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1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the progressive
loss of dopaminergic mesencephalic neurons. The most used and successful therapy for this
condition is L-3, 4 dihydroxyphenylalanine (L-DOPA), a precursor in the synthesis of dopa‐
mine. However long-term treatment leads to disabling abnormal involuntary movements
known as L-DOPA-induced Dyskinesia (LID), which are uncontrolled and repetitive move‐
ment in the axis, arms, legs and oro-facial zone [1-2]. The LID is a serious limitation in the
usage of L-DOPA and it can be thought that solving the diskinesia by new therapeutic tar‐
gets could extend the time of treatment with L-DOPA in the parkinsonian patients with an
acceptable quality of life. To propose new alternatives is necessary to know the pathogenesis
and pathophysiology of this phenomenon.

According with the classical basal ganglia model [3], PD is the result of an imbalance in the
motor networks that stimulate and/or inhibit the initiation of movements. There are two
main pathways that have been studied in the basal ganglia. The direct pathway, which is
associated with D1-like dopamine receptors, and the indirect pathway that it has been relat‐
ed with D2-like dopamine receptors. The adequate balance between the direct (stimulatory)
and indirect (inhibitory) networks facilitates the execution of movements [4]. In PD the loss
of dopaminergic control leads to a hyperactivity of the inhibitory pathway, which produces
bradykinesia the main symptom of this disease [5]. The restoration of dopamine with L-
DOPA counteract the unbalance of the two pathways, nevertheless several cellular and mo‐
lecular changes caused by L-DOPA move the system toward the opposite side, producing a
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hyperactivity of the direct pathway and originating the dyskinesia phenomenon [5]. Many
changes in basal ganglia circuitry have been associated with dyskinesia [6]; one of the most
studied is the hyperactivity of direct pathway that produces an increased GABAergic neuro‐
transmission on striato-nigral neurons, which are controlled by dopamine D1 receptors, and
it seems to be the most relevant finding. The dopamine D3 receptors have been involved in
dyskinesia since was reported that L-DOPA treatment increases its expression in basal gan‐
glia [7], suggesting the use of ligands of these receptors as a target for dyskinesia, but the
neurobiological basis of these changes and the site of action is not well understood since
conflicting results in experimental assays have been reported [8-12]. The recent finding of
co-existence and interaction between D1 and D3 dopamine receptors in the direct pathway
[13-16] could contribute to solve this question.

The aim of this review is provide a global view of the pathophysiology of dyskinesia based
on the changes reported in animal models and parkinsonian patients that involve the direct
pathway and the dopamine D1 and D3 receptors, the understanding of this changes could
result in a potential novel therapeutic approaches to treat the dyskinesia.

2. Basal ganglia, the control of movement and Parkinson’s disease

Basal ganglia are organized in four segregated circuits: motor, oculo-motor, limbic and asso‐
ciative [17]. In PD the motor loop is altered in these structures. The basal ganglia circuit orig‐
inates in glutamatergic cortical neurons from motor and premotor areas that project to
caudate (C) and putamen (P), the striatum in rats (Str). The main phenotype of striatum is
the GABAergic medium-size spiny neurons (MSNs), which projects to the direct and indi‐
rect pathways. The substance P/Dynorphyn positive MNSs GABAergic neurons project to
substantia nigra pars reticulata (SNr) and/or to the internal segment of globus pallidus
(GPi), the entopeduncular nucleus (EPn) in rats. SNr and GPi is the output nucleus of the
motor loop to the thalamic glutamatergic nucleus, which in turn stimulates the motor cortex;
this network is called the direct pathway. While the striatal enkephaline positive MNSs GA‐
BAergic neurons project to the external segment of the globus pallidus (GPe), pallidal GA‐
BAergic neurons which in turn project their axons to the glutamatergic neurons of the
Subthalamic nucleus (Sth) and this neurons project to the output nuclei forming the indirect
pathway [17]. (See Fig. 1).

Neurons of the thalamic relay nucleus are subject to a tonic inhibitory control from GABAer‐
gic GPi/SNr neurons, the removal of this control leads to the activation of thalamus that in
consequence activates the motor cortex facilitating the movement. The activity of GPi/SNr
neurons is maintained by a tonic stimulatory action of the Sth controlled reciprocally by the
GPe. Stimulation of the MNSs GABAergic striatal neurons by the cortex in the direct path‐
way produces inhibition of the output nucleus through the release of GABA. The remotion
in the inhibition of the thalamus toward to the cortex turns in the initiation of the move‐
ment, thus the activation of the direct pathway allows the movement. In contrast the activa‐
tion of MNSs GABAergic neurons from the indirect pathway inhibits GPe neurons, which
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removes the tonic inhibitory action on Sth, the increased activity of the glutamatergic neu‐
rons stimulates the output nuclei, producing inhibition of thalamus and in consequence in‐
hibit the motor cortex, which means that the activation of the indirect pathway inhibits the
movements.

Simultaneous activation of the direct and indirect pathway will produce an antagonistic ac‐
tion on movement. The adequate balance between direct and indirect pathway is main‐
tained by dopamine. The Substantia nigra pars compacta (SNc) is the source of dopamine in
the basal ganglia since SNc neurons project to all the basal ganglia nuclei (Fig.1A) in normal
conditions [18].

Figure 1. The basal ganglia motor circuits in normal (A), parkinsonism (B) and L-DOPA-induced dyskinesia (C). GPe,
external globus pallidus; Sth, subthalamic nucleus; GPi, internal globus pallidus; SNr, substantia nigra pars reticulata;
SNc, substantia nigra pars compacta, D1, dopamine D1 receptor and D2, dopamine D2 receptor.

Two families of receptors mediate the action of dopamine through the basal ganglia, D1-like
(D1 and D5 subtypes) and D2-like (D2short, D2long D3 and D4 subtypes). D1-like receptors are
expressed predominantly in substance P/Dynorphyn positive MNSs GABAergic neurons
and their activation increases the firing rate at soma and also the GABA release in the termi‐
nals [19-22]. It have been reported that some population of striato-nigral neurons also ex‐
presses D3 receptors [14, 23]. While the dopamine D2-like receptors are associated to striatal
enkephalin positive MNSs GABAergic neurons and their activation decreases the firing at
soma and the GABA release at the terminals [20, 24-26]. Some population of striato-palidal
neurons also expresses D5 receptors [23]. Dopamine via D1-like receptors potentiates the
stimulation of the direct pathway, while via D2-like receptors decreases indirect pathway
activity, synergizing the activity of both pathways and facilitating movement [17]. Other as‐
sociation of dopamine receptors subtypes with neuronal elements of these circuits occurs
[27-32], however the role of their function in the integral circuitry is not well understood.
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The progressive loss of dopaminergic neurons of the SNc causes the neurodegenerative dis‐
order called Parkinson’s disease. The loss of dopamine has serious consequences in the bal‐
ance of direct and indirect pathways, in fact a hyperactivity of the indirect pathway with a
decrease in the activity of the direct pathway coexists and that explains the hypomotility or
bradykinesia observed in patients and in animal models of PD (Fig. 1B) [17].

3. Pathophysiology of L-DOPA-induced dyskinesia (LID)

Dopamine replacement therapy with L-DOPA restores the lack of the neurotransmitter in
the basal ganglia [33]. It has been shown that L-DOPA (a precursor in dopamine synthesis,
Fig. 2) is transformed to dopamine in the central nervous system by decarboxylation via cen‐
tral aromatic acid decarboxilase (DCAA) [34]; also it has been proposed that remaining dop‐
aminergic neurons (Fig. 2) and/or serotoninergic neurons are host candidates for
transformation of L-DOPA [35], mediating an ectopic and false transmitter release [36] in
fact any cell that express DCAA can eventually transform L-DOPA into dopamine. The dop‐
amine synthesized from L-DOPA activates D1-like and D2-like family of receptors. Howev‐
er it has been also suggested the existence of DOPAergic receptors [37], since direct effects of
L-DOPA on dopamine receptors have been reported [19, 38 -39] but also effects are mediat‐
ed by either L-DOPA or their metabolites [39, 40-41] that could participate in their therapeu‐
tic or side effects including dyskinesia [42-43]. Probably the effectiveness of L-DOPA over
dopamine receptor agonist is due to a variety of actions in the central nervous system [44].

Figure 2. Synthesis of dopamine from L-DOPA in the dopaminergic nerve terminals. DCAA, aromatic acid decarboxy‐
lase; DAT, dopamine transporter, TH, Tyrosine Hydroxylase; D1, D1-like dopamine receptor; D2, D2-like dopamine re‐
ceptor.
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During L-DOPA treatment the activation of dopamine receptors restores the movement in
PD patients and the locomotor activity in experimental animal models. L-DOPA treatment
produces a priming effect where the brain is sensitized to L-DOPA after chronic administra‐
tion and finally produces dyskinesia as main side effect [45] with a prevalence of 30-45% in
patients [46]. However early age of Parkinsonism onset and severity of disease have been
classified as risk factors in the development of LID [47] and more recently the nigral-associ‐
ated pathology has been related with early onset of LID [48]. It has been shown that phar‐
macokinetic properties of L-DOPA are also related with the onset of dyskinesia with
phenomenological differences in the altered movements. When the higher plasma levels of
L-DOPA are reached the maximum antiparkinsonic effect can be achieved. In contrast dys‐
kinesia occurs at intermedium L-DOPA plasma levels either when bioavailability is increas‐
ing or decreasing due to metabolism of L-DOPA, interesting when the lower L-DOPA
plasma levels are reached generalized dystonic postures occurs [49].

The dyskinesia also has been observed in experimental models of PD under chronic L-
DOPA treatment [50], the effect is dose and species dependent, since different population
with high and low dyskinesia score have been reported [51-52].

The mechanism of the genesis of dyskinesia is essentially unknown. Initial studies suggest‐
ed that L-DOPA or metabolites could be responsible of the side effects, however the inhibi‐
tion of L-DOPA decarboxylation, does not correlate with LID scores [53]. Plenty evidence
has been published recently showing that several compensatory effects occur after dopa‐
mine denervation and LID.

The changes in nuclear function of striato-nigral and striato-pallidal neurons have been re‐
lated with denervation, most of them are associated with proteins involved in the dopamine
receptors signaling and in the regulation of glutamatergic transmission by dopamine [54], it
can be though that L-DOPA therapy should restore these parameters. However that is not
the case since the major alterations related to LID occur on these cellular systems [52, 55-60].

It has been reported alteration in gene expression during L-DOPA therapy particularly on
transcription factors. Early gene expression which are markers of neural activity has been
studied and increased expression of the transcription factor ΔFosB has been associated with
L-DOPA induced dyskinesia in rats and related with sensitization process [61-64], while ac‐
cumulated ΔJunD has been shown drop the severity of LID in monkeys without reduction
of antiparkinsonian effects [63]. Also zif-268 has been related with a persistent stimulation of
D1 receptors by L-DOPA and has been proposed like a potential marker for the onset of the
dyskinetic phenomena [65]. On the other hand histone activation mediated by D1 receptors
it has also been related with dyskinesia [66-67] suggesting that changes in gene transcription
factors are altered, then is plausible suggest that many alterations in signaling molecules ac‐
tivated by dopaminergic receptors could contribute to the leading of motor disabilities. The
resulting changes of the altered activity culminates with expression of proteins related with
the activity of D1-associated neurons like the increased expression of prodynorhin, glutamic
acid decarboxylase, adenylyl cyclase, PKA, DARPP-32 and CDk5 [52, 54-60].
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Nevertheless LID can be also pathophysiologically explained by a change in the balance of
the direct/indirect pathway. In this condition an increase in the activity of the direct path‐
way that facilitates movements can explain the phenomena (Fig. 1C) [5]; since the direct
pathway stimulates movement, dyskinesia can be considered a pathologic condition with
over-activation of this pathway generated by pulsatile activity of striato-nigral neurons. In
fact experimental data supports this idea; a higher release of GABA in SNr/EP has been
shown in experimental models of LID [52,68], which in turns facilitates the inhibition of the
output neurons and removes the inhibition of premotor nuclei leading activation of the
movement.

The role of the indirect pathway and dopamine D2-like receptors is less understood and ex‐
plored. An over-activity of the GPe is associated with LID [55], and dopamine D2 receptors
[69- 71]; however pallidotomy does not modify significantly LID in hemiparkinsonian mon‐
keys [72]. Some D2-like agonist has beneficial effect on L-DOPA induced dyskinesia [73],
but the genetic inactivation of dopamine D2 receptor expression in striatum does not modify
the development of LID [66]. On the other hand D2 dopamine receptor agonist treatment in
PD models produce lower LID compared with D1 receptor agonist treatment suggesting a
predominantly role of dopamine D1 receptors [65,74]. Interesting recent reports have shown
that L-DOPA restores spine density in D2-expressing striatal neurons of LID mice [75], sug‐
gesting an undefined role of striato-pallidal in the dyskinetic phenomenon. On the other
hand adenosine A2A receptors are selectively expressed in the indirect pathway and an in‐
creased expression of these receptors was found in patients with LID [76], the A2A/D2 recep‐
tor heterodimer interaction has been suggested is modified during LID in the indirect
pathway [77]. All this data suggested a role of the indirect pathway in LID development;
however further studies are needed to clarify the role of D2 receptor and the indirect path‐
way in the dyskinesia phenomenon.

Other non-dopaminergic alterations have been involved in LID, which contributes to this
phenomenon. The idea of a role of the glutamatergic system in LID comes from the use of
amantadine in Parkinson’s disease and as an adjuvant in the management of LID [78], in fact
amantadine increases extracellular dopamine from L-DOPA in parkinsonian rats [79]. Dopa‐
minergic denervation decreases the expression and phosphorilation of NR1 subunit of the
NMDA receptor without change in NR2 subunit. L-DOPA restores the expression of the
subunit but also increases the phosphorilation level of the NR2A subunit with a consecutive
high activity of the NMDA channel [80-81]. It has been shown also that D1-like receptors in‐
crease the phosphorylation of the channel subunits through the PKA signaling pathway
[82-83]. Furthermore D1 receptor promotes the expression of NMDA in membrane [80] and
can interact at the level of protein [84], in consequence if a generalized hypersensitivity of
D1-like receptor activity occurs, the NMDA receptor activity will also be potentiated [80,
85]. Dopamine modulates long-term potentiation (LTP) of the glutamatergic system, in con‐
sequence in dyskinesia, L-DOPA could contribute to the prolongation of this effects [78, 86].
It has been shown in dyskinetic rats an increased levels of PSD-95 and SAP97 proteins of the
postsynaptic density, those proteins are involved in the interaction of NMDA and AMPA
receptors in the membrane, but their participation in the phenomenon has not been com‐
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pletely determined [87-89]. The consequence in all these alterations of the glutamatergic sys‐
tem is a higher excitatory transmission to the direct pathway. An interesting review on the
role of D1/NMDA interaction and LID is found in Fiorentini et al., 2008 [90]. Changes in syn‐
aptic plasticity induced by L-DOPA also occur in the output nuclei [91].

The role of the serotoninergic system on LID comes from the hypothesis of conversion of L-
DOPA to dopamine in serotoninergic neurons and nerve terminals within the basal ganglia
[92, 93]. It has been suggested a false-transmitter release of dopamine from this neurons [36,
94], in consequence a higher dopaminergic activity would be the responsible of LID. Ac‐
cording with this hypothesis the role of serotonin system in LID is related with effects on
dopamine formed in the terminals. Some studies indicates that increasing serotonin levels
suppress LID, the effect seem to be mediated by 5-HT1A receptors [95], since these receptors
are also located at cortico-striatal glutamatergic terminals is plausible that blockade of D1

receptor activity explains the therapeutically effect [96]. Moreover blockade of serotonin
transporter also attenuates LID suggesting that a reduce turnover [95] and activation of se‐
rotonin receptors is involved in its beneficial effect.

Dopamine denervation and L-DOPA treatment increases mRNA codifying opioid precur‐
sors pro-enkephaline A and B, which correlates with the development of dyskinesia [55, 97].
This effect has been observed in striato-nigral neurons [98] and has been postulated partici‐
pate in LID due to an enhanced coupling of opioid receptors to G protein [99]. However the
blockade of these receptors in dyskinetic rats does not prevent symptoms and in fact there is
an increase in the dyskinesia score [100, 101]. It seems that the over-expression is just conse‐
quence of denervation, recent studies have been shown that modification of δ-opiod recep‐
tor modify dyskinesia in hemiparkinsonian rats [102], but the role of opioids in LID remains
unclear and needs further study. Finally the role of noradrenergic system in LID is poorly
studied but it has been suggested that an increased norepinephrine transmission in Str could
be related with dyskinesia since the blockade of norepinephrine receptors reverts LID [103].

Since the direct pathway of the basal ganglia and D1 receptors activity is associated with
dyskinesia, the research has been focusing on changes in these neurons, their activity, neu‐
rochemical tracers and their receptors particularly dopamine D1 and D3 receptors, in order
to propose alternatives to the therapeutic management of the Parkinson patients.

4. The dopamine D1-like receptors signaling in the direct pathway

D1-like family of dopamine receptors includes D1 and D5 subtypes. D1 has 466 amino acids
and D5 has 477 with a homology of 80% located mainly in the transmembrane domains
[104]. D1 and D5 receptors have a differential distribution in the central nervous system;
moreover there is a controversy of their signaling pathway. Initially was proposed that both
receptors stimulate adenylyl cyclase; however some dopamine effects on PLC activity seem
to be mediated by the D5 type [105].

Dopamine D1 receptors are members of the G protein coupled receptors family (GPCRs)
stimulates adenylyl cyclase trough Gαolf or Gαs proteins [106]. In the D1-like receptors asso‐
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ciated to the striato-nigral neurons, the subunit Gαolf interacts with the catalytic domain of
adenylyl cyclase V [107], increasing the activity and therefore cAMP formation [108]. It have
been reported Gαolf is expressed in the direct pathway and the level of expression can
change after dopamine denervation [52].

The cAMP formed by D1 receptor activation stimulates PKA, and recent studies suggested
the activation of the GEF (nucleotide interchange factor) EPAC and the consequence activa‐
tion of Rap1 a low weight G protein that activates MAPK [109]. The activation of PKA phos‐
phorylates several substrates that include: Na+, voltage depending K+ and GIRKs channels,
producing inhibition; whereas Ca2+ L, N, P, Q, NMDA, AMPA and GABAA channels are
stimulated by the phosphorylation. PKA also phosphorylates DARPP-32 at threonine 34,
DARPP-32 phosphorylated inhibits protein phosphate 1 (PP1). Phosphorilation of NMDA
channels by D1 receptor signaling through DARPP-32, synergize their stimulatory action,
whereas by the same pathway attenuates GABAA inhibitory currents. PP1 has several sub‐
strates such as Ca2+ L, N, P and AMPA channels (for references see Udieh, 2010 [105]).

D1 receptors also induce activation of anti-apoptotic signals. PKA phosphorylates Akt (also
known like PKB), which phosphorylates CREB that translocate to the nucleus inducing gene
expression related with cellular survival. D1 receptors interact with other receptors, ionic
channels and cytoskeleton proteins. Protein-protein interaction between NMDA at the level
of NR1 subunit produces signaling via PI3K, interaction with NR2 subunit decreases
NMDA current [105]. D1 receptors form heterodimers with adenosine A1 receptors produc‐
ing decrease in GABA release [110], while D5 receptor interacts with GABAA channels de‐
creasing Cl- current [111]. Neurofilament M, COP gamma and DIRP78 are cytoskeleton
proteins related with expression, sensitization, and transport of D1 receptors [105].

D1 receptor interactions with other dopamine receptors have been described. Dimmers be‐
tween D1-D2 receptors induce an increased intracellular Ca2+ probably mediated by the Gαq

→PLC pathway [112]. It has also been reported the interaction of dopamine D1/D3 receptors,
here we will discuss latter the role of this dimmer in PD and LID.

The adenylyl-cyclase→PKA stimulated by D1-like receptors induces GABA release in the Str
and SNr [19, 22, 113] and increases the firing rate MNSs [21], mechanism that has been relat‐
ed with the facilitation of movement in the direct pathway. Dopamine D1 receptor effects on
firing rate and GABA release are mediated by DARPP-32 and PP1 [21, 83, 113, 114]. The ef‐
fects on firing rate and release have been associated to modulation of L-type and P/Q calci‐
um channels [21, 113-116].

5. Mechanisms of D1 dopamine receptors sensitization in PD and LID:
Changes in signal transduction pathways

As we discuss before the loss of dopamine innervation induces molecular and signal trans‐
duction changes in the neurons of the basal ganglia attributed to a compensatory response.
Most of the experimental studies have been assessed using toxins to induce experimental
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models of PD like 6-hydroxydopamine (6-OHDA) for rats or 1-metyl-4-phenyl-1,2,3,6 tetra‐
hydropyridine (MPTP) for mice or non-human primates, because their ability to induce the
degeneration of dopaminergic neurons [117-118]. The changes after dopamine denervation
have been studied in particular on striato-nigral (direct pathway) and pallido-nigral (indi‐
rect pathway) neurons and plenty evidence shows that cellular and functional changes oc‐
curs, this phenomenon is called supersensitivity to dopamine denervation [119, 120]. The
supersensitivity has been shown in expression levels of mRNA for enkephalins, substance P
and dynorphins [121] but also up-regulation of more than 30 genes including zif 268, c-fos,
c-jun and MAPK-1, most of them related with neuronal activity [54, 122]. Interesting several
of those genes and changed proteins convey to D1 dopamine receptors and their signal
transduction pathways [54].

Perhaps one of the most studied effects of denervation is the altered expression of dopamine
receptors in the basal ganglia [20]. D2-like dopamine receptors increase in number, sensibili‐
ty and consistently with that the mRNA in the striato-palidal neurons[20], which explain the
hypomotolity. In contrast despite some contradictory results [56, 123], there is evidence that
not only the mRNA of D1-like dopamine receptors decreases in the striatal neurons [20] but
also the expression [124-125], with no changes in the affinity studied by radioligand binding
techniques in SNr [125]. Proteasome altered activity observed in L-DOPA treatment produ‐
ces an altered D1-like receptor abnormal trafficking that might be responsible for this
changes [126]. Contrary to the decrease of D1-like dopamine receptors an increased re‐
sponse to their activation is observed in the striatum [120, 122, 127], and also a substantial
increase in GABA release in the striato-nigral terminals [68, 125]. However despite the su‐
persensitivity phenomenon the lack of endogenous dopamine in PD to activate the receptors
explains the poor activation of basal ganglia pathways and therefore the hypomotility.

The activation of dopamine receptors would be the target in order to restore the balance in
the circuit of the basal ganglia. The gold-standard therapy in PD is L-DOPA, because is con‐
verted to DA, or even can activate dopamine receptors directly increasing firing rate in stria‐
tal neurons and inducing GABA release in SNr. In addition the activation of D1 receptors
leads an increase of GABA release in striato-nigral terminals promoting the activation of the
direct pathway related with the movement, which is the main purpose of the pharmacologi‐
cal approach to treat PD.

It can be thought that replacement of DA with L-DOPA should restore the number, sensitiv‐
ity and response of the activation of dopamine receptors observed in experimental condi‐
tions. Nevertheless that is not the case, chronic L-DOPA treatment only produces a partial
recovery of D1-like dopamine receptors [125], whereas increases even more the biological
response to their activation, producing a very high level of GABA release in the striato-nig‐
ral terminals than occurred only with dopamine denervation in hemiparkinsonian rats [125,
128-129]. An analysis of D1 receptor expression in striatum in L-DOPA treated rats indicates
that D1-like receptors activity does not go back to healthy conditions in LID [126]. During L-
DOPA treatment the expression of early genes like c-fos, c-jun and zif 268 is increased more
than observed in dopaminergic denervation [55]. Furthermore the effect was mimetized
[122] and synergized by D1 dopamine receptor agonists [130]. This suggested that the DA
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converted by L-DOPA treatment, activates D1 dopamine receptors producing high gene ex‐
pression and translation, causing an overstimulation of the direct pathway [119]. The high
activity of D1 dopamine receptors is also supported by the high expression of substance P
and dynorphin both markers of direct pathway neurons [55].

The abnormal activation of the direct pathway with increased GABA release in SNr (related
with the activation of the movement) could be occurring during LID as we mention before.
The changes in GABA transmission is supported by studies in which has been shown al‐
tered metabolic activity measured by 2-deoxyglucose during LID in striato-nigral terminals
[131] but also the increased expression of the enzymes responsible of synthesize GABA
[132]. The mechanism underlying the increased GABA release in the striato-nigral neurons
during LID has been studied by several groups of investigation [125, 128, 132-133] and some
hypothesis has been proposed.

First was postulated that the increased GAD65 and GAD67 expression observed in denerva‐
tion and L-DOPA treatment, induces an enhanced synthesis of GABA, which is available for
the release [132, 134]. However the fact that GABA contents in SNr is not altered by dener‐
vation [135] indicates that the synthesis of GABA is not a simple cause-effect relationship.

Then, studies of D1 dopamine receptors signaling in the striato-nigral terminals turned to be
the most studied and strong hypothesis. Since the level of expression of D1 dopamine recep‐
tors was contradictory and the down-regulation does not explain the hyperactivity of direct
pathway, their signal transduction pathways had been dissected. Cai and coworkers (2002)
[123] showed an increased coupling between D1 dopamine receptors and Gαolf proteins in
hemiparkinsonian rats, but the level of protein expression of Gαolf remained unchanged. In
contrast studies in postmortem patients with PD showed increased expression of Gαolf pro‐
teins [136] and the effect was also observed in hemiparkinsonian rats, interesting the effect
was reverted by chronic but not acute L-DOPA treatment [134], which was also demonstrat‐
ed in either mild or severe dyskinetic rats after chronic L-DOPA treatment [52]. Recent stud‐
ies have shown a persistent increase in Gαolf expression in dyskinetic mice [59] however the
reason for this discrepancy is unknown and requires more study.

In next steps downstream the activation of D1 receptors induces the activity of adenylyl cy‐
clase isoform V by coupling of Gαolf protein, which in turn induces the production of a sec‐
ond messenger cAMP in striato-nigral neurons and PKA activation, supersensitivity of D1
receptors could be in these proteins. Since cAMP modulates firing rate and GABA release in
striatum and SNr [113-114] and stimulates the protein kinase activated by cAMP (PKA)
which in turn can produce several effects that are related with GABA release, a higher ex‐
pression/or activity of adenylyl cyclase, PKA and DARPP-32 signaling was related with LID
[54]. Consequent with the activation of D1 receptors Ras-mTOR-ERK induced altered
mRNA translation was found in the nucleus striatum [57-58, 67, 120, 137]. However other
studies have been suggested that ERK hypersensitivity is not related with cAMP/PKA sig‐
naling and this is a condition is needed for the development of LID, whereas hypersensitivi‐
ty of cAMP/PKA has a permissive role [59]. Recent studies suggested that Shp-2
phosphatase is the link between D1 receptor activation and ERK, and that is persistent acti‐
vated in LID [60]. Probably ERK supersentivity is related with control of the expression of
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proteins related with cAMP/PKA pathway supersensitivity. The activation of cAMP/PKA is
the mechanism that conduces to the increased GABA release in the striato-nigral terminals
of the direct pathway of basal ganglia since GABA release is highly sensitive to cAMP (Fig.
3) [114, 125] and the increased activity through the direct pathway is a necessary condition
to produce the involuntary movements.

Rangel-Barajas and coworkers (2011) [52] have shown that a persistent increase in activity
and expression of adenylyl cyclase V/VI occurs in LID animals without changes in activity
of PKA of striato-nigral terminals. This change on the adenylyl cyclase V/VI is correlated
with an increased GABA release in SNr in severe dyskinetic rats and did not happened in
mild dyskinesia. It was also suggested an increased phosphorylation of DARPP-32 in Thr34
found in denervation and LID, this change cannot been associated exclusively with higher
GABA release since not all GABA released in striatum by D1 receptor stimulation is related
with DARPP-32, inferred from DARPP-32 know-out mice studies [138] and it’s likely that
the increased activity of adenylyl cyclase V could mediate the phosphorylation and there‐
fore activation of DARPP-32 via PKA [139]. Thus a higher expression/activity of adenylyl cy‐
clase seems to have a central role in the LID. Probably several beneficial effects that helps in
experimental therapies to control LID can be related with antagonistic actions on adenylyl
cyclase for example, 5HT1A receptor activation, which modulates negatively AC by Gαi pro‐
teins reducing LID [96, 140], CB1 receptor also coupled to Gαi proteins decreased LID and
PKA activation [141] and finally mGlu4 receptors modify also LID [142]. According with a
recent study showed by single exon sequencing, that the only gene codifying for adenylyl
cyclase V was mutated in a familiar form of dyskinesia [143]. Further in vivo studies are
needed to targeting adenylyl cyclase V in LID, to asses if the therapeutic is plausible, since
adenylyl cyclase V has a wide distribution and also plays an important role in cardiac func‐
tion [144], anxiety modulated by D1 dopamine receptors [145] and depression [146]. This da‐
ta suggested that the indirect modulation of the activity of adenylyl cyclase could be
effective in LID.

In summary LID could represent an exaggerated supersitivity of D1 receptor response to the
denervation induced by L-DOPA treatment leading to a pulsatile and high GABA release on
striato-nigral terminals through the sensitization of adenylyl cyclase activity.

6. Role of D3 dopamine receptors in Parkinson's disease

The D3 dopamine receptors are expressed mostly in limbic system, islands of Calleja, olfacto‐
ry bulb, and the pituitary intermediate lobe, with a low but significant expression in basal
ganglia structures [147]. The amino acid sequence homology for the helical transmembrane
spanning (TMS) segments of the D2 and D3 dopamine receptor subtypes was found to be
75-80%. Since the TMS regions are involved in the construction of the orthosteric-binding
site, the pharmacologic profiles of D2 and D3 receptors are very similar [148-150]. Probably
that is the reason why in PD the role of D3 dopamine receptors were poorly studied. The
pharmacological approach to treat PD besides L-DOPA was because D2-like dopamine ago‐
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nist showed effectiveness to treat bradykinesia [151]. In the past two decades with advanced
pharmacological and molecular tools, the role of D3 dopamine receptors became a potential
field of study in PD and LID animal models.

With very good agreement is known that during denervation, the D2-like dopamine recep‐
tors are up-regulated in pallido-nigral neurons of the basal ganglia [20], then it was unclear
whether or not the D3 dopamine receptors subtype was participating in the supersentitivity
by dopamine denervation, however their low expression in striatum made focus the atten‐
tion in D2 dopamine receptors [152]. It was pointed out that in the basal ganglia, the segre‐
gation of the expression of D1-like and D2-like dopamine receptors in the direct and indirect
pathways respectively was not precisely accurate, but a relative low abundance of D3 recep‐
tors were expressed also in the direct pathway [23]. Probably disease conditions enhance
their expression, according with that; recently it has been shown that D3 dopamine receptors
are up-regulated in caudo-putamen and SNc in Lewy Body disease and Parkinson disease
Dementia [153].

Bordet and coworkers (1997)[7] showed that mRNA codifying to D3 dopamine receptors re‐
mains unchanged during dopamine denervation, but the L-DOPA treatment induces a re‐
markable increase in dynorphin positive striatal neurons, which project to the SNr where D3

dopamine receptors normally has moderate expression. Interesting the binding for D3 dopa‐
mine receptors was decreased in hemiparkinsonian rats [148,154] but up-regulated when an‐
imals were treated with L-DOPA [7]. Since then, the ectopic over-expression of D3 dopamine
receptors has been related with L-DOPA induced behavioral sensitization in hemiparkinso‐
nian rats [119], and several studies support the idea that D3 dopamine receptors can attenu‐
ate the LID by normalizing their function [8, 11, 120]. However the location of D3 receptor
sensitized by L-Dopa treatment is not clear. On the other hand D3 dopamine receptors inter‐
act with proteins and/or form heterodimers with other receptors that can change signal
pathways and responses, e.g. D2/D3, D1/D3 heterodimers [14-16]. Recently it has been shown
that the up-regulation of D2 dopamine receptors in denervated striatum is probably mediat‐
ed by D3 receptors through Ca2+ channels [155]. All these finding together shown that sever‐
al changes in D3 receptor expression and function can be related with Parkinson Disease and
L-DOPA treatment.

7. D1/D3 dopamine receptors interaction in LID like a novel therapeutic
target

D3 receptors are members of the D2-like receptors are coupled to Gαi proteins [106]. It has
been shown classical Gαi responses mediated by these receptors: inhibition of adenylyl cy‐
clase, blockade of Ca2+ channels, open of K+ channels etc [106]. However interaction with D1
receptors produces an antagonistic and synergistic response [14, 156]; that depends of the
nuclei studied. In the antagonist interactions, D3 receptors prevent D1 receptor stimulatory
effects by the inhibition of adenylyl cyclase stimulated by D1 receptor, an interaction ex‐
plained by cross-talk inhibition the AC activity. In the synergistic interaction D3 receptors
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potentiates D1 effects, and this interaction seems to be more complex and explained in terms
of heterodimerization, where D3 receptor induces an increased sensitivity of D1 receptor for
dopamine, potentiating cAMP formation and stabilizing them in the membrane (Fig. 3)
[15-16]. This synergistic interaction occurs at the striato-nigral pathway and it’s regulated by
CAMKIIα during neural activity [13-14].

D3 receptors have been associated with different elements of the basal ganglia. The mRNA
codifying for D3 receptors have been shown in dopaminergic neurons [147], subthalamo-
nigral neurons [30] and striato-nigral neurons [23]. In dopaminergic neurons D3 receptors
controls the firing rate and dopamine release [157] and has neurotrophic effects [158]; proba‐
bly the decreased expression in D3 receptors observed in dopaminergic denervation [148,
154] occurs by the degeneration of the dopaminergic neurons. Several studies have pointed
out the importance of these receptors in nigral neurogenesis [158], neuro-protection and re‐
pair in PD [160] and other cognitive conditions related to PD [153].

Figure 3. Synergistic and antagonistic interaction between D1 and D3 dopamine receptors in the striato-nigral neu‐
rons. Glu, glutamate; DA, dopamine; GPe, external globus pallidus; Sth, subthalamic nucleus, SNr, substantia nigra
pars reticulata, GPi, internal globus pallidus; ACV, adenylyl cyclase V; PKA, protein kinase activated by cAMP.

In subthalamo-nigral neurons D3 receptors are probably controlling the firing rate and gluta‐
mate release that have been attributed to members of the D2-like receptor family [31-32].
Since during denervation subthalamic neurons shown high activity rates and contribute to
hypomotility, the D2-like agonist used in the control of Parkinson disease like pramipexole
or ropirinole are able to decrease neuronal firing or glutamate release leading a clinical im‐
prove of symptoms. Interesting these D3-preferring agonists decrease the dyskinesia.

As we mention D3 receptors interact with D1 receptors at striato-nigral neurons. The syner‐
gistic interaction has been shown in striatum [15-16] and substantia nigra on nerve terminals
[14]. In the interaction D3 receptors increases D1 receptor affinity for dopamine, increasing
cAMP formation and GABA release in striato-nigral terminals, this effect is very important
since the higher release of GABA seems to mediate LID. Co-precipitation in native tissue
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and studies using transferred energy like FRET and BRET in heterologous expression sys‐
tem indicate that the heterodimerization is the cause for the observed effects [13-16].

The D1/D3 dopamine receptors interaction is important in dopaminergic denervation and L-
DOPA treatment? The expression of D3 receptors in the striato-nigral and subthalamo-nigral
neurons leads the speculation that D3 receptors are involved in the motor control by poten‐
tiation of GABA release stimulated by D1 receptors and inhibition of glutamate release lead‐
ing to a decreased activity of the output neurons and increased activation of motor cortex.
These effects are expected occur by the administration of L-DOPA and explain their power‐
ful therapeutic effect; however the role of D3 receptors in subthalamo nigral and D1/D3 inter‐
action at striato-nigral neurons during denervation and L-DOPA treatment is unknown.
However behavioral experiments suggested that D3 dopamine receptor agonists potentiate
the D1 receptor-induced rotation in hemiparkinsonian rats only after L-DOPA treatment
[161] suggesting that the D1/D3 interaction persist.

Chronic L-DOPA therapy sensitizes D3 receptor expression, which has been related with
LID development and the therapeutic management was experimentally evaluated. Two cur‐
rent opinions are in literature, one proposed that the normalizing D3 function decreases LID
with partial agonists [8, 12], another one propose that antagonist also are able to do that
[10-11] while other suggested that antagonist does not modify LID [9].

The mechanisms through D3 dopamine receptors selective compounds can help to LID is
still unclear, but recent studies have suggested that it could be due to a modulation of D1
dopamine receptors or direct actions on D3 receptors. Albarran and coworkers [162] report‐
ed that activation of D3 receptors in hemiparkinsonian dyskinetic rats prevents the D1 dopa‐
mine receptor stimulation of GABA release at striato-nigral terminals and the effect is
mediated by an antagonist interaction between the receptors explained by a cross-talk as
previously described [156]. This change in the D1/D3 relationship observed in dyskinesia
with respect normal conditions could explain why D3 receptor agonist prevents dyskinesia
in L-DOPA treatment models, antagonizing adenylyl cyclase stimulated by D1 receptors
and in consequence GABA release. This observation also suggested that the maintenance of
the dyskinesia is due to the sensitization of the D1 receptor signaling pathway in the direct
pathway that has been related with the LIDs [52]. If the heterodimeric interaction between
D1 and D3 receptor is modified by L-DOPA remains unclear and more studies are needed to
clarify it. The effect of antagonist in LID need to be also clarified since current basal ganglia
models does not predict the effect observed, also the wide expression of D3 receptors in oth‐
er brain areas can contribute to the observed effect. However all the studies suggest that the
use of D3 receptors ligands on LID is promising.

8. Conclusion

The D1 dopamine receptors supersensitivity in striato-nigral neurons are closely related
with LID with a central role of adenylyl cyclase, co-expression of D3 receptors with D1 re‐
ceptors and the modifications of their interaction during experimental Parkinson and LID
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suggested a promissory therapeutical alternative in the management of motor disabilities re‐
lated with L-DOPA administration.

Acknowledgements

The work was supported by a grant (152326) from CONACyT (México) to BF.

Author details

Sacnité Albarran Bravo1, Claudia Rangel-Barajas2 and Benjamín Florán Garduño1

1 Departamento de Fisiología, Biofísica y Neurociencias. Centro de Investigación y de Estu‐
dios Avanzados del Instituto Politécnico Nacional, Mexico

2 Department of Pharmacology & Neuroscience. University of North Texas Health Science
Center, Fort Worth, USA

References

[1] Cotzias GC, Papavasiliou PS, Gellene R. L-dopa in parkinson's syndrome. N Engl J
Med. 1969. p. 272.

[2] Yahr MD, Duvoisin RC. Medical therapy of Parkinsonism. Mod Treat. 1968. p.
283-300.

[3] Penney J, Young A. Speculations on the functional anatomy of basal ganglia disor‐
ders. Annual review of neuroscience. 1982. p. 73–94.

[4] Albin R, Young A, Penney J. The functional anatomy of basal ganglia disorders.
Trends in neurosciences. 1989. p. 366–75.

[5] Obeso J, Rodríguez-Oroz M, Rodríguez M, Lanciego J, Artieda J, Gonzalo N, et al.
Pathophysiology of the basal ganglia in Parkinson’s disease. Trends in neurosciences.
2000. p. S8–19.

[6] Barroso-Chinea P, Bezard E. Basal Ganglia circuits underlying the pathophysiology
of levodopa-induced dyskinesia. Frontiers in neuroanatomy. 2009.

[7] Bordet R, Ridray S, Carboni S, Diaz J, Sokoloff P, Schwartz J. Induction of dopamine
D3 receptor expression as a mechanism of behavioral sensitization to levodopa. Pro‐
ceedings of the National Academy of Sciences of the United States of America. 1997.
p. 3363–7.

Pathophysiology of L-Dopa Induced Dyskinesia — Changes in D1/D3 Receptors and Their Signaling Pathway
http://dx.doi.org/10.5772/57102

133



[8] Bézard E, Ferry S, Mach U, Stark H, Leriche L, Boraud T, et al. Attenuation of levodo‐
pa-induced dyskinesia by normalizing dopamine D3 receptor function. Nature medi‐
cine. 2003. p. 762–7.

[9] Mela F, Millan M, Brocco M, Morari M. The selective D(3) receptor antagonist,
S33084, improves parkinsonian-like motor dysfunction but does not affect L-DOPA-
induced dyskinesia in 6-hydroxydopamine hemi-lesioned rats. Neuropharmacology.
2010. p. 528–36.

[10] Kumar R, Riddle L, Griffin S, Chu W, Vangveravong S, Neisewander J, et al. Evalua‐
tion of D2 and D3 dopamine receptor selective compounds on L-dopa-dependent ab‐
normal involuntary movements in rats. Neuropharmacology. 2009. p. 956–69.

[11] Kumar R, Riddle L, Griffin S, Grundt P, Newman A, Luedtke R. Evaluation of the D3
dopamine receptor selective antagonist PG01037 on L-dopa-dependent abnormal in‐
voluntary movements in rats. Neuropharmacology. 2009. p. 944–55.

[12] Riddle L, Kumar R, Griffin S, Grundt P, Newman A, Luedtke R. Evaluation of the D3
dopamine receptor selective agonist/partial agonist PG01042 on L-dopa dependent
animal involuntary movements in rats.Neuropharmacology. 2010. p. 284–94.

[13] Avalos-Fuentes A, Loya-López S, Flores-Pérez A, Recillas-Morales S, Cortés H, Paz-
Bermúdez F, et al. Presynaptic CaMKIIα modulates dopamine D3 receptor activation
in striatonigral terminals of the rat brain in a Ca2+ dependent manner. Neurophar‐
macology. 2013. p. 273–81.

[14] Cruz-Trujillo R, Avalos-Fuentes A, Rangel-Barajas C, Paz-Bermúdez F, Sierra A, Es‐
cartín-Perez E, et al. D3 dopamine receptors interact with dopamine D1 but not D4
receptors in the GABAergic terminals of the SNr of the rat. Neuropharmacology.
2013. p. 370–8.

[15] Fiorentini C, Busi C, Gorruso E, Gotti C, Spano P, Missale C. Reciprocal regulation of
dopamine D1 and D3 receptor function and trafficking by heterodimerization. Mo‐
lecular pharmacology. 2008. p. 59–69.

[16] Marcellino D, Ferré S, Casadó V, Cortés A, Le Foll B, Mazzola C, et al. Identification
of dopamine D1-D3 receptor heteromers. Indications for a role of synergistic D1-D3
receptor interactions in the striatum. The Journal of biological chemistry. 2008. p.
26016–25.

[17] Alexander GE, Crutcher MD.Functional architecture of basal ganglia circuits: neural
substrates of parallel processing. Trends Neurosci. 1990. p. 266-71.

[18] Prensa L, Cossette M, Parent A. Dopaminergic innervation of human basal ganglia.
Journal of chemical neuroanatomy. 2000. p. 207–13.

[19] Floran, B., Aceves, J., Sierra, A. & Martinez-Fong, D. Activation of D1 dopamine re‐
ceptors stimulates the release of GABA in the basal ganglia of the rat. Neurosci Lett.
1990. p. 136-40.

A Synopsis of Parkinson's Disease134



[20] Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma FJ Jr, Sibley DR. D1
and D2 dopamine receptor-regulated gene expression of striatonigral and striatopal‐
lidal neurons. Science. 1990. p. 1429-32.

[21] Hernández-López S, Bargas J, Surmeier DJ, Reyes A, Galarraga E. D1 receptor activa‐
tion enhances evoked discharge in neostriatal medium spiny neurons by modulating
an L-type Ca2+ conductance. J Neurosci. 1997. p. 3334-42.

[22] Radnikow G, Misgeld U. Dopamine D1 receptors facilitate GABAA synaptic currents
in the rat substantia nigra pars reticulata. J Neurosci. 1998. p. 2009-16.

[23] Surmeier D, Bargas J, Hemmings H, Nairn A, Greengard P. Modulation of calcium
currents by a D1 dopaminergic protein kinase/phosphatase cascade in rat neostriatal
neurons. Neuron. 1995. p. 385–97.

[24] Hernandez-Lopez S, Tkatch T, Perez-Garci E, Galarraga E, Bargas J, Hamm H, et al.
D2 dopamine receptors in striatal medium spiny neurons reduce L-type Ca2+ cur‐
rents and excitability via a novel PLC[beta]1-IP3-calcineurin-signaling cascade. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2000. p.
8987–95.

[25] Floran B, Floran L, Sierra A, Aceves J. D2 receptor-mediated inhibition of GABA re‐
lease by endogenous dopamine in the rat globus pallidus. Neuroscience letters. 1997.
p. 1–4

[26] Cooper A, Stanford I. Dopamine D2 receptor mediated presynaptic inhibition of
striatopallidal GABA(A) IPSCs in vitro. Neuropharmacology. 2001. p. 62–71.

[27] Ariano M, Wang J, Noblett K, Larson E, Sibley D. Cellular distribution of the rat D4
dopamine receptor protein in the CNS using anti-receptor antisera. Brain research.
1997. p. 26–34.

[28] Acosta-García J, Hernández-Chan N, Paz-Bermúdez F, Sierra A, Erlij D, Aceves J, et
al. D4 and D1 dopamine receptors modulate [3H]GABA release in the substantia ni‐
gra pars reticulata of the rat. Neuropharmacology. 2009. p. 725-730.

[29] Gasca-Martinez D, Hernandez A, Sierra A, Valdiosera R, Anaya-Martinez V, Floran
B, Erlij D, Aceves J. Dopamine inhibits GABA transmission from the globus pallidus
to the thalamic reticular nucleus via presynaptic D4 receptors. Neuroscience. 2010. p.
1672-1681.

[30] Flores G, Liang J, Sierra A, Martínez-Fong D, Quirion R, Aceves J, et al. Expression of
dopamine receptors in the subthalamic nucleus of the rat: characterization using re‐
verse transcriptase-polymerase chain reaction and autoradiography. Neuroscience.
1998. p. 549–56.

[31] Ibañez-Sandoval O, Hernández A, Florán B, Galarraga E, Tapia D, Valdiosera R, et al.
Control of the subthalamic innervation of substantia nigra pars reticulata by D1 and
D2 dopamine receptors. Journal of neurophysiology. 2006. p. 1800–11.

Pathophysiology of L-Dopa Induced Dyskinesia — Changes in D1/D3 Receptors and Their Signaling Pathway
http://dx.doi.org/10.5772/57102

135



[32] Shen K-Z, Johnson S. Regulation of polysynaptic subthalamonigral transmission by
D2, D3 and D4 dopamine receptors in rat brain slices. The Journal of physiology.
2012. p. 2273–84.

[33] Anderson E, Nutt J. The long-duration response to levodopa: phenomenology, po‐
tential mechanisms and clinical implications. Parkinsonism & related disorders. 2011.
p. 587–92.

[34] Lopez A, Muñoz A, Guerra M, Labandeira-Garcia J. Mechanisms of the effects of
exogenous levodopa on the dopamine-denervated striatum. Neuroscience. 2000. p.
639–51.

[35] Tanaka H, Kannari K, Maeda T, Tomiyama M, Suda T, Matsunaga M. Role of seroto‐
nergic neurons in L-DOPA-derived extracellular dopamine in the striatum of 6-OH‐
DA-lesioned rats. Neuroreport. 1999. p. 631–4.

[36] Navailles S, Bioulac B, Gross C, De Deurwaerdère P. Serotonergic neurons mediate
ectopic release of dopamine induced by L-DOPA in a rat model of Parkinson’s dis‐
ease. Neurobiology of disease. 2010. p. 136–43.

[37] Misu Y, Goshima Y, Ueda H, Okamura H. Neurobiology of L-DOPAergic systems.
Progress in neurobiology. 1996. p. 415–54.

[38] Silva I, Cortes H, Escartín E, Rangel C, Florán L, Erlij D, et al. L-DOPA inhibits depo‐
larization-induced [3H]GABA release in the dopamine-denervated globus pallidus of
the rat: the effect is dopamine independent and mediated by D2-like receptors. Jour‐
nal of neural transmission. 2006. p. 1847–53.

[39] Yue J, Nakamura S, Ueda H, Misu Y. Endogenously released L-dopa itself tonically
functions to potentiate postsynaptic D2 receptor-mediated locomotor activities of
conscious rats. Neuroscience letters. 1994. p. 107–10.

[40] Nakamura S, Yue J, Goshima Y, Miyamae… T. Non-effective dose of exogenously
applied l-DOPA itself stereoselectively potentiates postsynaptic D2 receptor-mediat‐
ed locomotor activities of … 1994.

[41] Nakazato T, Akiyama A. Behavioral activity and stereotypy in rats induced by L-
DOPA metabolites: a possible role in the adverse effects of chronic L-DOPA treat‐
ment of Parkinson’s disease. Brain research. 2002. p. 134–42.

[42] Alachkar A, Brotchie J, Jones O. Locomotor response to L-DOPA in reserpine-treated
rats following central inhibition of aromatic L-amino acid decarboxylase: further evi‐
dence for non-dopaminergic actions of L-DOPA and its metabolites. Neuroscience
research. 2010. p. 44–50.

[43] Fisher A, Biggs C, Eradiri O, Starr M. Dual effects of L-3,4-dihydroxyphenylalanine
on aromatic L-amino acid decarboxylase, dopamine release and motor stimulation in
the reserpine-treated rat: evidence that behaviour is dopamine independent. Neuro‐
science. 1999. p. 97–111.

A Synopsis of Parkinson's Disease136



[44] Mercuri N, Bernardi G. The “magic” of L-dopa: why is it the gold standard Parkin‐
son’s disease therapy? Trends in pharmacological sciences. 2005. p. 341–4.

[45] Nadjar A, Gerfen C, Bezard E. Priming for l-dopa-induced dyskinesia in Parkinson’s
disease: a feature inherent to the treatment or the disease? Progress in neurobiology.
2009. p. 1–9.

[46] Müller T, Woitalla D, Russ H, Hock K, Haeger D. Prevalence and treatment strategies
of dyskinesia in patients with Parkinson’s disease. Journal of neural transmission.
2006. p. 1023–6.

[47] Sharma J, Bachmann C, Linazasoro G. Classifying risk factors for dyskinesia in Par‐
kinson’s disease. Parkinsonism & related disorders. 2010. p. 490–7

[48] Cerasa A, Salsone M, Morelli M, Pugliese P, Arabia G, Gioia C, et al. Age at onset
influences neurodegenerative processes underlying PD with levodopa-induced dys‐
kinesias. Parkinsonism & related disorders. 2013.

[49] Guridi J, González-Redondo R, Obeso J. Clinical features, pathophysiology, and
treatment of levodopa-induced dyskinesias in Parkinson’s disease. Parkinson’s dis‐
ease. 2011. p. 943159.

[50] Iderberg H, Francardo V, Pioli E. Animal models of L-DOPA-induced dyskinesia: an
update on the current options. Neuroscience. 2012. p. 13–27.

[51] Johnston T, Lane E. Experimental Models of l-DOPA-Induced Dyskinesia. Interna‐
tional review of neurobiology. 2010. p. 55–93.

[52] Rangel-Barajas C, Silva I, Lopéz-Santiago L, Aceves J, Erlij D, Florán B. L-DOPA-in‐
duced dyskinesia in hemiparkinsonian rats is associated with up-regulation of ade‐
nylyl cyclase type V/VI and increased GABA release in the substantia nigra
reticulata. Neurobiology of disease. 2010. p. 51–61.

[53] Buck K, Ferger B. Intrastriatal inhibition of aromatic amino acid decarboxylase pre‐
vents l-DOPA-induced dyskinesia: a bilateral reverse in vivo microdialysis study in
6-hydroxydopamine lesioned rats. Neurobiology of disease. 2008. p. 210–20.

[54] Napolitano M, Centonze D, Calce A, Picconi B, Spiezia S, Gulino A, et al. Experimen‐
tal parkinsonism modulates multiple genes involved in the transduction of dopami‐
nergic signals in the striatum. Neurobiology of disease. 2002. p. 387–95.

[55] Cenci M, Lee C, Björklund A. L-DOPA-induced dyskinesia in the rat is associated
with striatal overexpression of prodynorphin- and glutamic acid decarboxylase
mRNA. The European journal of neuroscience. 1998. p. 2694–706.

[56] Aubert I, Guigoni C, Håkansson K, Li Q, Dovero S, Barthe N, et al. Increased D1 dop‐
amine receptor signaling in levodopa-induced dyskinesia. Annals of neurology. 2004.
p. 17–26.

[57] Santini E, Valjent E, Usiello A, Carta M, Borgkvist A, Girault J-A, et al. Critical in‐
volvement of cAMP/DARPP-32 and extracellular signal-regulated protein kinase sig‐

Pathophysiology of L-Dopa Induced Dyskinesia — Changes in D1/D3 Receptors and Their Signaling Pathway
http://dx.doi.org/10.5772/57102

137



naling in L-DOPA-induced dyskinesia. The Journal of neuroscience: the official
journal of the Society for Neuroscience. 2007. p. 6995–7005.

[58] Lebel M, Chagniel L, Bureau G, Cyr M. Striatal inhibition of PKA prevents levodopa-
induced behavioural and molecular changes in the hemiparkinsonian rat. Neurobiol‐
ogy of disease. 2010. p. 59–67.

[59] Alcacer C, Santini E, Valjent E, Gaven F, Girault J-A, Hervé D. Gα(olf) mutation al‐
lows parsing the role of cAMP-dependent and extracellular signal-regulated kinase-
dependent signaling in L-3,4-dihydroxyphenylalanine-induced dyskinesia. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2012. p.
5900–10.

[60] Fiorentini C, Savoia P, Savoldi D, Barbon A, Missale C. Persistent activation of the
D1R/Shp-2/Erk1/2 pathway in l-DOPA-induced dyskinesia in the 6-hydroxy-dopa‐
mine rat model of Parkinson’s disease. Neurobiology of disease. 2013. p. 339–48.

[61] Pavón N, Martín A, Mendialdua A, Moratalla R. ERK phosphorylation and FosB ex‐
pression are associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice.
Biological psychiatry. 2005. p. 64–74.

[62] Valastro B, Andersson M, Lindgren H, Cenci M. Expression pattern of JunD after
acute or chronic L-DOPA treatment: comparison with deltaFosB. Neuroscience. 2007.
p. 198–207.

[63] Berton O, Guigoni C, Li Q, Bioulac B, Aubert I, Gross C, et al. Striatal overexpression
of DeltaJunD resets L-DOPA-induced dyskinesia in a primate model of Parkinson
disease. Biological psychiatry. 2009. p. 554–61.

[64] Cao X, Yasuda T, Uthayathas S, Watts R, Mouradian M, Mochizuki H, et al. Striatal
overexpression of DeltaFosB reproduces chronic levodopa-induced involuntary
movements. The Journal of neuroscience. 2010. p. 7335–43.

[65] Carta A, Frau L, Pinna A, Morelli M. Dyskinetic potential of dopamine agonists is as‐
sociated with different striatonigral/striatopallidal zif-268 expression. Experimental
neurology. 2010. p. 395–402.

[66] Darmopil S, Martín A, De Diego I, Ares S, Moratalla R. Genetic inactivation of dopa‐
mine D1 but not D2 receptors inhibits L-DOPA-induced dyskinesia and histone acti‐
vation. Biological psychiatry. 2009. p. 603–13.

[67] Santini E, Heiman M, Greengard P, Valjet E, Fisone, G. Inhibition of mTOR signaling
in Parkinson´s disease prevents L-DOPA-induced dyskinesia. Neuroscience. 2009.

[68] Mela F, Marti M, Bido S, Cenci M, Morari M. In vivo evidence for a differential con‐
tribution of striatal and nigral D1 and D2 receptors to L-DOPA induced dyskinesia
and the accompanying surge of nigral amino acid levels. Neurobiology of disease.
2011. p. 573–82.

A Synopsis of Parkinson's Disease138



[69] Kovoor A, Seyffarth P, Ebert J, Barghshoon S, Chen C-K, Schwarz S, et al. D2 dopa‐
mine receptors colocalize regulator of G-protein signaling 9-2 (RGS9-2) via the RGS9
DEP domain, and RGS9 knock-out mice develop dyskinesias associated with dopa‐
mine pathways. The Journal of neuroscience. 2005. p. 2157–65.

[70] Gold S, Hoang C, Potts B, Porras G, Pioli E, Kim K, et al. RGS9-2 negatively modu‐
lates L-3,4-dihydroxyphenylalanine-induced dyskinesia in experimental Parkinson’s
disease. The Journal of neuroscience. 2007. p. 14338–48.

[71] Yin L-L, Geng X-C, Zhu X-Z. The involvement of RGS9 in l-3,4-dihydroxyphenylala‐
nine-induced dyskinesias in unilateral 6-OHDA lesion rat model. Brain research bul‐
letin. 2011. p. 367–72.

[72] Blanchet PJ, Boucher R, Bédard PJ. Excitotoxic lateral pallidotomy does not relieve L-
dopa-induced dyskinesia in MPTP parkinsonian monkeys. Brain Res. 1994. p. 32-9.

[73] Taylor J, Bishop C, Walker P. Dopamine D1 and D2 receptor contributions to L-
DOPA-induced dyskinesia in the dopamine-depleted rat. Pharmacology, biochemis‐
try, and behavior. 2005. p. 887–93.

[74] Li L, Zhou F-M. Parallel dopamine D1 receptor activity dependence of l-Dopa-in‐
duced normal movement and dyskinesia in mice. Neuroscience. 2013. p. 66–76.

[75] Suárez L, Solís O, Caramés J, Taravini I, Solís J, Murer M, et al. L-DOPA Treatment
Selectively Restores Spine Density in Dopamine Receptor D2-Expressing Projection
Neurons in Dyskinetic Mice. Biological psychiatry. 2013.

[76] Calon F, Dridi M, Hornykiewicz O, Bédard P, Rajput A, Di Paolo T. Increased adeno‐
sine A2A receptors in the brain of Parkinson’s disease patients with dyskinesias.
Brain. 2004. p. 1075–84.

[77] Antonelli T, Fuxe K, Agnati L, Mazzoni E, Tanganelli S, Tomasini M, et al. Experi‐
mental studies and theoretical aspects on A2A/D2 receptor interactions in a model of
Parkinson’s disease. Relevance for L-dopa induced dyskinesias. Journal of the neuro‐
logical sciences. 2006. p. 16–22.

[78] Jenner P. Molecular mechanisms of L-DOPA-induced dyskinesia. Nature reviews.
Neuroscience. 2008. p. 665–77.

[79] Arai A, Kannari K, Shen H, Maeda T, Suda T, Matsunaga M. Amantadine increases
L-DOPA-derived extracellular dopamine in the striatum of 6-hydroxydopamine-le‐
sioned rats. Brain research. 2003. p. 229–34.

[80] Dunah A, Standaert D. Dopamine D1 receptor-dependent trafficking of striatal
NMDA glutamate receptors to the postsynaptic membrane. The Journal of neuro‐
science: the official journal of the Society for Neuroscience. 2001. p. 5546–58.

Pathophysiology of L-Dopa Induced Dyskinesia — Changes in D1/D3 Receptors and Their Signaling Pathway
http://dx.doi.org/10.5772/57102

139



[81] Gardoni F, Picconi B, Ghiglieri V, Polli F, Bagetta V, Bernardi G, et al. A critical inter‐
action between NR2B and MAGUK in L-DOPA induced dyskinesia. The Journal of
neuroscience. 2006. p. 2914–22.

[82] Blank T, Nijholt I, Teichert U, Kügler… H. The phosphoprotein DARPP-32 mediates
cAMP-dependent potentiation of striatal N-methyl-D-aspartate responses 1997.

[83] Flores-Hernandez J, Hernandez S, Snyder G, Yan Z, Fienberg A, Moss S, et al. D(1)
dopamine receptor activation reduces GABA(A) receptor currents in neostriatal neu‐
rons through a PKA/DARPP-32/PP1 signaling cascade. Journal of neurophysiology.
2000. p. 2996–3004.

[84] Lee F, Liu F. Direct interactions between NMDA and D1 receptors: a tale of tails. Bio‐
chemical Society transactions. 2004. p. 1032–6.

[85] Oh J, Russell D, Vaughan C, Chase T, Russell D. Enhanced tyrosine phosphorylation
of striatal NMDA receptor subunits: effect of dopaminergic denervation and L-
DOPA administration. Brain research. 1998. p. 150–9.

[86] Picconi B, Centonze D, Håkansson K, Bernardi G, Greengard P, Fisone G, et al. Loss
of bidirectional striatal synaptic plasticity in L-DOPA-induced dyskinesia. Nature
neuroscience. 2003. p. 501–6.

[87] Nash J, Johnston T, Collingridge G, Garner C, Brotchie J. Subcellular redistribution of
the synapse-associated proteins PSD-95 and SAP97 in animal models of Parkinson’s
disease and L-DOPA-induced dyskinesia. FASEB journal: official publication of the
Federation of American Societies for Experimental Biology. 2005. p. 583–5.

[88] Gardoni F, Picconi B, Ghiglieri V, Polli F, Bagetta V, Bernardi G, et al. A critical inter‐
action between NR2B and MAGUK in L-DOPA induced dyskinesia. The Journal of
neuroscience: the official journal of the Society for Neuroscience. 2006. p. 2914–22

[89] Gardoni F. MAGUK proteins: new targets for pharmacological intervention in the
glutamatergic synapse.Eur J Pharmacol. 2008. p. 147-52.

[90] Fiorentini C, Busi C, Spano P, Missale C. Role of receptor heterodimers in the devel‐
opment of L-dopa-induced dyskinesias in the 6-hydroxydopamine rat model of Par‐
kinson’s disease. Parkinsonism & related disorders. 2007. p. S159–64.

[91] Prescott I, Dostrovsky J, Moro E, Hodaie M, Lozano A, Hutchison W. Levodopa en‐
hances synaptic plasticity in the substantia nigra pars reticulata of Parkinson’s dis‐
ease patients. Brain: a journal of neurology. 2009. p. 309–18.

[92] Arai R, Karasawa N, Geffard M, Nagatsu T, Nagatsu I. Immunohistochemical evi‐
dence that central serotonin neurons produce dopamine from exogenous L-DOPA in
the rat, with reference to the involvement of aromatic L-amino acid decarboxylase.
Brain Res. 1994. p. 295-9.

[93] Yamada H, Aimi Y, Nagatsu I, Taki K, Kudo M, Arai R. Immunohistochemical detec‐
tion of L-DOPA-derived dopamine within serotonergic fibers in the striatum and the

A Synopsis of Parkinson's Disease140



substantia nigra pars reticulata in Parkinsonian model rats. Neuroscience research.
2007. p. 1–7

[94] Carta M, Carlsson T, Muñoz A, Kirik D, Björklund A. Involvement of the serotonin
system in L-dopa-induced dyskinesias. Parkinsonism & related disorders. 2007. p.
S154–8.

[95] Bishop C, George J, Buchta W, Goldenberg A, Mohamed M, Dickinson S, et al. Sero‐
tonin transporter inhibition attenuates l-DOPA-induced dyskinesia without compro‐
mising l-DOPA efficacy in hemi-parkinsonian rats. The European journal of
neuroscience. 2012. p. 2839–48.

[96] Dupre K, Eskow K, Barnum C, Bishop C. Striatal 5-HT1A receptor stimulation re‐
duces D1 receptor-induced dyskinesia and improves movement in the hemiparkin‐
sonian rat. Neuropharmacology. 2008. p. 1321–8.

[97] Brotchie J. Adjuncts to dopamine replacement: a pragmatic approach to reducing the
problem of dyskinesia in Parkinson’s disease. Movement disorders: official journal
of the Movement Disorder Society. 1998. p. 871–6.

[98] Henry B, Duty S, Fox S, Crossman A, Brotchie J. Increased striatal pre-proenkephalin
B expression is associated with dyskinesia in Parkinson’s disease. Experimental neu‐
rology. 2003. p. 458–68.

[99] Chen L, Togasaki D, Langston J, Di Monte D, Quik M. Enhanced striatal opioid re‐
ceptor-mediated G-protein activation in L-DOPA-treated dyskinetic monkeys. Neu‐
roscience. 2004. p. 409–20.

[100] Klintenberg R, Svenningsson P, Gunne L, Andrén PE. Naloxone reduces levodopa-
induced dyskinesias and apomorphine-induced rotations in primate models of par‐
kinsonism. J Neural Transm. 2002. p. 1295-307.

[101] Samadi P, Grégoire L, Bédard PJ. Opioid antagonists increase the dyskinetic response
to dopaminergic agents in parkinsonian monkeys: interaction between dopamine
and opioid systems. Neuropharmacology. 2003. p. 954-63.

[102] Billet F, Costentin J, Dourmap N. Influence of corticostriatal δ-opioid receptors on ab‐
normal involuntary movements induced by L-DOPA in hemiparkinsonian rats. Ex‐
perimental neurology. 2012. p. 339–50.

[103] Buck K, Ferger B. Comparison of intrastriatal administration of noradrenaline and l-
DOPA on dyskinetic movements: a bilateral reverse in vivo microdialysis study in 6-
hydroxydopamine-lesioned rats. Neuroscience. 2009. p. 16-20.

[104] Wang Q, Jolly JP, Surmeier JD, Mullah BM, Lidow MS, Bergson CM, Robishaw JD.
Differential dependence of the D1 and D5 dopamine receptors on the G protein gam‐
ma 7 subunit for activation of adenylylcyclase. J Biol Chem. 2001. p. 39386-93.

Pathophysiology of L-Dopa Induced Dyskinesia — Changes in D1/D3 Receptors and Their Signaling Pathway
http://dx.doi.org/10.5772/57102

141



[105] Undieh A. Pharmacology of signaling induced by dopamine D(1)-like receptor acti‐
vation. Pharmacology & therapeutics. 2010. p. 37–60.

[106] Neve KA, Seamans JK, Trantham-Davidson H. Dopamine Receptor Signaling. Jour‐
nal of Receptor and Signal Transduction Research. 2004. p. 165-205

[107] Zhuang X, Belluscio L, Hen R. G(olf)alpha mediates dopamine D1 receptor signal‐
ing.J Neurosci. 2000. p. RC91.

[108] Tesmer JJ, Sunahara RK, Gilman AG, Sprang SR. Crystal structure of the catalytic do‐
mains of adenylyl cyclase in a complex with Gsalpha.GTPgammaS. Science. 1997. p.
1907-16.

[109] Chen J, Rusnak M, Lombroso PJ, Sidhu A. Dopamine promotes striatal neuronal
apoptotic death via ERK signaling cascades. Eur J Neurosci. 2009. p. 287-306.

[110] Fuxe K, Ferré S, Zoli M, Agnati L. Integrated events in central dopamine transmis‐
sion as analyzed at multiple levels. Evidence for intramembrane adenosine A2A dop‐
amine D2… 1998.

[111] Yan Z, Surmeier D. D5 dopamine receptors enhance Zn2+-sensitive GABA(A) cur‐
rents in striatal cholinergic interneurons through a PKA/PP1 cascade. Neuron. 1997.
p. 1115–26.

[112] Perreault M, Hasbi A, O’Dowd B, George S. The dopamine d1-d2 receptor heteromer
in striatal medium spiny neurons: evidence for a third distinct neuronal pathway in
Basal Ganglia. Frontiers in neuroanatomy. 2010. p. 31.

[113] Arias-Montaño J-A, Floran B, Floran L, Aceves J, Young J. Dopamine D(1) receptor
facilitation of depolarization-induced release of gamma-amino-butyric acid in rat
striatum is mediated by the cAMP/PKA pathway and involves P/Q-type calcium
channels. Synapse (New York, N.Y.). 2007. p. 310–9.

[114] Nava-Asbell C, Paz-Bermudez F, Erlij D, Aceves J, Florán B. GABA(B) receptor acti‐
vation inhibits dopamine D1 receptor-mediated facilitation of [(3)H]GABA release in
substantia nigra pars reticulata. Neuropharmacology. 2007. p. 631-7.

[115] Surmeier D, Bargas J, Hemmings H, Nairn A, Greengard P. Modulation of calcium
currents by a D1 dopaminergic protein kinase/phosphatase cascade in rat neostriatal
neurons. Neuron. 1995. p. 385–97.

[116] Sánchez L, Recillas S, Caballero R, Sierra A, Erlij D, Aceves J, Floran B. Dopamine
modulates GABA release in striato-nigral, pallido-nigral and striato-pallidal termi‐
nals regulating L-type calcium chennels. Sc Neursc Abstr 470.01/GGG1. 2013.

[117] Blum D, Torch S, Lambeng N, Nissou M, Benabid AL, Sadoul R, Verna JM. Molecu‐
lar pathways involved in the neurotoxicity of 6-OHDA, dopamine and MPTP: contri‐
bution to the apoptotic theory in Parkinson's disease. Prog Neurobiol. 2001. p. 135-72.

A Synopsis of Parkinson's Disease142



[118] Blandini F, Armentero MT, Martignoni E. The 6-hydroxydopamine model: news
from the past. Parkinsonism Relat Disord. 2008. p. S124-9.

[119] Bordet R, Ridray S, Schwartz J, Sokoloff P. Involvement of the direct striatonigral
pathway in levodopa-induced sensitization in 6-hydroxydopamine-lesioned rats. The
European journal of neuroscience. 2000. p. 2117–23.

[120] Feyder M, Bonito-Oliva A, Fisone G. L-DOPA-Induced Dyskinesia and Abnormal
Signaling in Striatal Medium Spiny Neurons: Focus on Dopamine D1 Receptor-Medi‐
ated Transmission. Front Behav Neurosci. 2011. p. 71.

[121] Sivam SP. Dopamine dependent decrease in enkephalin and substance P levels in
basal ganglia regions of postmortem parkinsonian brains. Neuropeptides. 1991. p.
201-7.

[122] Berke JD, Paletzki RF, Aronson GJ, Hyman SE, Gerfen CR. A complex program of
striatal gene expression induced by dopaminergic stimulation. J Neurosci. 1998. p.
5301-10.

[123] Cai G, Wang HY, Friedman E. Increased dopamine receptor signaling and dopamine
receptor-G protein coupling in denervated striatum. J Pharmacol Exp Ther. 2002. p.
1105-12.

[124] Marshall JF, Navarrete R, Joyce JN. Decreased striatal D1 binding density following
mesotelencephalic 6-hydroxydopamine injections: an autoradiographic analysis.
Brain Res. 1989. p. 247-57.

[125] Rangel-Barajas C, Silva I, García-Ramírez M, Sánchez-Lemus E, Floran L, Aceves J, et
al. 6-OHDA-induced hemiparkinsonism and chronic L-DOPA treatment increase
dopamine D1-stimulated [(3)H]-GABA release and [(3)H]-cAMP production in sub‐
stantia nigra pars reticulata of the rat. Neuropharmacology. 2008. p. 704–11.

[126] Berthet A, Bezard E, Porras G, Fasano S, Barroso-Chinea P, Dehay B, et al. L-DOPA
impairs proteasome activity in parkinsonism through D1 dopamine receptor. The
Journal of neuroscience. 2012. p. 681–91.

[127] Gerfen CR, Miyachi S, Paletzki R, Brown P. D1 dopamine receptor supersensitivity in
the dopamine-depleted striatum results from a switch in the regulation of
ERK1/2/MAP kinase. J Neurosci. 2002. p. 5042-54.

[128] Ochi M, Shiozaki S, Kase H. L-DOPA-induced modulation of GABA and glutamate
release in substantia nigra pars reticulata in a rodent model of Parkinson's disease.
Synapse. 2004. p. 163-5.

[129] Yamamoto N, Pierce R, Soghomonian J-J. Subchronic administration of L-DOPA to
adult rats with a unilateral 6-hydroxydopamine lesion of dopamine neurons results
in a sensitization of enhanced GABA release in the substantia nigra, pars reticulata.
Brain research. 2006. p. 196–200.

Pathophysiology of L-Dopa Induced Dyskinesia — Changes in D1/D3 Receptors and Their Signaling Pathway
http://dx.doi.org/10.5772/57102

143



[130] St-Hilaire M, Landry E, Lévesque D, Rouillard C. Denervation and repeated L-DOPA
induce complex regulatory changes in neurochemical phenotypes of striatal neurons:
implication of a dopamine D1-dependent mechanism. Neurobiol Dis. 2005. p. 450-60.

[131] Bezard E, Brotchie JM, Gross CE. Pathophysiology of levodopa-induced dyskinesia:
potential for new therapies. Nat Rev Neurosci. 2001. p. 577-88.

[132] Katz J, Nielsen K, Soghomonian J-J. Comparative effects of acute or chronic adminis‐
tration of levodopa to 6-hydroxydopamine-lesioned rats on the expression of gluta‐
mic acid decarboxylase in the neostriatum and GABAA receptors subunits in the
substantia nigra, pars reticulata. Neuroscience. 2004. p. 833–42

[133] Mela F, Marti M, Dekundy A, Danysz W, Morari M, Cenci MA. Antagonism of me‐
tabotropic glutamate receptor type 5 attenuates l-DOPA-induced dyskinesia and its
molecular and neurochemical correlates in a rat model of Parkinson's disease. J Neu‐
rochem. 2007. p. 483-97.

[134] Carta AR, Fenu S, Pala P, Tronci E, Morelli M. Selective modifications in GAD67
mRNA levels in striatonigral and striatopallidal pathways correlate to dopamine ag‐
onist priming in 6-hydroxydopamine-lesioned rats. European Journal of Neuro‐
science. 2003. p. 2563-2572.

[135] Aceves J, Floran B, Garcia M. D1 Receptor Mediated Trophic Action of Dopamine on
the Synthesis of GABA at the Terminals of Striatal Projections. Advances in Behavio‐
ral Biology. 1994. p. 421-427.

[136] Corvol J-C, Muriel M-P, Valjent E, Féger J, Hanoun N, Girault J-A, et al. Persistent
increase in olfactory type G-protein alpha subunit levels may underlie D1 receptor
functional hypersensitivity in Parkinson disease. The Journal of neuroscience. 2004.
p. 7007–14

[137] Subramaniam S, Napolitano F, Mealer R, Kim S, Errico F, Barrow R, et al. Rhes, a
striatal-enriched small G protein, mediates mTOR signaling and L-DOPA-induced
dyskinesia. Nature neuroscience. 2012. p. 191–3.

[138] Fienberg AA, Hiroi N, Mermelstein PG, Song W, Snyder GL, Nishi A, Cheramy A,
O'Callaghan JP, Miller DB, Cole DG, Corbett R, Haile CN, Cooper DC, Onn SP, Grace
AA, Ouimet CC, White FJ, Hyman SE, Surmeier DJ, Girault J, Nestler EJ, Greengard
P. DARPP-32: regulator of the efficacy of dopaminergic neurotransmission. Science.
1998. p. 838-42.

[139] Nishi A, Kuroiwa M, Shuto T. Mechanisms for the modulation of dopamine d(1) re‐
ceptor signaling in striatal neurons. Frontiers in neuroanatomy. 2010. p. 43.

[140] Ba M, Kong M, Ma G, Yang H, Lu G, Chen S, et al. Cellular and behavioral effects of
5-HT1A receptor agonist 8-OH-DPAT in a rat model of levodopa-induced motor
complications. Brain research. 2007. p. 177–84.

A Synopsis of Parkinson's Disease144



[141] Martinez A, Macheda T, Morgese M, Trabace L, Giuffrida A. The cannabinoid ago‐
nist WIN55212-2 decreases L-DOPA-induced PKA activation and dyskinetic behav‐
ior in 6-OHDA-treated rats. Neuroscience research. 2012. p. 236–42.

[142] Bennouar K-E, Uberti M, Melon C, Bacolod M, Jimenez H, Cajina M, et al. Synergy
between L-DOPA and a novel positive allosteric modulator of metabotropic gluta‐
mate receptor 4: implications for Parkinson’s disease treatment and dyskinesia. Neu‐
ropharmacology. 2013. p. 158–69.

[143] Chen YZ, Matsushita MM, Robertson P, Rieder M, Girirajan S, Antonacci F, Lipe H,
Eichler EE, Nickerson DA, Bird TD, Raskind WH. Autosomal dominant familial dys‐
kinesia and facial myokymia: single exome sequencing identifies a mutation in ade‐
nylyl cyclase 5. Arch Neurol. 2012. p. 630-5.

[144] Vatner SF, Park M, Yan L, Lee GJ, Lai L, Iwatsubo K, Ishikawa Y, Pessin J, Vatner DE.
Adenylyl cyclase type 5 in cardiac disease, metabolism, and aging. Am J Physiol
Heart Circ Physiol. 2013. p. H1-8.

[145] Kim KS, Lee KW, Baek IS, Lim CM, Krishnan V, Lee JK, Nestler EJ, Han PL. Adenyl‐
yl cyclase-5 activity in the nucleus accumbens regulates anxiety-related behavior. J
Neurochem. 2008. p. 105-15.

[146] Krishnan V, Graham A, Mazei-Robison MS, Lagace DC, Kim KS, Birnbaum S, Eisch
AJ, Han PL, Storm DR, Zachariou V, Nestler EJ. Calcium-sensitive adenylyl cyclases
in depression and anxiety: behavioral and biochemical consequences of isoform tar‐
geting. Biol Psychiatry. 2008. p. 336-43.

[147] Levant B. Differential distribution of D3 dopamine receptors in the brains of several
mammalian species. Brain Res. 1998. p. 269-74.

[148] Sokoloff P, Giros B, Martres MP, Bouthenet ML, Schwartz JC. Molecular cloning and
characterization of a novel dopamine receptor (D3) as a target for neuroleptics. Na‐
ture. 1990. p. 146-51.

[149] Luedtke RR, Artymyshyn RP, Monks BR, Molinoff PB. Comparison of the expres‐
sion, transcription and genomic organization of D2 dopamine receptors in outbred
and inbred strains of rat. Brain Res. 1992. p. 45-54.

[150] Chio CL, Lajiness ME, Huff RM. Activation of heterologously expressed D3 dopa‐
mine receptors: comparison with D2 dopamine receptors. Mol Pharmacol. 1994. p.
51-60.

[151] Worth PF. How to treat Parkinson's disease in 2013. Clin Med. 2013. p. 93-6.

[152] Prieto G, Perez-Burgos A, Fiordelisio T, Salgado H, Galarraga E, Drucker-Colin R, et
al. Dopamine D(2)-class receptor supersensitivity as reflected in Ca2+ current modu‐
lation in neostriatal neurons. Neuroscience. 2009. p. 345–50.

Pathophysiology of L-Dopa Induced Dyskinesia — Changes in D1/D3 Receptors and Their Signaling Pathway
http://dx.doi.org/10.5772/57102

145



[153] Sun J, Cairns NJ, Perlmutter JS, Mach RH, Xu J. Regulation of dopamine D3 receptor
in the striatal regions and substantia nigra in diffuse Lewy body disease. Neuro‐
science. 2013. p. 112-126.

[154] Lévesque D, Martres MP, Diaz J, Griffon N, Lammers CH, Sokoloff P, Schwartz JC. A
paradoxical regulation of the dopamine D3 receptor expression suggests the involve‐
ment of an anterograde factor from dopamine neurons. Proc Natl Acad Sci U S A.
1995. p. 1719-23.

[155] Prieto G, Perez-Burgos A, Palomero-Rivero M, Galarraga E, Drucker-Colin R, Bargas
J. Upregulation of D2-class signaling in dopamine-denervated striatum is in part
mediated by D3 receptors acting on Ca V 2.1 channels via PIP2 depletion. Journal of
neurophysiology. 2011. p. 2260–74.

[156] Schwartz J, Diaz J, Bordet R, Griffon N, Perachon S, Pilon C, et al. Functional implica‐
tions of multiple dopamine receptor subtypes: the D1/D3 receptor coexistence. Brain
research. Brain research reviews. 1998. p. 236–42.

[157] Mercuri NB, Calabresi P, Bernardi G. The electrophysiological actions of dopamine
and dopaminergic drugs on neurons of the substantia nigra pars compacta and ven‐
tral tegmental area. Life Sci. 1992. p. 711-8.

[158] Du F, Li R, Huang Y, Li X, Le W. Dopamine D3 receptor-preferring agonists induce
neurotrophic effects on mesencephalic dopamine neurons. The European journal of
neuroscience. 2005. p. 2422–30.

[159] Van Kampen JM, Robertson HA. A possible role for dopamine D3 receptor stimula‐
tion in the induction of neurogenesis in the adult rat substantia nigra. Neuroscience.
2005. p. 381-6.

[160] Joyce JN, Millan MJ. Dopamine D3 receptor agonists for protection and repair in Par‐
kinson's disease. Curr Opin Pharmacol. 2007. p.100-5.

[161] Pilla M, Perachon S, Sautel F, Garrido F, Mann A, Wermuth CG, Schwartz JC, Everitt
BJ, Sokoloff P. Selective inhibition of cocaine-seeking behaviour by a partial dopa‐
mine D3 receptor agonist. Nature. 1999. p. 371-5.

[162] Albarrán S, Ávalos-Fuentes A, Paz-Bermúdez F, Erlij D, Aceves J, Floran B. Dopa‐
mine D3 receptor prevents D1 receptor stimulation of [3H] GABA release in substan‐
tia nigra pars reticulata of hemiparkinsonian dyskinetic rats. Soc Neursc Abstr
240.06/M7. 2013.

A Synopsis of Parkinson's Disease146


