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Abstract

The discovery of dopamine as a brain neurotransmitter by Arvid Carlsson and
colleagues about 50 years ago contributed to better understand some of the brain
diseases. Some of the drugs that are most widely used in neurologic and
psychiatry illnesses, such as levodopa and antipsychotic drugs, act on dopami-
nergic mechanism. The discovery that the motor impairments of Parkinson’s
disease patients improved after restoring the physiological levels of striatal
dopamine with levodopa attracted the attention of the neuroscience community
for the role of this neurotransmitter in motor and brain functions. In the last
decades, the knowledge has also been challenged by evidence that Parkinson’s
disease also affects cognitive and affective functions. Shortly after the introduc-
tion of levodopa as a therapy, a complex set of secondary phenomena such as
dyskinesia was observed following repeated administration of the dopamine
precursor. Information of dopaminergic cells and circuits has been enriched by
findings obtained with several and highly sensitive technology in cellular biology,
with sophisticated behavioral analyses of transgenic animals and functional
neuroimaging. The present chapter attempts to review results reported in different
clinical studies and animal models to provide a comprehensive picture of the role of
dopamine in Parkinson’s disease. Treatments have successfully been translated
from preclinical to pharmacotherapeutic arsenal increasing clinical settings.
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3-OMD 3-O-methyldopa
6-OHDA 6-hydroxydopamine

AIMs Abnormal involuntary movements

AS Alpha-synuclein

CNS Central nervous system

COMT Catechol-O-methyltransferase
DARPP-32 Dopamine- and cAMP-regulated phosphoprotein, Mr 32 kDa
DAT Dopamine transporter

DLB Dementia with Lewy body

DMV Dorsal motor nucleus of vagus

DYN Dynorphin

ENK Enkephalin

FS Fast spiking

GPCRs G protein-coupled receptors

GPe External segment of the globus pallidus

GPi Internal segment of the globus pallidus
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iLBP Incident Lewy body pathology
IrtZ Intermediate reticular zone
Lv. Intravenous
LB Lewy bodies
LC Locus coeruleus
L-DOPA L-3,4-dihydroxyphenylalanine
LN Lewy neurites
LTS Low-threshold spiking
MAO-B Monoamine oxidase-B
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MSN Medium spiny neuron
NPY Neuropeptide Y
PD Parkinson’s disease
PET Positive emission tomography
PV Parvalbumin
SN Substantia nigra
SNc Substantia nigra pars compacta
SNr Substantia nigra pars reticulata
SOM Somatostatin
Sp Substance P
SPECT Single-photon emission computed tomography
STN Subthalamic nucleus
TH Tyrosine hydroxylase
VMAT2 Vesicular monoamine transporter 2
VTA Ventral tegmental area
1 Introduction

At the beginning of the nineteenth century, when James Parkinson published the
book entitled “Essay on the Shaking Palsy” (Parkinson 2002), life expectation
was no longer than 45 years old. The “shaking palsy,” later named Parkinson’s
disease (PD) by Charcot, affects mainly aged people. Nowadays, the prevalence
of PD in industrialized countries is generally estimated at 0.3 % of the entire
population and about 1 % in people over 60 years of age (Nussbaum and Ellis
2003). Age disease incidence ranges from 110 to 330 per 100,000 individuals over
50 years old, and its incidence increases with increasing age throughout the life
span (Mayeux 2003). Now, in the beginning of the twenty-first century, life
expectancy is near 80 years old, and the incidence rate of PD increases to
400-500 individuals per 100,000 annually (Mayeux 2003). Therefore, there are
much more parkinsonian patients nowadays than two centuries ago, and with the
increasing age of the general population, the prevalence of PD will rise constantly
in the future.
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PD is characterized clinically by bradykinesia, rest tremor, muscle rigidity, and
postural reflex impairment. The discovery that the motor impairments of PD
patients improved after restoring the physiological levels of striatal dopamine
with levodopa attracted the attention of the neuroscience community for the
role of this neurotransmitter in motor functions (Olanow and Tatton 1999).
Since dopamine is the main modulator of the basal ganglia, their components
have long been seen as part of the motor system (Graybiel et al. 1994). In the last
decades, this view has been challenged by evidence that PD also affects cognitive
and affective functions (Dubois and Pillon 1997; Chaudhuri et al. 2006; Da Cunha
et al. 2009). In addition, dysfunction of dopamine neurotransmission has been
implicated in many other psychiatric and neurological diseases, such as attention
deficit hyperactivity disorder (ADHD), drug addiction, Tourette syndrome,
schizophrenia, and obsessive-compulsive syndrome. Furthermore, a growing
body of evidence has been accumulated supporting the view that some kinds of
cognitive processes, such as instrumental learning, decision-making, and other
executive functions, depend critically on the dopamine signaling (see Da Cunha
et al. 2009).

The present chapter attempts to review results reported in different clinical
studies and animal models to provide a comprehensive picture of the role of
dopamine signaling in PD.

2 Dopamine Neurotransmission System: Pathways,
Receptors, and Signaling

A detailed review of the history and neurobiology of the dopamine signaling is
beyond the scope of this chapter and can be found in very interesting reviews by
Hornykiewicz (2002), Iversen and Iversen (2007), and Fahn (2008). The neuro-
transmitter dopamine plays a crucial role in motor, motivational, and reward-
related functions of the central nervous system (CNS). Our understanding of
neuropsychiatric illnesses and the modern psychopharmacology was greatly
influenced by the discovery of dopamine as a neurotransmitter in the brain by
Arvid Carlsson and colleagues about 50 years ago. Some of the drugs that are most
widely used in the treatment of neurologic and psychiatry illnesses, such as
levodopa, methylphenidate, and antipsychotic drugs, act on dopaminergic mecha-
nisms. Therefore, dopamine neurotransmitter system has been one of the major and
fertile fields of behavioral neuroscience and its research culminated in the award of
the Nobel Prize in 2000 to three scientists, Carlsson, Greengard, and Kandel, for
their important contributions to this field.

Dopamine was the last catecholamine discovered, and Sir Henry Dale, in 1952,
suggested dopamine as the current name of 3,4-dihydroxyphenethylamine, also
known as 3-hydroxytyramine. Its biosynthesis begins with dietary amino acid
tyrosine actively transported into the brain. Tyrosine hydroxylase (TH), the rate-
limiting enzyme in catecholamine synthesis, is regulated by multiple mechanisms
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(Molinoff and Axelrod 1971). Rapid activation of TH activity occurs via its
phosphorylation by several protein kinases, including protein kinase A, Ca®*/
calmodulin-dependent protein kinase II, and protein kinase C. Possibly, its phos-
phorylation induces conformational change that results in a lower affinity of TH for
catecholamines that trigger end-product inhibition of this enzyme. The end result is
an increase of TH catalytic activity (Nestler et al. 2009). Several drugs can up- or
downregulate TH expression, and extracellular stimuli may induce longer-term
changes in TH activity through transcriptional regulation of its gene.

Dopamine is synthesized in the cytosol and transported into synaptic vesicles via
the vesicular monoamine transporter 2 (VMAT?2). From the synaptic vesicles,
dopamine is released in a quantal manner when a nerve impulse traveling down
the axon reaches the nerve terminal. Once in the synaptic cleft, dopamine can act on
both postsynaptic and presynaptic dopamine receptors. Dopamine could be metab-
olized to homovanillic acid (HVA); 3,4-dihydroxyphenylacetic acid (DOPAC) via
monoamine oxidase (MAQO), an enzyme considered to be mostly intraneuronal; and
3-methoxytyramine (3-MT) via catechol-O-methyltransferase (COMT), an enzyme
considered mostly extraneuronal. Entacapone and tolcapone are reversible COMT
inhibitors which have been approved for clinical use in patients with PD as adjuvant
to levodopa, significantly improving the clinical benefits of this therapy (Bonifacio
et al. 2007).

Dopamine signal ends by spontaneous amine diffusion, local enzymatic degra-
dation, and amine reuptake in the presynaptic neurons by dopamine transporter
(DAT) (Cragg and Rice 2004; Nestler et al. 2009; Eriksen et al. 2010). This
dopamine transporter seemingly play a key role in the dopamine transmission if
we consider the behavioral consequences of their inhibition with blocking agents
known to be powerful psychostimulants or drugs of abuse, as amphetamine or
cocaine (see Nestler et al. 2009; Fig. 1).

Due to their diverse anatomy and disparate functions, different populations of
dopamine neurons have been specifically implicated in a variety of neurological
disorders. Biochemical characterization of dopamine in the brain revealed two
families of dopamine receptors: D1-like receptors that also comprises D5 receptor
and are able to stimulate adenylyl cyclase and increase cAMP production and
D2-like receptors that comprises D3 and D4 receptors and are negatively coupled
to adenylyl cyclase activity and inhibit cAMP production. In mammals, all of
these receptors belong to the superfamily of GPCRs with seven transmembrane
domains. D1 family is coupled to stimulatory Gg or the related G, and the D2
family is coupled to inhibitory G;/G, (for review, see Herve and Girault 2005). D1
receptor activation stimulates the cAMP increase leading to the activation of
protein kinase that have a broad array of cellular targets, including transcription
factors, voltage-dependent ion channels, and glutamate receptors (Svenningsson
et al. 2004).

Dopaminergic neurons and pathways were first described using classical
histofluorescence techniques during the 1960s and 1970s (Carlsson et al. 1962).
Knowledge of dopaminergic cells and circuits has been enriched by findings
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Fig. 1 Dopamine synthesis, release, signaling, and reuptake and pharmacological approaches
currently available for Parkinson’s disease. Dopamine synthesis originates from the amino acid
tyrosine, which is converted to DOPA by the enzyme tyrosine hydroxylase (TH) (a rate-limiting
enzyme). Subsequently, DOPA is decarboxylated, by the enzyme L-aromatic amino acid decarbox-
ylase (DOPA decarboxylase), to form dopamine. L-dopa that is used in the Parkinson’s disease
treatment bypasses the rate-limiting enzymatic step and is decarboxylated by DOPA decarboxylase
to form dopamine. The most significant mechanism by which the synaptic actions of dopamine is
terminated is the reuptake into the nerve terminal via specific dopamine transporter (DAT) expressed
on the membrane of presynaptic terminal. Dopamine is also catabolized by the enzymes monoamine
oxidase (MAO) and catechol-O-methyltransferase (COMT). Possibly, MAO exists in mitochondria
within dopaminergic nerve terminals, on extracellular space, and also in glia proximate to dopamine
synapses. After its synthesis, dopamine acts on pre- and postsynaptic receptors from D1 or D2
dopamine receptor families, which, respectively, activates Gs protein and increases cAMP produc-
tion or Gi protein and decreases cCAMP production. Generally drugs including L.-DOPA, carbidopa,
amantadine, and COMT and MAO-B inhibitors revert temporarily the dopamine dysfunction caused
by dopaminergic neurodegeneration in the basal ganglia of Parkinson’s disease patients

obtained with several and highly-sensitive techniques, as immunohistochemistry
(mainly to dopamine essential synthetic enzyme TH), cellular biology, transgenic
mice or conditional mutants, functional anatomy, electrophysiological studies,
sophisticated behavioral analyses, and functional neuroimaging. Altogether, these
studies have also led to new concepts of healthy and pathological functions of
dopaminergic circuits at the molecular and more integrated levels (Bjorklund and
Dunnett 2007).

In the ventral mesencephalic tegmentum, dopaminergic cell bodies are very well
organized in the following groups: the substantia nigra pars compacta (SNc) (A9),
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Fig. 2 Rat brain sagittal view (adult, Wistar) of the tyrosine hydroxylase immunocytochemistry
showing the distribution of dopaminergic neurons. Abbreviations: aca anterior comm, anterior
part, AchC accumbens nucleus, core, AchSh accumbens nucleus, shell, cc corpus callosum, CPu
caudate putamen (striatum), LC locus coeruleus, LV lateral ventricle, MFB medial forebrain
bundle, RRF retrorubral field, SN substantia nigra, VTA ventral tegmental area

the ventral tegmental area (VTA-A10), and the retrorubral area (AS8) (Fig. 2).
Dahlstrom and Fuxe (1964) defined the nomenclature of dopaminergic system in
the rat midbrain: A8, A9 (substantia nigra), and A10 cell groups. The classification
is nonetheless widely used.

Ascending dopaminergic pathways in the mammalian CNS can be simplified
divided into three major systems. The two largest groups are located in the
midbrain: the nigrostriatal system that originates in the substantia nigra (A9) and
innervates predominantly the dorsal striatum and the mesocortical and mesolimbic
systems that arise from the VTA and project to the cortical or several limbic areas
(Bjorklund and Lindvall 1984; Krimer et al. 1997). The cell group of retrorubral
area that forms a dorsal and caudal extension of the VTA contains cells that project
to striatal, limbic, and cortical areas (Bentivoglio and Morelli 2005).

2.1 Nigrostriatal System

Since the first detailed studies of the SN by Cajal (1911), two main subdivisions
were recognized. The SNc is characterized by densely packed neurons, and the
substantia nigra pars reticulata (SNr) is marked by sparse dopaminergic cells,
enmeshed in dopaminergic dendrites (Fig. 3). Most of the properties of dopamine
neurotransmission in vivo are known from studies of the nigrostriatal dopamine
pathway extending from the SNc to the dorsal striatum through the median
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Fig. 3 Tyrosine hydroxylase immunocytochemistry of the regions of the human brain presenting
positive reaction in the substantia nigra compacta (a, b; SNc¢), reticulata (a SNr,), and the striatum
(c; caudate). Observe a high density of TH-positive neurons in the SNc, in contrast to sparse
distribution in the SNr. TH- positive neurons are detected in the human and non human -primate
striatum and and also in mice

forebrain bundle. Somato-dendritic release of dopamine in the SNc and axonal
dopamine release in the dorsal striatum are both necessary for the expression of
basal ganglia-mediated motor behaviors and various cognitive functions. In both rat
and monkey, the striatal dopamine innervation is derived not only from SNc but
also from cells located in the lateral VTA and retrorubral area. For this reason,
the term ‘“mesostriatal dopamine pathway” sometimes is used to include all
components of the midbrain dopamine system projecting to the striatum (Bjorklund
and Dunnett 2007).

The identification of cells of the SN as dopaminergic and of the dopaminergic
innervation of the striatum through the nigrostriatal tract is inseparably intertwined
with methodological achievements in experimental and chemical neuroanatomy in
the 1960s and 1970s. These discoveries were intrinsically correlated to the histo-
pathology of the midbrain dopaminergic system in PD in the 1960s (Bentivoglio
and Morelli 2005).
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2.2 Mesocortical and Mesolimbic Systems

Both of these systems connect the ventral tegmental dopamine cells (A8, A10) to
prefrontal and cingulate cortex or to nucleus accumbens, amygdaloid complex,
hippocampus, and piriform cortex. Ventral tegmental dopaminergic neurons play
a critical role in motivation, reward-related behavior, attention, and multiple forms
of memory (Nestler et al. 2009).

A third population of midbrain dopamine neurons resides in the retrorubral field
and projects primarily to the dorsal striatum and the pontomedullary reticular
formation; it is thought to play a role in orofacial movements. There are also
connections between the retrorubral field and SN/VTA dopamine neurons.
There are at least four groups of dopamine neurons in the hypothalamus that are
intimately involved in neuroendocrine, hormonal, and arousal processes. Finally,
there are populations of dopaminergic amacrine cells in the retina that contribute to
neural adaptation to light and also some dopamine cells in the olfactory bulb
(Nestler et al. 2009).

The striatum receives input from a number of regions, including the motor,
sensory, and frontal cortex, integrates this information under the modulatory influence
of dopamine, and uses this information to guide motor behavior. A cardinal feature of
the striatum — the main integrator of cortical and thalamic information reaching the
basal ganglia — is its dense dopamine innervation, which arises from the midbrain
nigrostriatal pathway. Nigrostriatal dopaminergic neurons form highly branched
networks within their striatal targets. The full extent of this arborization was elegantly
demonstrated by Matsuda and colleagues (2009). A single dopaminergic neuron
innervated up to 5.7 % of the neostriatum, while adjacent input dopaminergic neurons
showed high degrees of overlapping with targets. It was calculated that a single
postsynaptic medium spiny neuron (MSN) could be influenced by up to 194 dopa-
minergic inputs. As a result of this redundancy, clinical signs of PD only develop after
up to 70 % of SNc neurons are lost. Each striatal MSN receives input from several
thousand different cortical neurons on its spines. The input from each synapse is weak
and many inputs are needed to discharge the neuron (Rothwell 2011).

Anatomically, striatal cells fall into two main classes: (a) spiny projection
neurons and (b) aspiny interneurons. Spiny projection neurons, also known as
medium spiny neurons (MSNs), represent the vast majority of striatal neurons.
MSNs s receive glutamatergic inputs from cortex and thalamus that terminate pre-
dominantly on spines (Kemp and Powell 1971). In addition, they are a main target
of midbrain dopaminergic neuron axons that form synapses on MSN dendrites and
spine necks (Smith et al. 1994).

One of the major targets of this innervation is the principal neuron of the
striatum: GABAergic spiny projection neurons. Spiny projection neurons constitute
as much as 90 % of the striatal neuron population. They can be divided into
two approximately equally sized populations based on axonal projections.
One population — direct pathway spiny projection neurons — projects axons to
the nuclei at the interface between the basal ganglia and the rest of the brain,



762 R.D. Prediger et al.

whereas the other population, indirect pathway spiny projection neurons,
projects only indirectly to the interface nuclei. The dopamine D1 receptor is
expressed selectively by direct pathway spiny projection neurons. Also, direct
pathway spiny projection neurons express high levels of substance P (SP) and
dynorphin (DYN). The dopamine D2 receptor is expressed by indirect pathway
spiny projection neurons, which also express enkephalin (ENK). These two
G protein-coupled receptors (GPCRs) have distinctive intracellular signaling
cascades and targets, leading to fundamentally different cellular responses to
extracellular dopamine (see below).

There are four well-characterized classes of striatal interneuron: cholinergic
interneuron, parvalbumin-expressing GABAergic interneuron, calretinin-expressing
GABAergic interneuron, and neuropeptide Y (NPY)/nitric oxide-expressing
GABAergic interneuron (Tepper et al. 2008). Together, these interneurons constitute
5-10 % of all striatal neurons. One of them, the cholinergic interneuron, co expresses
dopamine D2 and D5 receptors (Bergson et al. 1995) and modulates both spiny
projection neurons populations through muscarinic receptors (Yan and Surmeier
1996). Two other prominent interneurons, the somatostatin (SOM)/NPY-expressing
GABAergic interneuron and the parvalbumin (PV) GABAergic interneuron, express
dopamine D5 receptors (Centonze et al. 2003). The PV interneuron is strongly
innervated by globus pallidus neurons that express dopamine D2 receptors
(Bevan et al. 1998), creating a microcircuit that is influenced by both dopamine
D1 and D2 receptors.

According to the classic model of basal ganglia function (see Fig. 4; DeLong
1990), movements occur during pauses in the tonic inhibitory activity of the basal
ganglia output interface, generated by activity in the direct pathway. This model
had its origins in neurophysiologic studies showing that corticostriatal activation of
the direct striatonigral pathway results in pauses of the tonic activity of GABAergic
neurons in the SNr (Chevalier et al. 1985). The opposing role of the indirect
pathway in suppressing movements was originally proposed on the basis of studies
in animal models of PD. Mink (2003) reviewed the classic model, proposing that
the activity of direct and indirect pathways is coordinated to select particular motor
programs and to inhibit competing motor programs. This model predicts that during
ongoing behavior, there will be increased activity in neuronal ensembles that are
part of direct and indirect pathway circuits, rather than one or the other. The
execution of a movement sequence would then generate a complex pattern of
activity in specific neuronal ensembles. Recent work using optogenetic or genetic
approaches supports the general tenets of the model (Hikida et al. 2010; Kravitz
et al. 2010). Although this model has proven to be of considerable clinical value, it
fails to account for the great diversity and complexity of the decision-making
process in action selection (Cisek and Kalaska 2010).

Dopamine acted by stimulating the MSNs of the direct and inhibiting those of
the indirect pathway (Albin et al. 1989; Gerfen et al. 1990; Gerfen and Surmeier
2011). These opposing effects were suggested to depend on the expression of
dopamine D1 receptors in the MSNs of the direct pathway and of dopamine D2
receptors in the MSNs of the indirect pathway. These receptors have distinctive
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Fig. 4 Overview of schematic representation of the main basal ganglia-thalamocortical circuits

(left). Normal status: the two output routes (“indirect” and “direct”) are in balance at the level of

the output structures (the GPi and the SNr) (right). Neurodegenerative changes in the central

nervous system in Parkinson’s disease (PD): depletion of dopamine in the striatum leads to

imbalance in the two output routes and suppression of thalamocortical activity. The thickness of
the arrows indicates the level of activity in the pathways. For some time, the symptoms of PD have

been described as a loss of balance between the direct and indirect striatal output pathways. The

indirect pathway is attenuated primarily by D2 receptor stimulation, whereas the direct pathway is

activated via D1 receptor stimulation. With normal tonic/phasic balance, cortical activation of the
indirect pathway (attenuated by tonic D2 stimulation) is in balance with other presumably motor
cortical inputs influencing the direct pathway (augmented by phasic D1 stimulation). However, in
PD, this balance is disrupted, with the loss of DA resulting in hyperactivity (with akinesia) in the
indirect pathway and depression (with loss of voluntary movement) within the direct pathway. The
model predicts that neuronal firing in the STN and GPi is increased in the parkinsonian state,
leading to excessive inhibition of brain stem and thalamocortical neurons with the development of
parkinsonian motor features. In contrast, the model proposes that dyskinesia is related to the
decreased firing in the STN and GPi, with reduced inhibition of thalamic and cortical motor
regions. Abbreviations: D dopamine, GPe external segment of globus pallidus, GPi internal
segment of globus pallidus, MD mediodorsal nucleus, SNr reticular part of the substantia nigra,
SNc pars compacta of the substantia nigra, STN subthalamic nucleus, VA/VL ventral anterior/
ventral lateral thalamic nuclei (Modified from Hauser 2009)

intracellular signaling cascades and targets, leading to fundamentally different
cellular responses to extracellular dopamine (Gerfen and Surmeier 2011). Also,
direct pathway expresses high levels of substance P and dynorphin, whereas
indirect pathway expresses enkephalin. Direct and indirect pathways are
representing on Fig. 4.

Dopamine stimulation of D1 receptors acts via cAMP and protein kinase A to
phosphorylate dopamine- and cAMP-regulated phosphoprotein, Mr 32 kDa
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(DARPP-32), an important mediator of cAMP signaling and striatal excitability.
The DARPP-32 signaling pathway has a central role in mediating signal transduc-
tion within MSNs in the striatum, and the function of this phosphoprotein depends
on its relative state of phosphorylation at two main regulatory sites, threonine 34
(T34) and threonine T75 (T75). When DARPP-32 is phosphorylated at T34 by
protein kinase A, it becomes a potent inhibitor of protein phosphatase 1, which in
turn regulates the phosphorylation state of several classes of effector proteins,
including transcription factors, ionotropic receptors, and ion channels (Greengard
et al. 1999; Grace 2002). It has been shown that DARPP-32 is also present in other
non-D1-containing neurons as well, including the enkephalin-containing striatal
neurons (Langley et al. 1997). In this case, in contrast, stimulation of dopamine D2
receptors causes a dephosphorylation of DARPP-32 via calcineurin activation by
calcium influx (Grace 2002).

Dopamine release appears to occur via two functionally distinct components.
One is known as phasic component of dopamine release and is believed to underlie
most of the behavioral indices of this transmitter. Phasic dopamine release occurs in
a high-amplitude, brief pulsatile manner by means of action potentials and then is
rapidly removed from the synaptic cleft via reuptake (Grace 1991, 2002). The other
component is known as tonic dopamine release that occurs in very low concentra-
tion but is sufficient to activate extrasynaptic receptors, including dopamine termi-
nal autoreceptors. D2 and D3 receptors act as inhibitory presynaptic autoreceptors
and as postsynaptic receptors. In addition, D2 receptors have two splice variants,
D2ghore and D25, (Nestler et al. 2009). Autoreceptors can exist on most portions
of dopamine cells including the soma, dendrites, and nerve terminals. Stimulation
of dopamine autoreceptors slows or inhibits dopamine synthesis or release.
Thus, autoreceptors are supposed to exert a tonic downregulation of dopamine
neuron activity, maintaining their firing within a stable range of activity (Harden
and Grace 1995).

3 Dopamine-Related Disease: Parkinson’s Disease

Several important diseases of the CNS are associated with dysfunctions of the
dopamine system, ranging from PD to schizophrenia and drug addiction. In this
review, we shall focus only the Parkinson’s disease and some consequences for
human beings. The discovery of mechanism of action of several drugs that act on
dopamine synapses really improved the knowledge about the dopaminergic system
and its related diseases.

PD is characterized by complex motor symptomatology, including tremor at rest,
bradykinesia, rigidity, postural instability, stooped posture, and freezing that occur by
hypofunctional dopamine states when nigrostriatal pathway is degenerated. Dopa-
mine became clinically relevant when dopamine depletion in the caudate nucleus of
patients with PD was discovered, whereas intravenous (i.v.) administration of
L-dihydroxyphenylalanine (L-DOPA), the amino acid precursor of dopamine,
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dramatically and rapidly alleviated parkinsonian symptoms (Hornykiewicz 2010).
Studies with animal models of PD provided the first clear indication of the dichotomy
in the regulation of the direct and indirect pathways, suggesting that their excitability
shifts in opposite directions following the loss of dopamine, creating an imbalance in
the regulation of the motor thalamus favoring suppression of movement (Albin et al.
1989). Specifically, direct pathway was suggested to spike less in the PD state,
whereas indirect pathway was thought to spike more (Gerfen and Surmeier 2011).

Besides motor symptoms, dopaminergic-related non-motor symptoms, as
depression, apathy, and sleep disorders, are part of the clinical spectrum of PD.
There is increasing evidence that such symptoms are treatable, at least in part, with
various dopaminergic agents (Chaudhuri and Schapira 2009).

One current drawback of dopaminergic therapy is that it cannot be targeted to
a specific subpopulation of dopamine neurons. A consequence of this is significant
dopamine-related side effects, such as hallucinations or compulsive gambling
during treatment for PD or extrapyramidal and sexual side effects caused by
antipsychotics. In addition, from the standpoint of pathogenesis, it is clear
that dopaminergic neurotransmission is not the sole dysfunction in this neurological
disease.

4 Dopamine Signaling in Parkinson’s Disease

4.1 The Neuropathology of Parkinson’s Disease: A Brief
Historical Overview

The association of PD with the mesencephalic dopaminergic zone was hypothe-
sized by Edouard Brissaud in 1893, based on an autopsy case of unilateral Parkin-
sonism associated with a tumor confined in the SN (see Parent and Parent 2010).
The hypothesis was validated by Konstantin Tretiakoff in 1919, in his doctoral
thesis, reporting the marked loss of neurons in the SNc and the presence of
intracytoplasmic inclusions which he called “corps de Lewy” (reference to
Friedrich Lewy’s description of these pathological findings) in the surviving neu-
rons of PD patients (Lees et al. 2008), after confirmed by Hassler in 1938, which
found a constant cell loss in the SNc of 10 PD patients (Hassler 1938). Just on the
beginning of 1960, Hornykiewicz described the presence of dopamine in SN and
that it is reduced in the midbrain and in the striatum of parkinsonian patients,
suggesting the possible existence of a link between SN and the corpus striatum
(Hornykiewicz 1963).

Using new fluorescence techniques, Dahlstrom and Fuxe (1964) described
firstly, in rat, the occurrence of catecholaminergic cell in the midbrain and lower
brain stem, and Andén et al. (1964) noticed that lesions of SNc caused a substantial
loss of the catecholaminergic fluorescence in the striatum, helping the acceptance
of the existence of a nigrostriatal fiber system originating from dopaminergic
midbrain neurons. The utilization of immunohistochemistry labeling of enzymes
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participating in the metabolism was very useful to study the catecholaminergic
neurons of midbrain, and Hokfelt et al. (1973) were the first to identify dopami-
nergic neurons in midbrain using antibodies to aromatic acid decarboxylase,
followed by the immunohistochemical revelation of the rate-limiting enzyme of
dopamine synthesis, the TH, done by Ljungdahl et al. (1975), confirming the
dopaminergic nature of nigrostriatal pathway and starting a new era for basal
ganglia research.

Jakes and co-workers described two proteins of synuclein family, the alpha- and
beta-synuclein, in human brain (Jakes et al. 1994). After some descriptions of
familial cases of PD associated with mutation on alpha-synuclein (AS)
(Polymeropoulos et al. 1997; Goedert 1997), Spillantini et al. (1997) reported, for
the first time, the strong immunolabeling of Lewy bodies (LB) and neurites (LN)
with AS in PD and dementia with Lewy body (DLB), followed by several
publications which reinforced the relevance of AS on PD pathogenesis.

4.2 The Topographic Braak Staging of Parkinson’s Disease

After the recent observations on relationship of AS and PD, Del Tredici et al.
(2002) evaluated the presence of AS in brain stem of subjects without history of
neurologic or psychiatric disease. They described that all patients with AS
inclusions in dorsal motor nucleus of vagus (DMV) and in intermediate reticular
zone (IRtZ) presented also AS-immunoreactivity in other brain stem nuclei, as
the locus coeruleus (LC) and the SN, suggesting that the pathological progres-
sion of PD could begin in the medulla and spread to the whole brain. The
absence of clinical signs of PD in these individuals, even with AS pathology,
can be explained by the existence of a presymptomatic phase before the onset of
motor dysfunction.

The study of Braak et al. (2003) changed the classic concepts of an essentially
dopaminergic dysfunction in PD. Using the same methods of Del Tredici et al.
(2002) in 3 groups of (1) 41 individuals with clinical diagnosis of PD, (2) 69
individuals without neurological or psychiatric disease but with AS brain pathol-
ogy, and (3) 58 individuals without neurological or psychiatric disease nor AS
pathology, they showed that LB and LN marked with AS were present in nigral and
extranigral areas, with a particular vulnerability and independent of neurotransmit-
ter produced by the neurons, which became involved at different times in the
progression of the disease, in a pattern of topographical caudorostral progression,
as follows:

e Stage 1: The presence of LN and LB was detected in two major nuclei: DMV and
the IRtZ. At this stage LN was observed first than LB; however, in advanced
cases, the LN outnumbers the LB in these areas. This pattern was seen at all
stages of disease progression. Some neuromelanin-laden nerve cells in these
nuclei do not show LB/LN. The anterior olfactory structures (olfactory bulb/
stalk and the anterior olfactory nucleus) are also affected by AS inclusions. This
stage of pathology spares the pontine melanized neurons, as the LC.
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e Stage 2: The more accentuated presence of LB/LN in DMV and IRtZ and the
loss of neurons are seen at this stage. Furthermore, the pathological LB/LN
appears in pontine areas of caudal raphe nuclei, the gigantocellular reticular
nucleus and the coeruleus-subcoeruleus complex, but the latter nucleus has
unaffected neurons. The midbrain nuclei remain uninvolved.

e Stage 3: There is worsening of lesions on affected nuclei in medulla and pons,
and the LB/LN is seen in midbrain structures and nuclei from the basal forebrain.
In the midbrain, the presence of LB/LN in SN is observed initially in melanized
projection neurons of posterolateral and posteromedial subnuclei, without mac-
roscopically  detectable depigmentation. The compact portion of
pedunculopontine tegmental nucleus is affected only by LN in stage 3. The
magnocellular nuclei of the basal forebrain (medial septal nucleus, interstitial
nucleus of diagonal band, basal nucleus of Meynert) develop only a network of
LN. There is no pathological alteration in temporal mesocortex or neocortex, but
LNs are seen in anterior olfactory nucleus and second sector of Ammon’s horn
(CA2) (for a wide review about extranigral brain stem nuclei affected by AS
pathology, see Grinberg et al. 2010).

e Stage 4: The midbrain shows accentuated involvement of neuromelanin-laden
neurons of SNc, more significant in posterior region of pars compacta; the
depigmentation is macroscopically seen at this stage and is observed in the
extracellular melanin granules in SNc. Other mesencephalic regions are
affected, such as the paranigral and parabrachial nucleus, and the compact
portion of pedunculopontine tegmental nucleus (PPN) is more affected by LB
and LN. The basal forebrain becomes severely involved, and areas as stria
terminalis, central nucleus of amygdala, and ventral claustrum show LB. The
anterior olfactory nucleus is much damaged. This stage is characterized by AS
accumulation in the anteromedial temporal mesocortex, with outer layers devel-
oping networks of LN and LB within inner layers.

» Stage 5: The last two stages indicate diffuse AS immunolabeling, including the
neocortex. The SN is almost without melanin, and LB develops in melanized
nerve cells as DMV and reticular formation. The network of LN in CA2 extends
into adjacent sectors, comprising large portions of hippocampus. From the
anteromedial temporal mesocortex (the periallocortical transentorhinal region
and the proneocortical entorhinal area), the pathological progression moves
toward the sensory association areas, anterior cingulate cortex, and prefrontal
area, with LB in infragranular layers and LN in supragranular layers. The
primary neocortical areas are spared.

e Stage 6: The final stage encloses the entire neocortex, but the pathological
changes on premotor area, primary motor field, and primary sensory area are
mild.

The authors of this study suggested that this staging model permits the distinc-
tion of clinically manifested cases, even as non-motor initial PD patients, as REM
sleep disorders, psychiatric diseases, intestinal constipation, olfactory dysfunctions,
and dysautonomia. The Braak hypothesis shows a correlation among pathological
and clinical phenotypes. Jellinger (2003) observed that some individuals from
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Braak’s study had stages 3—4 PD pathology, but no motor symptoms were diag-
nosed, in which he called incident Lewy body pathology (iLBP). Furthermore, as
noticed by Parkkinen et al. (2003) and Ishizawa et al. 2003, other diseases as DLB
and AD showed LB with AS-immunoreactivity in the brain, reducing the specificity
of Braak scheme for PD. After the publication of those works, the Braak staging
model had gained acceptance rapidly. However, there are no conclusive proofs
confirming a caudal-to-rostral temporal progression in PD pathology. Additional
studies are required to elucidate these questions.

4.3 The Human Midbrain Dopaminergic System and Parkinson’s
Disease

Classically, the bradykinesia, rigidity, and tremor in parkinsonian syndromes are
attributed to mesencephalic dysfunctions, and diseases as strokes and tumors
localized in SN can cause a rigid-akinetic phenotype (Garcia de Yebenes et al.
1982; Akyol et al. 2006; Orta Daniel and Ulises 2008). PD is modernly considered
as a multisystem neurodegenerative illness, affecting dopaminergic and non-
dopaminergic neurons (serotoninergic, glutamatergic, cholinergic, nitrergic) as
seen on Braak hypothesis. However, the major motor symptoms (bradykinesia
and rigidity) and the motor complications (dyskinesia, wearing off phenomenon)
are associated to dopaminergic transmission, justifying the special attention given
to the nigrostriatal degeneration. There are other dopamine-rich areas in CNS, as
the hypothalamus and retina, but its involvement in PD is controversial (for review
see Archibald et al. 2009).

Based on the immunoreactivity to calbindin, the midbrain dopaminergic system
can be divided into two tiers: the dorsal and the ventral tier. The dorsal tier
encompasses the retrorubral groups and the VTA, its neurons are calbindin-posi-
tive, and they have horizontal orientation and low expression of DAT and D2
receptors. The ventral tier is composed by SNc, with calbindin-negative and
ventrally oriented neurons, showing high amounts of DAT and D2 receptors. This
cytochemical phenotypic classification has a practical application: the ventral tier is
particularly vulnerable to the neurodegeneration of PD but with selective sparing of
the dorsal tier (Haber and Gdowski 2004). However, the neuromelanin-laden
neuron loss in SNc is not necessarily uniform (Ma et al. 1996).

Fearnley and Lees (1991) studied the micro-architecture of SN and the rates of
neuron loss in normal aging and parkinsonian syndromes, and there was a linear
reduction of pigmented neurons in advancing aging, more affected in dorsal tier. In
opposite pattern, the PD individuals had 45 % of neuron loss in the first decade of
disease, being greatest in the lateral ventral tier (average loss 91 %), followed by the
medial ventral tier (71 %) and the dorsal tier (56 %). These results show a specific
pattern of nerve cell loss in SNc on PD (Fearnley and Lees 1991). Ma et al. (1996)
performed a morphometric analysis of SNc in PD individuals, and they described
a marked reduction in pigmented neuron area, perimeter, diameter, and number in
PD cases.
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Damier et al. (1999a, b) developed a new method to analyze the SNc, based in
immunolabeling to calbindin, identifying calbindin-rich regions (“matrix”) and
calbindin-poor islands (“nigrosomes”), and these pocket zone patterns were recog-
nized in all brain as five nigrosomes. The nigrosome 1, localized in the ventral third
and the lateral two-thirds of the calbindin-rich neuropil, corresponds to the ventral
tier (Damier et al. 1999a). In another study (Damier et al. 1999b), the same authors
used this SN analysis in PD subjects, and the neuronal depletion was maximum
(98 %) in nigrosome 1, corroborating the findings of Fearnley and Lees (1991).
A spatiotemporal progression of cell loss on PD was suggested, beginning in
nigrosome 1, after spreading to other nigrosomes and to the matrix.

Another method used for analysis of dopamine depletion in parkinsonian syn-
dromes is the radionuclide imaging with positive emission tomography (PET) and
single-photon emission computed tomography (SPECT), applied as biomarkers for
early disease and study of disease progression, mostly the presynaptic dopamine
function, of the nigrostriatal pathway. There are four major ways to examine the
dopaminergic terminals function: (1) the '®F-dopa in SPECT and ''C-dopa in PET,
measuring the DOPA-decarboxylase activity; (2) molecules as ' 'C or 'F (for PET),
or 'ZI or #™Tc¢ (for SPECT, as **™Tc-TRODAT-1) quantify the availability of
DATs; (3) 11C-dihydrotetrabenazine or its 18F-labeled analogue measures the
VMAT? density; and (4) the ability of dopaminergic terminals to release dopamine
after pharmacological stimuli (e.g., amphetamine) can be evaluated by changes in
dopamine D2 receptor availability with ''C-raclopride PET or '*’I-iodobenzamide
SPECT (Brooks 2007; Stoessl et al. 2011).

It is known that '®F-dopa uptake has correlation with nigral dopaminergic cell
counts and dopamine concentrations in striatum of humans and nonhuman primates
(Pate et al. 1993; Snow et al. 1993). In unilateral Hoehn & Yahr stage 1 PD patients,
the dorsal posterior putamen '®F-dopa uptake is first reduced, even contralateral to
the asymptomatic limb, corresponding to the evidences that ventrolateral nigral
dopaminergic projections to the dorsal putamen are more affected in the onset of
clinical phase of PD (Kish et al. 1988).

The subsequent PD progression does not reduce the '®F-dopa uptake in the first
2 years (Whone et al. 2003), but after that the functional loss occurs more rapidly in
PD than aged controls (Brooks 2003), and the initial posterior-anterior gradient of
striatal involvement is substituted by similar rates of decline in the whole striatum.
Furthermore, the PET/SPECT measures show inverse correlation with severity of
rigidity and bradykinesia in PD but poorly with tremor, suggesting the parkinsonian
tremor may be associated with extranigral mechanisms (Vingerhoets et al. 1997,
Benamer et al. 2000). Another finding is the increase of '®F-dopa uptake into the
internal globus pallidus in initial PD as a possible compensatory action, but this
phenomenon vanishes with disease progression, simultaneously with onset of
fluctuating responses to levodopa (Whone et al. 2003).

The motor complications on PD are also associated with radioimaging changes.
PD patients with fluctuating responses to levodopa present 20 % reduction in
'"®E_dopa uptake than those with sustained therapeutic responses (de la Fuente-
Fernandez et al. 2000), and the 11C-1raclopride binding shows a mean 10 % fall in
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posterior putamen of advanced PD subjects compared with early-stage patients
(Torstenson et al. 1997). Nevertheless, PET studies with dyskinetic individuals
show similar levels of striatal dopamine D1 and D2 receptor availability (Turjanski
et al. 1997). The dementia in PD, a frequent non-motor complication of advanced
stages, shows a reduction in '®F-dopa uptake in cingulate and medial prefrontal
areas, suggesting the involvement of the mesocortical dopaminergic pathway on
cognitive decline in PD (Ito et al. 2002).

In conclusion, the major importance of midbrain dopaminergic neuronal
degeneration on symptomatic progression of PD is unquestionable. However, it
must be emphasized that there are several other non-dopaminergic neurons involved
in its pathogenesis, as shown by Braak hypothesis, and the AS aggregation and
accumulation can be the common link between these vulnerable nerve cells.

4.4 Dopamine-Related Treatments of Parkinson’s Disease

The treatment of PD is very complex due to the progressive nature of the disease
and the array of motor and non-motor features combined with early and late side
effects associated with therapeutic interventions. While no treatments have yet been
shown conclusively to slow the progression of the disease, a growing number of
symptomatic pharmacologic therapies are available, as well as several forms of
surgery and numerous non-pharmacological approaches.

Among dopaminergic drugs, L-DOPA standard and controlled-release formula-
tions are marketed as fixed associations with a DOPA-decarboxylase inhibitor
carbidopa or benzeraside. There are several dopamine agonists, with different
receptor binding, pharmacokinetic profiles, and routes of administration and
two types of indirect dopamine transmission enhancers, monoamine oxidase-B
(MAO-B) and COMT inhibitors. Among non-dopaminergic medications, there
are several anticholinergics, although amantadine is the only drug widely available
for anti-glutamatergic effects. Functional neurosurgery for PD attempts to restore
functional balance in basal ganglia relays. There are currently three targets: the
ventral intermediate nucleus of the thalamus, the internal segment of the globus
pallidus, and the subthalamic nucleus. Either CNS lesions (thalamotomy, pallidot-
omy, or subthalamic nucleus lesions) or implants of chronic stimulating electrodes
at these sites (deep brain stimulation) can be used. Reconstructive surgery involves
the implantation of human fetal mesencephalic cells (fetal transplant) or other
dopamine-producing cells into the striatum. Rehabilitation for PD (speech, occu-
pational, and physical therapies) has been applied empirically based on its accepted
use in other chronic disorders.

It is important to consider that while drug treatments available for PD increased
in the last 30 years, the first dopaminergic drug L-DOPA remains the more effective.
Actually, the more recent drugs refined the treatment but they do not alter the
clinical aspect and the evolution of the disease, and everyone can only temporary
control and ameliorate the motor symptoms. The increasing evidences that cogni-
tive dysfunctions, depression, constipation, pain, and nocturnal incapacity can play
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Table 1 US Food and Drug Administration (FDA) approved medications for Parkinson’s disease

Medication
Anticholinergics

Benztropine
trihexyphenidyl

Carbidopa/
levodopa

Immediate- and
sustained-release
carbidopa/levodopa

COMT inhibitors
Entacapone
Tolcapone

Dopamine agonists

Bromocriptine
Pergolide

Pramipexole
Ropinirole

MAO-B inhibitors
Selegiline
Rasagaline

NMDA receptor
inhibitor
Amantadine

Adverse effects

Dry mouth, dry eyes, constipation,
hypotension, cognitive impairment,
urinary retention

Nausea, somnolence, dyskinesia,
hypotension, hallucinations

Diarrhea; exacerbates levodopa
adverse effects; bright orange urine

Diarrhea; exacerbates levodopa
adverse effects if dyskinesia appears;
rare liver failure (liver function
monitoring needed)

Nausea, headache, dizziness

Somnolence; hallucinations; nausea;
edema; fibrosis of cardiac valves,
lung, and retroperitoneum;
retroperitoneal and pulmonary
fibrosis

Nausea, sleep attacks, edema,
hallucinations, hypotension

Nausea, insomnia, drug interactions
with other MAO inhibitors/tyramine
Weight loss, hypotension, dry
mouth, drug interactions with other
MAQO inhibitors/tyramine

Nausea, hypotension, hallucinations,
confusion, edema

Indications and comments

Useful for symptomatic control of
Parkinson’s disease (benefits are
mild to moderate); associated with
more adverse effects than other
drugs

Levodopa is the most effective
medication and remains the primary
treatment for symptomatic
Parkinson’s disease; no added
benefit for motor complications with
sustained-release versus immediate-
release preparations

Useful for managing motor
fluctuations (“wearing off” effect) in
patients taking levodopa; levodopa
dose may need to be reduced

Useful for early and advanced
disease

Useful for the initial treatment of
parkinsonism and as adjunct therapy
in patients taking levodopa

Useful for early disease and in
patients with Parkinson’s disease
and motor fluctuations

Useful for symptomatic control of
Parkinson’s disease (benefits are
mild to moderate) and as adjuvant
therapy for patients with Parkinson’s
disease and motor fluctuations

Useful for treating akinesia, rigidity,
tremor, dyskinesia

Abbreviations: FDA US Food and Drug Administration, COMT catechol-O-methyltransferase,
MAO-B monoamine oxidase-B, NV DA N-methyl-d-aspartate. Based on information from Goetz
et al. (2005)

important role in the quality of life of patients and the benefits of any new treatment
should be evaluated in their impact in the well-bearing, mental health, and others
deficiencies of the patients. A summarized review of the pharmacological
approaches currently available for PD is illustrated in Table 1.

All the dopaminergic therapies are based in the pathway of catecholamine
synthesis in the body, as presented in Fig. 1. Since most parkinsonian motor
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symptoms occur as a consequence of dopamine depletion in the basal ganglia,
dopamine replacement strategies represent the main therapeutic approach used to
counteract PD motor impairment.

4.4.1 3,4-Dihydroxyphenylalanine (.-DOPA)

Since its introduction in the routine treatment of PD at the beginning of the 1970s
(Cotzias 1971), L.-DOPA (L-3,4-dihydroxyphenylalanine), a dopamine metabolic
precursor, still remains as the most effective treatment for the treatment of the
classical motor parkinsonian signs. L-DOPA, the naturally occurring isomer of the
amino acid 3,4-dihydroxyphenylalanine, was first isolated in 1913 from legumes
(seedlings of Vicia faba) by Marcus Guggenheim (Hauser 2009). Already 2 years
earlier, Casimir Funk had synthesized D,L.-DOPA in the laboratory (Hauser 2009).
Funk and Guggenheim considered the amino acid as a possible parent compound
of adrenaline. The discovery by Peter Holtz (1959) of an enzyme, DOPA decar-
boxylase, in mammalian tissue (kidney) extracts that converted L-DOPA to the
corresponding — biologically active — amine, that is, dopamine, represented
a turning point in catecholamine research (Hauser 2009). After the discovery
of dopamine occurrence in the body, many biochemical studies were
performed in an attempt to provide experimental support for the proposed biosyn-
thesis of the catecholamines, mainly dopamine, from the amino acid L-DOPA
(Hornykiewicz 2002).

The introduction of high dosage of L-DOPA by George Cotzias revolutionized
the treatment of PD (Singh et al. 2007). As a prodrug of dopamine, L-DOPA crosses
the blood-brain barrier, and it is decarboxylated to dopamine in the nigrostriatal
pathways by brain enzymes Nowadays, L-DOPA is always given with carbidopa or
benserazide, peripheral DOPA-decarboxylase inhibitors, which prevents peripheral
metabolism of L-DOPA and allows a higher percentage of a dose to cross the blood-
brain barrier. Primarily, they block L-DOPA metabolism in the periphery, thereby
reducing the rate of the first-pass metabolism, and slowing the plasma clearance of
L-DOPA; however, the enzyme inhibitors do not cross the blood-brain barrier.

The effects of the dopamine replacement therapy are predictable (as are the side
effects), and none of the more recently introduced synthetic dopamine agonists has
surpassed the clinical benefit derived from L-DOPA. L-DOPA has a long-duration
response in early disease that enables adequate symptomatic control with dosage
schedules (Table 1). This is a consequence of the ability of the nigrostriatal system
to convert L-DOPA to dopamine, store it in presynaptic vesicles, and release it in
response to physiological stimuli. However, as the disease progresses, the conver-
sion of L-DOPA to dopamine in dopaminergic neurons becomes limited.

4.4.2 -DOPA and Dyskinesia

Although the precise mechanisms of dyskinesia have remained elusive, three main
risk factors for this side effect have been conclusively identified in clinical studies,
namely, a young age at disease onset, disease severity (reflecting the extent of
putaminal dopamine denervation), and high doses of L-DOPA (Jenner 2008;
Stocchi 2009; see a recent review of Huot et al. 2013). These risk factors are
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reproduced in both nonhuman primate and rodent species by applying neurotoxic
lesions to the nigrostriatal dopamine pathway, followed by daily administration of
L-DOPA at a sufficient dosage.

Although initially effective, dopaminergic therapies are eventually complicated
by motor fluctuations, including off-time (periods of return of PD symptoms when
medication effect wears off) and dyskinesia (drug-induced involuntary movements
including chorea and dystonia) in most patients (Jenner 2008; Stocchi 2009). The
mechanisms by which dyskinesia develop are not completely understood, but pulsa-
tile stimulation of dopamine receptors by short-acting agents as L-DOPA and the
degree of striatal denervation have been implicated (Obeso et al. 2000; Stocchi 2009).
Dyskinesia may occur at the time of maximal clinical benefit and peak concentration
of L-DOPA (peak-dose dyskinesia) or may appear at the beginning and/or at the end
of the L-DOPA effect (diphasic dyskinesia, off-dystonia, off-dyskinesia). The pro-
gressive reduction in the duration of the clinical effect is called “wearing off.” This
change in the response to L-DOPA is more related to the disease progression and loss
of buffering capacity of the presynaptic terminals to keep constant the levels of
dopamine in the striatum (Chase 1998). When wearing off begins, it required
modification of dosage and/or dose frequency of L-DOPA or the introduction of
additional therapies. Interestingly, at this stage of the disease, so long as the plasma
L-DOPA concentration is kept constant, the clinical response will persist (Mouradian
etal. 1990; Schapira et al. 2009) and “wearing off”” does not occur if the drug is given
by continuous infusion (Nutt et al. 1989; Schapira et al. 2009). Motor complications
can be an important source of disability for some patients who cycle between “on”
periods, which are complicated by dyskinesia and “off” periods in which they suffer
severe motor disability (Schapira et al. 2009).

Nonhuman primates have been used to produce models of L-DOPA-induced
dyskinesia since the late 1980s (Crossman 1987). Following 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) lesion and subsequent treatment with L-DOPA,
nonhuman primates (and macaques in particular) exhibit choreiform and dystonic
movements that look very similar to those seen in dyskinetic PD patients. These
models have been extensively used to define the basic pharmacological features of
L-DOPA-induced dyskinesia (Jenner 2003; Cenci et al. 2009). Rats with
6-hydroxydopamine (6-OHDA) lesions have been the most widely used animal
model of PD since the 1970s, but the idea that these animals can exhibit
L-DOPA-induced dyskinesia has become accepted only recently (Henry et al.
1998; Cenci et al. 2009). For many years, drug-induced rotation remained the
only available method to study motor effects of dopaminergic therapies in this
animal model. When given to unilaterally 6-OHDA-lesioned rats, L-DOPA or
dopamine receptor agonists induce the animals to turn in the direction contralateral
to the lesion, a behavior traditionally regarded as a correlate of the antiparkinsonian
activity of these drugs. Later on, it was realized that contralateral rotation shows
sensitization during chronic dopaminergic treatment (Henry et al. 1998) — a feature
reminiscent of the priming for dyskinesia described in nonhuman primates and
supposed to occur in PD patients. About 10 years ago came the first reports that
6-OHDA -lesioned rats treated with L-DOPA exhibit movements with dystonic and
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hyperkinetic features engaging the forelimb contralateral to the lesion, as well as
axial and orofacial muscles (Lundblad et al. 2002; Winkler et al. 2002). These
movements interfere with the rat’s physiological motor activities, and they are
reduced by treatments that have antidyskinetic efficacy in nonhuman primates
and PD patients. Rating scales for rodent abnormal involuntary movements
(AIMs) were developed to reflect the topographic distribution, frequency, duration,
and amplitude of dyskinetic behaviors induced by L-DOPA (Dekundy et al. 2007;
Cenci et al. 2009). Producing and validating an animal model is a fundamental task
for investigators involved in translational PD research.

Nevertheless, it must be emphasized that L-DOPA remains the “gold standard”
medication in the treatment of PD. The use of other dopaminergic drugs at the
beginning of the treatment helps to delay the onset of the motor complications in
patients with PD. However, at some time when the disability of the patient
increases, L-DOPA needs to be introduced (Olanow et al. 2009b). L-DOPA use is
appropriate when all other reasonable strategies fail to produce adequate control of
symptoms or when patient’s symptoms pose an imminent danger to them (e.g., loss
of postural reflexes with high risk for falling).

Recently, there was a growing discussion about a possible neurotoxic effect of
L-DOPA that could increase the disease progression, and many patients and doctors
became afraid to use the drug and delayed its use at the most (Kurlan 2005).
However, a critical evaluation of older and most recent studies fails to describe
a deleterious effect of L-DOPA in the evolution of the degenerative process
(Olanow et al. 2004). In contrast our work showed that chronic L-DOPA treatment
to partial 6-OHDA-lesioned rats induces partial recovery of the dopaminergic
system suggesting their trophic effect which was confirmed by the increase of the
trophic factor pleiotrophin (Murer et al. 1998; Ferrario et al. 2004).

Therefore, in the initial stages of the disease, L-DOPA therapy is the most
effective for improving motor symptoms in PD. However, long-term treatment is
accompanied by fluctuations in motor performance, dyskinesia, and neuropsychi-
atric complications. Furthermore, as PD progresses, patients develop features that
do not respond well to L-DOPA therapy, such as freezing episodes, autonomic
dysfunction, falling, and dementia. The increasingly diverse possibilities in the
therapy of PD, and the many side effects and complications of therapy, require the
formulation of reliable standards for patient care that are based on current scientific
knowledge.

4.4.3 Catechol-O-Methyltransferase Inhibitors (COMT)

L-DOPA is usually combined with a DOPA-decarboxylase inhibitor (carbidopa or
benserazide) to improve absorption and reduce peripheral metabolism (Schapira
et al. 2009). However, the majority of L-DOPA is still metabolized in the gut and
liver by COMT to form 3-O-methyldopa (3-OMD). 3-OMD accumulates and may
interfere with the brain penetration of L-DOPA. COMT inhibitors reduce the
metabolism of L-DOPA, extending its plasma half-life by 30 % and prolonging
the clinical effect of each L-DOPA dose. This effect was suspected to be of enough
magnitude to produce more stable L-DOPA plasma levels if a COMT inhibitor was
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used with each dose of L-DOPA. The hypothesis was that this combined therapy
could delay the appearance of motor complications because of producing more
continuous dopaminergic stimulation. However, clinical studies were unable to
show this positive effect, and in opposition, the combined therapy led to earlier
appearance of dyskinesia (Klivenyi and Vecsei 2010). This unexpected effect may
be explained by the potentializing effect of the COMT inhibitors in the L-DOPA
effect, since its dosage, or effect, is associated with earlier beginning of motor
complications.

Entacapone and tolcapone are the two selective COMT inhibitors currently in
use for the treatment of PD (see Table 1), while newer molecules are now in clinical
evaluation. Both COMT inhibitors only have observable clinical effects when used
in association to L-DOPA. The most significant clinical effect is the reduction in the
daily off-time, by small prolongation in the time of L-DOPA effect (Olanow et al.
2004; Jankovic and Stacy 2007). The COMT inhibitors also potentialize the effect
of L-DOPA, and they can be used to achieve a stronger symptomatic effect
(Gallagher and Schrag 2008). Tolcapone is a central and peripheral COMT inhib-
itor and is apparently more efficacious than entacapone that only inhibits peripheral
metabolism, but there are some concerns about its safety and in particular to its
potential hepatotoxicity (Assal et al. 1998). Entacapone is much more widely used
and appears to be less hepatotoxic (Gershanik et al. 2003; Schrag 2005). The main
adverse effects are related to its potentializing dopaminergic effects and include
dyskinesia, orthostatic hypotension, nausea, vomiting, and confusion. Other impor-
tant side effects are the occurrence of diarrhea and urinary discoloration. The
control of hepatic enzymes is always indicated during the use of tolcapone and
eventually during the use of entacapone. The association of entacapone in a single
tablet with L-DOPA and carbidopa is now available. Another effect of the COMT
inhibitor is the reduction in the systemic levels of 3-OMD that was supposed to
interfere with L-DOPA metabolism in the central nervous system. However, any
clinical benefit could be proved to be due to this property (Muller and Kuhn 2006).
Another systemic effect of the COMT inhibitors is the reduction in the blood levels
of homocysteine in treated PD patients (Muller and Kuhn 2006; Muller and
Muhlack 2009). This could be a hypothetical benefit in the long term, since
homocysteine could mediate the progression of neuronal degeneration and increase
the risk for development of dementia, vascular disease, and polyneuropathy in
levodopa-treated PD patients (Muller and Muhlack 2009).

Recently, it was established that a continuous duodenal L-DOPA infusion may
be an efficient strategy to obtain continuous dopaminergic stimulation and to
decrease the complications of the therapy (Clarke et al. 2009). Other ways to obtain
a stable plasma level of L-DOPA were under research and include the development
of new controlled-release tablets and cutaneous patches of the drug.

4.4.4 Monoamine Oxidase Isoenzyme Type B (MAO-B) Inhibitor

Substantial experimental evidences indicate that the oxidative stress is an important
pathogenic mechanism in PD (Yacoubian and Standaert 2009). There are many
possible mechanisms associated to the generation of free radicals in PD. The own
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dopamine metabolism produces free radicals in excess. Blocking the first step of
dopamine metabolism by inactivating MAO-B reduces the production of free
radicals. Selegiline and rasagiline are selective MAO-B inhibitors currently in
clinical use (see Table 1). MAO-B inhibition may increase the concentration of
dopamine in the synaptic cleft due to the inhibition in the dopamine degradations
and also produce an antiparkinsonian effect (Wu et al. 2000). Unlike selegiline,
rasagiline is not metabolized to amphetamine and has no sympathomimetic activity.
Rasagiline has also shown neuroprotective effects in in vitro and in vivo models of
PD (Jenner 2004).

Selective MAO inhibitors become nonselective at doses greater than those
recommended. In this condition, selegiline and rasagiline may increase the risk of
a hypertensive crisis if used in combination with tyramine-containing foods (e.g.,
fermented cheese, aged meats) or amine-containing medications (e.g., over-the-
counter cough/cold medicines). Serotoninergic crisis also has been associated with
the use of MAO-B inhibitors in association with antidepressive drugs, since they
can increase brain serotonin levels. The motor symptomatic effect of the MAO-B
inhibitors is only modest, and these drugs are most commonly used to treat patients
at the earlier stage of the disease. However, the MAO-B inhibitors may also be used
at the later stages to increase the daily on-time. Despite recent clinical studies with
rasagiline suggested that the drug may also have a neuroprotective effect (Olanow
et al. 2009a), this is still a matter of controversy (see Ahlskog and Uitti 2010).

4.4.5 Dopamine Receptor Agonists

Dopamine agonists directly stimulate dopamine receptors. Of the nine dopamine
agonists marketed for the treatment of PD, five were ergot derivatives (bromo-
criptine, cabergoline, dihydroergocryptine, lisuride, and pergolide) and four are
non-ergot derivatives (apomorphine, piribedil, pramipexole, and ropinirole) (see
Table 1). Pergolide was retired of the market of most countries due to tendency to
induce cardiac valvar fibrosis; however, the use of ergot-derived dopamine ago-
nists (pergolide and cabergoline) in patients with PD was associated with
increased risk of cardiac valvar regurgitation (Steiger et al. 2009). The acute
side effects of dopamine agonists are similar to those observed with L-DOPA and
include nausea, vomiting, and postural hypotension. It is generally accepted that
the shared D2-like receptor agonistic activity produces the antiparkinsonian
effect. This D2 effect also explains peripheral (gastrointestinal nausea and
vomiting), cardiovascular (orthostatic hypotension), and neuropsychiatric (som-
nolence, psychosis, and hallucinations) side effects. Even at lower doses, patients
experience orthostatic hypotension, constipation, dyskinesia, confusion, and
excessive somnolence with these agents (Wong et al. 2003). These adverse effects
tend to occur with the initiation of treatment and to abate as tolerance develops
usually over the ensuing days to weeks. Other problems related to the use of
dopamine agonists include weight gain (possibly related to overeating) and edema
(especially in the lower extremities). More recently, attention has been focused on
the association of dopamine agonist treatment with the development of pathologic
gambling, hypersexuality, and compulsive eating and shopping. This has attracted
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considerable scientific interest because of the known relationship between dopa-
mine and reward (Obeso et al. 2000).

Almost all currently used dopamine agonists are able to protect dopamine
neurons from death in many in vitro and in vivo experiments. This
neuroprotective effect may be the result of different mechanisms: antioxidation,
scavenging of free radicals, suppression of lipid peroxidation, and inhibition of
apoptosis. Dopamine agonists have a significant clinical effect in the motor
parkinsonian signs, but most of them were not comparable to that observed with
L-DOPA. The use of dopamine agonists at the beginning of the treatment of PD to
spare L-DOPA is indicated specially for younger patients. The monotherapy with
this class of drugs is associated with lower incidence of dyskinesia and wearing
off but with a lower antiparkinsonian effect than L-DOPA (Hitzeman and Rafii
2009). One explanation for their lower risk to induce motor complications may be
due to the long half-life of these drugs in relation to the L-DOPA. One exception
for this is apomorphine that has a pharmacokinetic curve very similar to the L-
DOPA and is the only dopamine agonist which a similar symptomatic effect to it.
The main limitation for the clinical use of this drug is the administration route that
must be subcutaneous. In some countries apomorphine is infused subcutaneously
and continuously by a pump mechanism in patients with PD. The clinical effect is
significant and persistent (Clarke et al. 2009). This is now recognized as
a potential continuous dopaminergic stimulation strategy and reduces functional
impairment and motor complications.

New delivery ways for dopamine agonist molecule are in development. Subcu-
taneous patches of rotigotine seem to be efficient and may produce more continuous
dopaminergic stimulation (Chen et al. 2009). Long-release tablets of non-ergot
dopamine agonists are now in evaluation and may be useful to increase adherence
of the patient to the therapeutics.

4.4.6 Is There Nitric Oxide Inhibition Utility in the Dopamine
Replacement Therapy?
Notwithstanding recent advances in the management of PD, L-DOPA-induced
dyskinesia continues to be a clinical and therapeutic challenge (Cenci and Lindgren
2007; Jenner 2008; Santini et al. 2008). However, many other neurotransmitters
may play a central role in the neurobiology and management of L-DOPA-induced
dyskinesia. Nitric oxide is a free radical that can also act as an atypical neurotrans-
mitter and influence dopamine-mediated neurotransmission. Nitric oxide also reg-
ulates synaptic and neural plasticity being enrolled in the regulation of motor
activity (Pierucci et al. 2011; Del Bel et al. 2005, 2011). There is evidence whereby
communication between nitrergic and dopaminergic systems plays an essential role
in the control of the nigrostriatal pathway. The dual localization of immunoreac-
tivity for nitric oxide synthase (NOS) and tyrosine hydroxylase, enzymes respon-
sible for the synthesis of nitric oxide and dopamine, respectively, proposes a close
anatomical link between the two neurotransmitters (Mitkovski et al. 2012).
Recently, our group (Padovan-Neto et al. 2009, 2011; Novaretti et al. 2010; Del
Bel et al. 2011) and other laboratories (Takuma et al. 2012; Yuste et al. 2011)
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described that nitric oxide synthase inhibitors are able to decrease the motor
changes related to prolonged administration of L-DOPA in rodent models of PD.
Similar results were described, in latest meeting communication, for nonhuman
primates by Iravani et al. (2008) and Yuste et al. (2011). Postmortem studies in
human brain of patients with Parkinson’s disease have greatly contributed to figure
out the disease. In spite of this, few human brain studies have focused on
the relationship between the development of dyskinesia and biochemical changes
in the human brain. It limits the possible understanding of the nitric oxide system in
the treatment of Parkinson’s disease. But Parkinsonian patients presented in serum
a marked rise of the production of the nitric oxide second messenger cyclic
guanosine monophosphate (cGMP) levels (Chalimoniuk et al. 2004) induced by
L-DOPA. Similar result was described in the cerebellum (Gumulka et al. 1976).
Comparable result was described in animals (Itokawa et al. 2006). In mice, cGMP is
regulated by L-DOPA (Chalimoniuk and Langfort 2007). In addition, Sanchez and
cols. (2002) showed that nitric oxide stimulates L-DOPA release in the striatum in
a time- and concentration-dependent manner.

A role for nitrergic neurotransmission in the pathophysiology of dyskinesia and
as a potential drug target for new therapeutic has been proposed also by others
(Iravani and Jenner 2011; Pierucci et al. 2011; Huot et al. 2013). NOS inhibitor
treatment was able to prevent abnormal involuntary movements without signifi-
cantly changing normal motor (Padovan-Neto et al. 2009). Different from the
cataleptic effects of these drugs, there was no tolerance to the antidyskinetic effects
of NOS inhibitors (Novaretti et al. 2010). The antidyskinetic effects of
7-nitroindazole, a preferential neuronal nitric oxide synthase (nNOS) inhibitor,
seem to involve reduction in gene and protein expression in denervated striatal
neurons (Padovan-Neto et al. 2011). L-DOPA increased nNOS mRNA levels in the
contra- and ipsilateral side to the dopamine lesion of the frontal cortex but did not
produce any further increases of nNOS protein in the striatum compared to the
6-OHDA-induced increase (Padovan-Neto et al. 2011).

Despite promising studies, efforts in synthesizing highly selective nNOS inhib-
itors have been difficult and have limited the development of such drugs (Hobbs
et al. 1999; Vallance and Leiper 2002). To date, clinical studies of NOS inhibitors
have been limited by the small number of potent and selective drugs that are safe for
human administration (Vallance 2003; Petros et al. 1994: Rees 1995; Ashina et al.
1999). The recent discovery that multiple subunits of NOS exist, with apparent
unique anatomic distribution and functional and pharmacological diversity (for
review see Garthwaite 2008), holds considerable therapeutic potential. One novel
therapeutic approach could be to manipulate the levels of endogenous NOS
inhibitors. NOS inhibitors are also likely synthesized within the body. L-NMMA
(NG-monomethylarginine) and asymmetric dimethylarginine are synthesized by
methylation of arginine residues in proteins (Leiper and Vallance 1999). Once the
proteins are broken down, the free methylarginines are released into the cell cytosol
and act as competitive inhibitors of all NOS isoforms. They are metabolized to
citrulline by the action of dimethylarginine dimethylaminohydrolase (Leiper and
Vallance 1999; MacAllister et al. 1996). Inhibition of this enzyme leads to
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the accumulation of methylarginines and thereby blocks nitric oxide production.
Antagonists might be developed to target-specific pathways within the basal ganglia.

A novel class of drugs named membrane-associated guanylate kinase inhibitors
has recently been proposed in treatment of excitotoxicity (Lau and Tymianski 2010;
Doucet et al. 2012). These peptides are competitive antagonists designed to bind
postsynaptic scaffolding proteins (as, e.g., PSD-95, postsynaptic density 95 kDa),
aimed at dissociating the spatial relationship between nNOS and NMDA
(N-methyl-d-aspartate) receptors (NMDA/PSD-95/nNOS receptor complex)
(Zhou et al. 2010; Doucet et al. 2012). The association of nNOS with NMDARs,
via PSD-95 (Christopherson et al. 1999), plays an important role in a range of
normal neuronal functions including synaptic plasticity (Garthwaite et al. 1988;
Steinert et al. 2010) as well as pathophysiological disorders of the brain (Aarts et al.
2002; Sun et al. 2008; Zhou et al. 2010; Doucet et al. 2012). Since (a) NMDARs
couple to nNOS and (b) NMDAR antagonists (amantadine) and nNOS inhibitors
possess antidyskinetic properties, the disruption of the NMDAR/PSD-95/nNOS
complex may possibly represent an alternative approach to specifically block
nitrergic signaling coupled to NMDA receptor activity. It may prevent the problems
associated general reduction of NMDA or nNOS function. To date, PDZ-based
interactions represent a drug target that still remains largely unused (Dev 2004).
They are however currently undergoing phase II clinical trials (Lau and
Tymianski 2010).

The reduction in L-DOPA-induced dyskinesia in rodents and primates treated
with NOS inhibitors suggests the involvement of nitric oxide in this altered
behavior. These preclinical findings suggest that nitric oxide is a promising thera-
peutic target for the reduction of L-DOPA-induced dyskinesia.

5 Conclusion

The discoveries of dopamine as a neurotransmitter in the brain, its depletion in
patients with PD, and its replacement with L-DOPA therapy were major revolu-
tionary events in the rise to effective therapy for patients with PD. However,
although drugs that act on the dopaminergic system provide effective symptomatic
control for the classic parkinsonian motor features, the patients’ quality of life
continues to deteriorate as a consequence of gait and balance difficulties, auto-
nomic dysfunction, and cognitive impairment. L-DOPA remains at present the
most powerful symptomatic drug for the treatment of this condition. However,
motor complications of chronic L-DOPA treatment have emerged as a major
limitation of this therapy. Nonetheless, the importance of dopamine neurotrans-
mitter system in a broad array of human disorders ranging from PD to schizophre-
nia has driven an intensive array of investigations oriented toward increasing our
understanding of this complex system in normal conditions as well as disease
states. Knowledge of dopaminergic cells and circuits has been enriched by findings
obtained with several and highly sensitive techniques, as immunohistochemistry,
cellular biology, transgenic mice or conditional mutants, functional anatomy,
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electrophysiological studies, sophisticated behavioral analyses, and functional
neuroimaging. Altogether, these studies have also led to new concepts of healthy
and pathological functions of dopaminergic circuits at the molecular and system
levels.
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