normalized to the corresponding β-actin bands, and results from each group were expressed as
a percentage of saline control values. A Western blot showing bands immunoreactive for
phospho[Ser10]-Acetyl[Lys14]-histone 3, total histone 3 and beta-actin is shown in (d). Full
descriptions of the experimental procedures can be found in Westin et al. (2007) (for a, b) and
Schroeder et al. (2008) (for c, d). Abbreviations in (d): s, saline control; a, acute l-DOPA; d,
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chronic l-DOPA/dyskinesia; nd, chronic l-DOPA/no dyskinesia). Values indicate group means
± SEM from 3 to 10 animals per group, which were statistically compared using one-factor
analysis of variance and post-hoc Newman– Keuls test. P < 0.05 vs. *, saline-treated 6-OHDA-
lesioned controls; °, acute l-DOPA; #, chronic l-DOPA with dyskinesia.
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Figure 3. Levels of FosB/FosB-like immunoreactivity and prodynorphin mRNA are persistently
upregulated in the dyskinetic striatum
(a) ΔFosB-like proteins have very slow elimination kinetics and can therefore accumulate in
striatal neurons during the course of chronic l-DOPA treatment. This effect is seen only in
animals that develop dyskinesia. Acute l-DOPA treatment also induces the expression of FosB/
FosB-like immunoreactivity and prodynorphin mRNA, but this upregulation is transient (Cenci
et al., 1999). In the experiments shown here, acutely and chronically l-DOPA-treated animals
were killed at 3 hours or 2 days post-injection to better separate the effects of the chronic
treatment from those of the last drug injection. (b) Prodynorphin mRNA shows the same
expression pattern as FosB/ΔFosB like immunoreactivity (indeed, ΔFosB-like transcription
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factors mediate the upregulation of prodynorphin mRNA induced by l-DOPA in the DA-
denervated striatum; see Section ‘Altered expression and regulation of transcription factors’).
Values in (a) represent numbers of FosB/ΔFosB-immunoreactive cells/mm2 measured in the
lateral part of the DA-denervated caudate–putamen from animals in previously published
studies (Cenci et al., 1999] and Westin et al., 2007]). Data in (b) represent the hybridization
signal to prodynorphin mRNA in the DA-denervated caudate–putamen (expressed as a
percentage of the values on the contralateral intact side in each group) (data from Cenci et al.,
1998] and Mela et al., 2007]). In each data set, values indicate group means ± SEM from 3 to
10 animals per group, P < 0.05 vs. saline-treated 6-OHDA-lesioned controls; # chronic l-DOPA
with dyskinesia. Acutely and chronically l-DOPA-treated rats were compared with their own
saline control group. (c–e) Cellular levels of FosB/ΔFosB immunostaining are larger in
chronically l-DOPA-treated dyskinetic rats compared to acutely l-DOPA-treated animals, and
a similar pattern of group differences applies to prodynorphin mRNA (f–h). Photomicrographs
in (f–h) show emulsion-coated autoradiographs of striatal sections visualized under dark field
optics. The sections had been hybridized with a 35S-labeled oligonucleotide probe
complementary to prodynorphin mRNA. Scale bar, 50 µm. Full descriptions of all the
experimental procedures can be found in our original publications.
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Figure 4. Maladaptive plasticity of striatal neurons in LID
In animal models of LID, each dose of l-DOPA (LD) causes an abnormally large and prolonged
activation of cAMP- and MAPK-dependent signaling pathways in striatal neurons (fast
signaling responses). Although these responses would tend to normalize during chronic drug
treatment, desensitization processes are inefficient in dyskinetic subjects. Hence, in these
subjects, treatment with l-DOPA disrupts the dynamics of signaling networks that are normally
under tight spatiotemporal control. Signalling dysregulation has both acute
electrophysiological effects and long-term consequences on the function of striatal neurons.
Long-term cellular alterations associated with LID have been documented to occur in D1/
prodynorphin-positive MSN, including altered regulation of CRE/AP-1-dependent
transcription, increased expression of neurotransmitter-related genes and increased synthesis
and phosphorylation of cytoskeletal proteins (see Sections ‘Altered expression and regulation
of transcription factors’ and ‘Potential consequences of dysregulated D1 receptor-dependent
signaling’). This pattern of responses would predict the occurrence of profound structural and
synaptic rearrangements in these neurons, associated with a large bioenergetic expenditure.
Plastic modifications affecting D2/prepronkephalin MSN in LID are far less understood and
will need to be addressed in future studies.
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