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Abstract The drug treatment of Parkinson’s disease (PD) is accompanied by a loss
of drug efficacy, the onset of motor complications, lack of effect on non-motor
symptoms, and a failure to modify disease progression. As a consequence, novel
approaches to therapy are sought, and adenosine A2A receptors (A2AARs) provide
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a viable target. A2AARs are highly localized to the basal ganglia and specifically to
the indirect output pathway, which is highly important in the control of voluntary
movement. A2AAR antagonists can modulate γ-aminobutyric acid (GABA) and glu-
tamate release in basal ganglia and other key neurotransmitters that modulate motor
activity. In both rodent and primate models of PD, A2AAR antagonists produce al-
terations in motor behavior, either alone or in combination with dopaminergic drugs,
which suggest that they will be effective in the symptomatic treatment of PD. In clin-
ical trials, the A2AAR antagonist istradefylline reduces “off” time in patients with
PD receiving optimal dopaminergic therapy. However, these effects have proven dif-
ficult to demonstrate on a consistent basis, and further clinical trials are required to
establish the clinical utility of this drug class. Based on preclinical studies, A2AAR
antagonists may also be neuroprotective and have utility in the treatment of neu-
ropsychiatric disorders. We are only now starting to explore the range of potential
uses of A2AAR antagonists in central nervous system disorders, and their full utility
is still to be uncovered.

Keywords A2A antagonist · Clinical trial · Dyskinesia · Motor dysfunction · Basal
ganglia · MPTP · 6-OHDA · Neuroprotection

Abbreviations

AIMs Abnormal involuntary movements
A2AAR Adenosine A2A receptor
AUC Area under the curve
AMPA Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
BG Basal ganglia
COMT Catechol-O-methyl transferase
CPu Caudate-putamen
CGI Clinical global impression
DA Dopamine
DYN Dynorphin
ENK Enkephalin
GABA γ-Aminobutyric acid
GAD67 Glutamic acid decarboxylase
GP Globus pallidus
GPe Globus pallidus, external segment
GPi Globus pallidus, internal segment
5-HT 5-Hydroxytryptamine
LOCF Last observation carried forward
KO Knockout
L-DOPA 3,4-Dihydroxy-L-phenylalanine
LTP/LDP Long-term potentiation/long-term depression
mGlu5 Metabotropic glutamate subtype 5
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MAO B Monoamine oxidase B
6-OHDA 6-Hydroxydopamine
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
PD Parkinson’s disease
STN Subthalamus
SNr Substantia nigra pars reticulata
TJM Tremulous jaw movement
UPDRS Unified Parkinson’s disease rating scale

1 Introduction

Increasing life expectancy will inevitably lead to an increase in the incidence of
neurodegenerative illnesses, such as Parkinson’s disease (PD), constituting an in-
creasing social and economic burden (Dorsey et al. 2007). At the same time, the
dopaminergic therapies currently used to treat the motor symptoms of PD, while
effective in the initial stages of the illness, become inadequate as the disease pro-
gresses, do not reverse non-motor symptomatology, and become associated with
adverse effects that prove difficult to manage (Fahn and Janlovic 2007; Jankovic
2006). In this situation, drug treatments that act beyond the damaged dopaminergic
system, for example adenosine A2A receptor (A2AAR) antagonists, are becoming
important targets for the treatment of PD since they may be effective in both the
early and late stages of PD and avoid the unwanted side effects currently associated
with chronic dopaminergic treatment.

2 Parkinson’s Disease

PD affects 1 in 500 of the general population and 1 in 100 of those individu-
als aged 60 or over. The incidence of the illness is age related and this remains
the only clearly established predisposing factor (Weintraub et al. 2008a). It is
characterized by akinesia, rigidity, tremor and postural abnormalities, but increas-
ingly there is awareness that it is a much broader illness that induces a range of
non-motor symptoms such as sweating, falling, speech and swallowing difficul-
ties, and neuropsychiatric components such as depression, anxiety and cognitive
decline (Chaudhuri et al. 2005). Many of these features can precede the onset of
motor symptoms and they, and others, are being actively investigated as early di-
agnostic features of those individuals that are likely to go on to develop clinical
PD (Berg 2006; Siderowf and Stern 2006). The motor symptoms of PD are due
primarily to the degeneration of the dopaminergic nigrostriatal pathway, with the
mesolimbic/mesocortical dopaminergic pathways remaining relatively intact. How-
ever, pathology is widespread, with cell loss also occurring in many other brain
areas, such as the locus coeruleus, raphe nuclei, dorsal motor nucleus of the vagus
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and the ventral forebrain, leading to changes in a range of neurotransmitters, in-
cluding noradrenaline, 5-hydroxytryptamine (5-HT) and acetylcholine (Agid 1991;
Jellinger 2002). Precisely how these contribute to the symptomatology of PD is not
known, but they may be the origin of the non-motor features of the illness. Recently,
the suggestion was made that PD is a progressive pathological disorder that starts
in the periphery and then affects the brain, sweeping from the brainstem through
to the cortex and only leading to a diagnosis of PD when the pathological process
starts to affect the basal ganglia (BG) (Braak et al. 2006a, b; Braak and Del 2008).
Although this is controversial, it implies that treatment strategies should be more
broadly based and that pathological change in the BG may be a later feature of PD
than previously thought.

PD can be induced by gene defects in rare familial cases, but the bulk of the
PD population is considered to have idiopathic disease (Gasser 2007; Hardy et al.
2006). In all probability, it is not a single disorder but a syndrome with multiple
causes and with clear differences between, for example, young-onset PD and late-
onset illness, and between tremor-dominant and akinetic manifestations. The usual
description of PD is that it is due to a combination of genetic and environmen-
tal factors that can interact to varying degrees and at different levels (McCulloch
et al. 2008). The pathogenic process responsible for neuronal loss in PD remains
unknown, but contributing factors are oxidative and nitrative stress, mitochondrial
dysfunction, excitotoxicity and altered proteolysis (Jenner and Olanow 2006; Litvan
et al. 2007a, b). Cells are presumed to die by apoptosis, but this has not been con-
clusively demonstrated. There are, however, two key features of PD that probably
provide the major clues to the underlying mechanisms. First, pathological change
is always accompanied by the appearance of cytoplasmic inclusions, termed Lewy
bodies, in surviving neurons (Wakabayashi et al. 2007), and second, there is a reac-
tive microgliosis and to some extent astrocytosis that leads to inflammatory change
and that may contribute to the progression of pathology in PD (McGeer and McGeer
2008).

The primary effect of dopaminergic loss in the striatum in PD leads to a
disruption of the parallel processing loops between the motor cortex, basal gan-
glia, thalamus and back to pre-motor and motor cortex that are responsible for
the integration of motor, sensory and cognitive information that controls volun-
tary movement (Obeso et al. 2000, 2004). Dopamine plays three important roles
in the striatum that are lost in PD. It controls the activity of the corticostriatal
glutamatergic input, it determines the activity of the GABAergic medium spiny
neurons that make up the major striatal output pathways—the direct and indirect
pathways (see below), and it plays a key role in motor programming through the
maintenance of long-term potentiation or long-term depression (LTP/LDP)-type
processes (Calabresi et al. 2006, 2007). All of these are key to how dopaminergic
therapy reverses the motor symptoms of PD and to how non-dopaminergic drugs,
such as adenosine antagonists, can also alter basal ganglia function in PD.
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3 Treatment of PD and Limitations of Therapy

The current therapy for PD is based on dopaminergic replacement therapy using
3,4-dihydroxy-L-phenylalanine (L-DOPA) and dopamine agonists, notably ropini-
role and pramipexole (Horstink et al. 2006a, b; Weintraub et al. 2008b). These lead
to almost complete reversal of motor symptoms in the early stages of the disease,
but the dopamine agonists do not possess as great an efficacy as L-DOPA. This may
be related to their more selective effects on dopamine receptor subtypes, largely
D2/D3 receptors, and to the fact that L-DOPA stimulates all dopamine receptor pop-
ulations and also enhances noradrenergic and serotoninergic transmission and can
alter glutamate release among a range of actions. Adjuncts to dopaminergic therapy
are the other major drug types used in PD. These are the catechol-O-methyl trans-
ferase (COMT) inhibitors entacapone and tolcapone, which prevent the metabolism
of L-DOPA to 3-O-methyl-DOPA, as well as the monoamine oxidase B (MAO B)
inhibitors selegiline and rasagiline, which prevent the breakdown of endogenous
dopamine and dopamine derived from L-DOPA. Otherwise, the only other drugs
routinely used to treat PD are anticholinergics, which are particularly effective
against tremor, or the weak NMDA antagonist amantadine, which has some mild
symptomatic actions but is usually employed to suppress dyskinesia (see below).

However, the symptomatic treatment of PD becomes more complex with disease
progression and with chronic drug treatment (Fabbrini et al. 2007; Jankovic 2005;
Jankovic and Stacy 2007; Stacy and Galbreath 2008; Stocchi 2003). Dopaminergic
drugs show a shortening of duration of effect (wearing-off), and the clinical response
becomes unpredictable and subject to rapid oscillations, with patients switching
rapidly between mobility and immobility (on–off). This can be treated by using
a longer-acting dopamine agonist drug or by adding a COMT inhibitor or MAO B
inhibitor to therapy, but this is only a short-term measure. A significant proportion of
PD patients develop involuntary movements or dyskinesia (chorea, dystonia, atheto-
sis), particularly when treated with L-DOPA. Once established, these are evoked by
every dose of dopaminergic medication that is administered. Treatment is usually
by dose reduction, but this worsens PD; or by the addition of amantadine, but this is
poorly tolerated by many patients; or by the use of continuous drug infusions (sub-
cutaneous apomorphine or intraduodenal L-DOPA); or by referral for deep brain
stimulation, employing electrode placement in the subthalamic nucleus (Guridi et al.
2008).

Dopaminergic medications induce a range of acute side effects that further
complicate current treatment. These include acute effects such as nausea and vom-
iting and more prolonged changes in cardiovascular function and in hormonal
status. Probably most worrying, however, are the neuropsychiatric complications
of dopaminergic treatment usually seen after longer periods of treatment in more
advanced patients with PD. Psychosis induced by dopaminergic medication, par-
ticularly in elderly patients showing cognitive decline, can become treatment lim-
iting. More recently, dopaminergic dysregulation syndromes, such as compulsive
gambling and hypersexuality, have been identified as affecting significant numbers
of individuals (Stamey and Jankovic 2008; Stocchi 2005) and leading to legal action
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that may limit the use of this drug class. All of this leads to the conclusion that
new approaches to treatment are required. While dopaminergic medication is highly
effective against the motor symptoms of PD, it has little effect on the non-motor
components of PD, which are largely non-dopaminergic in origin. Cognitive decline
in PD and the high incidence of anxiety and depression require particular attention
(Weintraub et al. 2008c). These have become a major problem in treating PD, and
novel therapeutic approaches are required.

All current treatment of PD is orientated towards symptomatic therapy. There
are no proven treatments that alter the rate of progression of PD. A key objec-
tive is to find disease-modifying treatments that stop or slow disease progression.
However, neuroprotection is proving a difficult issue, with drugs that look highly
effective in preclinical models of PD turning out to be ineffective in clinical trials
(Ahlskog 2007; Hung and Schwarzschild 2007; Kieburtz and Ravina 2007; LeWitt
2006; Schapira 2008; Stocchi and Olanow 2003). This has occurred with MAO B
inhibitors, glutamate antagonists, inhibitors of apoptotic mechanisms, enhancers of
mitochondrial function, trophic factors, and dopamine agonists, amongst others. The
reasons for this are not entirely clear, but it may relate to the inappropriateness of
the animal models or to the multiple causes of PD and the use of patient populations
with different pathogenic mechanisms underlying the origin of their disease.

New approaches to neuroprotection are needed, and clues may be gained by look-
ing at factors that are thought to reduce the risk of developing PD in the human
population. Some of the more robust, although still controversial, include cigarette
smoking, the use of nonsteroidal anti-inflammatory drugs, antihypertensive agents
(notably calcium channel blockers), and caffeine (Becker et al. 2008; Bornebroek
et al. 2007; Esposito et al. 2007; Hu et al. 2007; Powers et al. 2008; Ritz et al.
2007). The ability of caffeine to reduce risk may be highly relevant to the potential
therapeutic effects of A2AAR antagonists in the treatment of PD.

4 Basal Ganglia Organization

4.1 Localization of A2AARs in Basal Ganglia

The BG comprise a group of tightly interconnected forebrain nuclei, intercalated
among the cerebral cortex, thalamus and brainstem, and mainly involved in motor
control and sensorimotor integration. Within the last decade, a number of dedicated
studies have extensively shown how dopamine and adenosine interact to modulate
motor function at this level (Fuxe et al. 2007; Schwarzschild et al. 2006; Schiffmann
et al. 2007).

Adenosine binds at least four different G-protein-coupled receptors, namely
A1, A2A, A2B, A3 (Fredholm et al. 1994). In contrast to the widespread distri-
bution of A1, A2B and A3 adenosine receptors in the brain, A2AARs are more
selectively distributed, being abundantly expressed in the BG, and reaching the
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highest levels of expression in the caudate-putamen (CPu) (Rosin et al. 1998;
Schiffmann et al. 1991). This selective distribution of A2AARs, involving a po-
tentially low incidence of side effects, first led to the consideration of A2AAR
antagonists among the most promising non-dopaminergic agents for the treatment
of PD motor symptoms.

The CPu is mainly composed of medium spiny GABAergic neurons, which are
equally divided into two neuronal populations: striatonigral neurons, which con-
nect the CPu with the substantia nigra pars reticulata (SNr) or globus pallidus (GP)
internal segment (GPi), otherwise called the entopeduncular nucleus in rodents,
and striatopallidal neurons, which connect the CPu with the GP or GPe (globus
pallidus external segment) in primates (Fig. 1). Within this system, A2AARs are re-
stricted to GABAergic neurons projecting to the GP which also selectively express
the D2 dopamine receptor and the peptide enkephalin (ENK) (Fink et al. 1992;
Schiffmann et al. 1991). Conversely, striatonigral neurons, which selectively ex-
press the D1 dopamine receptor and the peptide dynorphin (DYN), do not contain
appreciable levels of A2AAR. At the molecular level, Gs-coupled A2AARs activate
adenylate cyclase, resulting in stimulation of neuronal activity, and opposing the
dopamine-mediated inactivation of adenylate cyclase through the Gi-coupled D2 re-
ceptor (Fredholm 1995). Recent studies have demonstrated that in striatopallidal
neurons the A2AAR can form heteromers with the D2 receptor to attenuate coupling
to the signaling pathway of the latter, offering a molecular mechanism of interaction
which has compelling implications for PD treatment (Fuxe et al. 2005; Hillion et al.
2002).

The second most abundant neuronal population within the CPu are the large
cholinergic aspiny interneurons, which represent about 5% of the entire popula-
tion (Gerfen 1992). Striatal cholinergic nerve terminals express A2AARs, which, by
modulating the release of acethylcholine in the rat CPu (Fig. 1), represent a novel
interesting target for tremor control in PD models (see later).

4.2 Function of A2AARs in Basal Ganglia

In an intact CPu, adenosine via A2AARs excites striatopallidal neurons, opposing
the inhibitory effect exerted by dopamine (Fig. 1). In PD, lack of dopamine gener-
ates an imbalance in the activity of striatal output pathways. Striatonigral neurons
become hypoactive, whereas striatopallidal neurons, losing the inhibitory effect of
dopamine while undergoing the stimulatory influence of adenosine, become hyper-
active, boosting their inhibitory influence on GP neurons. Such imbalanced activity
leads to a markedly increased inhibitory output from SNr/GPi to thalamocortical
neurons, which produces hypokinetic symptoms in PD. Many authors have sug-
gested that the positive effects of A2AAR antagonists in PD rely on the blockade
of A2AARs on striatopallidal neurons, which should dampen their excessive ac-
tivity and restore some balance between striatonigral and striatopallidal neurons,
consequently relieving thalamocortical activity. This mechanism offers a rationale
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Fig. 1 Proposed mechanisms of adenosine A2A receptor (A2AAR) antagonist activity in Parkin-
son’s disease (PD). Mechanisms of symptomatic effects are drawn in black, whereas mechanisms
of neuroprotection are drawn in gray. In PD, lack of dopamine (DA) induces hypoactivity of
striatonigral D1-containing neurons and hyperactivity of striatopallidal D2-containing neurons,
resulting in subthalamus (STN) and substantia nigra pars reticulata (SNr) hyperactivity. Acetyl-
choline (Ach) interneurons in the caudate-putamen (CPu) are also hyperactive. The final outcome
is depressed activity of thalamocortical (Th) projections, which produces characteristic symptoms
of akinesia. A2AAR blockade in striatopallidal neurons, and likely in the globus pallidus (GP), re-
lieves their hyperactivity, restoring balance between the output pathways. As a consequence, SNr
and Th-cortical neurons become normoactive, relieving the akinesia. Moreover, A2AAR blockade
in Ach interneurons restores Ach tone, which may contribute to counteracting tremor. In the parkin-
sonian state, glial proliferation is present in both the CPu and the substantia nigra pars compacta
(SNc). As neuroprotective agents, A2AAR antagonists attenuate dopaminergic cell degeneration
through a mechanism that may involve A2AARs located presynaptically or alternatively A2AARs
in glial cells
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for the use of A2AR antagonists as a monotherapy in PD, as well as for the synergis-
tic effect observed upon the concurrent administration of A2AAR antagonists with
L-DOPA or dopaminergic agonists, which restore dopamine receptor stimulation
(Jenner 2003; Morelli 2003).

Of great interest is the neuronal colocalization and synergistic interaction
observed between striatal A2A receptor and metabotropic glutamate subtype 5
(mGlu5), glutamate receptor, which itself represents one of the most promising
targets for treatment of PD symptoms (Ferré et al. 2002; Rodrigues et al. 2005).
A potentiation of motor activity has been reported upon combined administration
of A2A and mGlu5 receptor antagonists, together with a synergistic interaction at
the level of signal transduction pathways (Coccurello et al. 2004; Ferré et al. 2002;
Kachroo et al. 2005; Nishi et al. 2003). The recent discovery of A2A–mGlu5 het-
eromers in CPu has further strengthened the rational for studying antiparkinsonian
strategies that simultaneously block A2AARs and mGlu5 receptors (Ferré et al.
2002).

4.3 Role of Globus Pallidus A2A Adenosine Receptors

An important function of A2AARs located outside the CPu, particularly in the GP,
has been evidenced by the positive effects displayed by A2AAR antagonists when
administered in association with dopaminergic therapies. In recent years, several
works have led to a reconsideration of the role played by the GP in BG circuits, with
this nucleus now placed at a critical functional position to modulate the excitability
of afferent (CPu and STN) and efferent (SNr) nuclei (Obeso et al. 2006). The in-
fusion of GABA agonists directly into the GP has been found to severely hamper
motor function, whereas the antagonism of pallidal GABAergic transmission results
in beneficial motor effects (Hauber 1998). The GP receives a direct dopaminergic
innervation, being enriched in D2 dopamine receptors. In the parkinsonian state,
in which the GP discharge rate and oscillatory activity are altered, intrapallidal
dopaminergic antagonists produce akinesia, whereas dopamine stops this symptom
(Galvan et al. 2001; Hauber and Lutz 1999), suggesting that dopamine depletion
either directly or indirectly disrupts the modulatory function of GP within the BG.
A2AARs are highly expressed in the GP, mainly in the neuropil, where they can reg-
ulate pallidal extracellular GABA concentration and, thereafter, GP activity (Rosin
et al. 1998; 2003). While stimulation of pallidal A2AARs enhances striatopallidal
GABA outflow, their blockade reduces it (Ochi et al. 2004; Shindou et al. 2003).
Recently, it was reported that while intrapallidal infusion of A2AAR antagonists
in 6-hydroxydopamine (6-OHDA)-lesioned rats does not elicit any motor response
per se, it does potentiate motor activity induced by L-DOPA or dopaminergic ago-
nists, suggesting that the beneficial effect exerted by these compounds in PD might
also rely on the blockade of pallidal A2AARs (Simola et al. 2006; 2008). It might
be hypothesized that in PD, the blockade of pallidal A2AARs, by reducing extra-
cellular GABA, may contribute to restoring GP activity and in turn subthalamic
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nucleus activity, leading to a more balanced activation of direct and indirect path-
ways and, when associated with dopaminergic agonists, an enhancement of their
motor-stimulating effects.

5 Motor-Behavioral Effects of A2AAR Antagonists in Animal
Models of Parkinson’s Disease

5.1 Effects of Acute A2AAR Antagonism on Motor Deficits

The highly enriched distribution of adenosine A2AARs in striatopallidal neurons,
and their ability to form functional heteromeric complexes with dopamine D2 and
metabotropic glutamate mGlu5 receptors, mean that A2AAR antagonists are of par-
ticular interest for the modulation of motor behavior, whilst at the same time they
display a low predisposition to induce non-motor side effects.

Research performed to evaluate the effects produced by AR ligands on motor
behavior in experimental rodents has provided the first evidence that adenosine is
implicated in the modulation of movement. The critical role of A2AAR in the regu-
lation of motor behavior was first highlighted by data showing inhibition of motor
behavior by the A2AAR agonist 2-p-[(2-carboxyethyl)-phenethylamino]-5′-N -
ethylcarboxamidoadenosine (CGS-21680), while the A2AAR antagonist 7-(2-
phenylethyl)-5-amino-2-(2-furyl)-pyrazolo -[4,3-e] -1,2,4-triazolo[1,5-c]pyrimidine
(SCH-58261) was found to stimulate motor activity (Morelli et al. 1994; Pollack
and Fink 1996; Pinna et al. 1996).

A large number of A2AAR antagonists have been demonstrated to affect motor
behavior by reversing catalepsy in rodents (reducing its duration and severity), hence
accounting for an improvement in parkinsonian motor deficit by these drugs. More-
over, combined administration of the A2AAR antagonists with L-DOPA has been
shown to potentiate the L-DOPA-induced anticataleptic effect, indicating the exis-
tence of a synergistic interaction between L-DOPA and A2AAR antagonists (Kanda
et al. 1994; Shiozaki et al. 1999; Wardas et al. 2001).

In line with results obtained in the catalepsy protocol, A2AAR antagonists
showed motor-facilitatory activity in animals rendered parkinsonian by the admin-
istration of dopaminergic neurotoxins, such as 6-OHDA and 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), which induce the degeneration of nigrostriatal
dopaminergic neurons, resulting in models of parkinsonian-like disabilities (akine-
sia, bradykinesia, etc.) in the animals treated.

Acute administration of the A2AAR agonist CGS 21680 to unilaterally 6-
OHDA-lesioned rats has been shown to significantly reduce the turning behavior
induced by L-DOPA and either D1 or D2 dopamine receptor agonists (Morelli
et al. 1994). Conversely, the A2A receptor antagonist SCH 58261, when admin-
istered acutely to 6-OHDA-lesioned rats, has been demonstrated to significantly
potentiate turning behavior induced by L-DOPA and either D1 or D2 dopamine
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receptor agonists (Pinna et al. 1996). An increase in the turning behavior stimulated
by L-DOPA or apomorphine was observed following acute A2AAR blockade
by 1,3-dipropyl-7-methyl-8-(3,4-dimethoxystyryl)xanthine (KF-17837), 2-butyl-
9-methyl-8-(2H -1,2,3-triazol-2-yl)-9H -purin-6-ylamine (ST-1535) or (E)-1,3-
diethyl-8-(3,4-dimethoxystyryl)-7-methyl-3,7-dihydro-1H -purine-2,6-dione (KW-
6002) (Koga et al. 2000; Rose et al. 2007; Tronci et al. 2007).

Besides turning behavior, subtle aspects of PD symptomatology develop in rats
as a consequence of dopamine neuron degeneration, such as forelimb akinesia, gait
impairment and sensory-motor integration deficits that are considered analogous to
the PD symptoms seen in humans. Acute administration of the A2AAR antagonists
SCH-58261 and ST-1535, in a similar manner to L-DOPA although with a lower
intensity, counteracted the lesion-induced impairments to the initiation time of the
stepping test, to adjusting steps, and to vibrissae-evoked forelimb placing (Pinna
et al. 2007). These results suggest that A2AAR antagonists might ameliorate parkin-
sonian symptoms in PD patients, even when used as a monotherapy.

Most importantly, the efficacy of A2AAR antagonists in MPTP-treated nonhuman
primates, provided the impetus for experimentating with these compounds in clin-
ical trials. Acute administration of the A2AAR antagonist KW-6002 counteracted
motor impairments and increased locomotor activity in primates previously treated
with MPTP (Kanda et al. 1998a, b). Furthermore, a synergistic interaction between
A2AAR antagonists and L-DOPA, as well as dopaminergic agonists, in decreasing
motor impairment has been observed in MPTP-treated common marmosets (Kanda
et al. 2000; Rose et al. 2007).

The crucial role of CPu in the effects of A2AAR antagonists has been confirmed
by data indicating that the intrastriatal infusion of the A2AAR antagonist MSX-3
significantly counteracted catalepsy produced by D1 or D2 receptor antagonists
(Hauber et al. 2001). However, further to the well-documented role of CPu in medi-
ating motor facilitation produced by A2AAR antagonists, extrastriatal circuits may
also be involved in this effect (see Sects. 4.3 and 5.5).

5.2 Efficacy of A2AAR Antagonists in Relieving Parkinsonian
Tremor and Muscular Rigidity

To date, tremor and rigidity are devoid of adequate pharmacological treatments,
and so preclinical evidence showing that A2AAR antagonists may be effective in
relieving rigidity as well as resting tremor, one of the first symptoms manifested
in individuals affected by PD, has greatly increased the attention directed towards
A2AAR antagonist compounds.

Promising effects of A2AAR antagonists have been observed in rat models of
parkinsonian-like muscular rigidity. Haloperidol and reserpine induce a muscular
stiffness that displays electromyographic and mechanographic features that partly
overlap with those of parkinsonian muscular rigidity. Both effects are attenuated by
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the administration of the A2AAR antagonist SCH-58261, suggesting the existence
of a potential beneficial effect of A2AAR blockade on parkinsonian-like muscular
rigidity (Wardas et al. 2001).

Blockade of A2AARs effectively counteracts tremulous jaw movements (TJM), a
valuable model for the screening of new antitremorigenic agents in rats. Administra-
tion of either the A2AAR antagonist SCH-58261 or ST-1535 has been demonstrated
to significantly suppress tacrine-induced TJM and, in line with this finding, an-
tagonism of A2AAR by KF-17837 has been reported to relieve TJM elicited by
haloperidol, suggesting a beneficial use of these drugs as specific agents against this
parkinsonian symptom (Correa et al. 2004; Mally and Stone 1996; Simola et al.
2004). In addition, intracranial infusion of A2AAR antagonists revealed a critical
role of the ventrolateral portion of the CPu in counteracting TJM (Simola et al.
2004). Interestingly, a specific increase in A2AAR mRNA expression in this striatal
portion was detected following dopamine denervation in the 6-OHDA model of PD
(Pinna et al. 2002).

In order to explain the antitremorigenic effect, it should be noted that stri-
atal cholinergic nerve terminals express A2AARs, and A2AAR antagonists can
reduce the evoked release of acethylcoline in rat CPu (Kurokawa et al. 1996),
whereas increased acetylcholine transmission, particularly in the ventrolateral por-
tion of CPu, is believed to play an important role in the genesis of TJM in rats
(Salamone et al. 1998).

5.3 Effects of Chronic A2AAR Antagonism on Motor
Complications and Dyskinesia

In line with data obtained following acute administration, long-term treatment with
A2AAR antagonists has been shown to significantly counteract motor disabilities in
rodent and nonhuman primate PD models (Kanda et al. 1998b; Pinna et al. 2001).
Moreover, chronic A2AAR antagonism has been shown not to induce tolerance to
motor-stimulant effects in both rats and primates (Halldner et al. 2000; Jenner 2003;
Pinna et al. 2001). Lack of tolerance to motor-stimulant effects of A2AAR antago-
nists is of particular significance in PD, in which the motor-improving properties of
therapeutic agents are required to persist during the chronic regimen.

A major finding emerging from studies on chronic A2AAR antagonists is repre-
sented by the results reported on motor fluctuations (“wearing off”) and dyskinesia
in experimental animals treated with A2AAR antagonists and L-DOPA (Koga et al.
2000). The wearing off of L-DOPA that is observed in humans is mimicked in 6-
OHDA-lesioned rats, where the duration of rotational behavior elicited by L-DOPA
is progressively reduced during chronic administration. Combined administration
of the A2AAR antagonist KW-6002 prevented the shortening of rotational behavior,
reflecting a potential beneficial influence of A2AAR blockade on L-DOPA wear-
ing off (Koga et al. 2000). At the same time, sensitization of rotational behavior
and development of abnormal involuntary movements (AIMs) is thought to mimic
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dyskinetic effects elicited by L-DOPA. In this paradigm, interesting results con-
cerning the modulation of dyskinesia by A2AAR blockade have been obtained by
comparing the rotational behavior elicited by long-term administration of a higher
dose of L-DOPA to an equipotent combination of a lower dose of L-DOPA plus
the A2AAR antagonist ST-1535 (Rose et al. 2007; Tronci et al. 2007). Although
both L-DOPA (high dose) and L-DOPA (lower dose) plus ST-1535 produced a com-
parable degree of rotations on the first administration, sensitization of rotational
behavior and AIMs were observed only in response to chronic L-DOPA alone, not
to chronic L-DOPA plus ST-1535, suggesting that the association between the two
drugs represents a treatment with low dyskinetic potential (Tronci et al. 2007).
These results have been strengthened by studies showing that genetic deletion of
the A2AAR prevents the sensitization of rotational behavior stimulated by L-DOPA
in 6-OHDA-lesioned A2AAR knockout (KO) mice (Fredduzzi et al. 2002).

Results obtained in MPTP-treated primates confirm and further extend those
deriving from 6-OHDA-lesioned rats. First, A2AAR antagonists do not induce dysk-
inesia per se, since administration of KW-6002 to parkinsonian primates relieved
motor disability without stimulating abnormal movements (Grondin et al. 1999;
Kanda et al. 1998, 2000). Second, in MPTP-treated marmosets previously exposed
to chronic L-DOPA in order to develop dyskinesia, motor stimulation induced by
KW-6002 was not associated with an exacerbation of dyskinetic movements (Kanda
et al. 1998). Furthermore, no sign of apomorphine-induced dyskinesia was observed
in parkinsonian cynomolgus monkeys chronically treated with a combination of
apomorphine and KW-6002 (Bibbiani et al. 2003). Interestingly, when KW-6002
(but not apomorphine) administration was interrupted, primates previously treated
with KW-6002 displayed apomorphine-induced dyskinesia only 10–12 days af-
ter KW-6002 discontinuation, thus accounting for a potential preventive effect of
A2AAR blockade on the development of dyskinesia (Bibbiani et al. 2003; Morelli
2003). It should be noted, however, that while A2AAR antagonists associated with
a low nondyskinetic dosage of L-DOPA may achieve satisfactory results in motor
stimulation, whilst at the same time limiting the severity of L-DOPA-induced dysk-
inesia, no study has yet demonstrated the ability of A2AAR antagonists to revert an
already established dyskinesia in animal models.

In this regard, in MPTP-treated common marmosets previously rendered dysk-
inetic by chronic L-DOPA, it has been shown that the relief of motor impairment
produced by an optimal dose of L-DOPA presenting a high dyskinetic potential
was adequately mimicked by a combination of KW-6002 plus a suboptimal dose
of L-DOPA, which, in contrast, was associated with weak induction of dyskinesia
(Bibbiani et al. 2003).

Taken together, data obtained from several preclinical studies indicate the exis-
tence of beneficial effects of chronic A2AAR antagonists on PD motor disability
and on motor complications produced by long-term L-DOPA. These effects are of
considerable interest in light of the fact that motor complications are one of the in-
trinsic limitations of L-DOPA therapy, and are often insensitive to pharmacological
manipulation.



602 M. Morelli et al.

5.4 Effects of Acute and Chronic A2AAR Antagonism
on Biochemical Parameters

The study of the effects of A2AAR antagonists on behavioral parameters in both rat
and primate models has been paralleled by the analysis of the influence of A2AAR
blockade on the biochemical modifications induced by chronic L-DOPA in 6-OHDA
lesioned rats in the basal ganglia. Prolonged administration of L-DOPA, according
to a regimen capable of inducing a sensitized (dyskinetic-like) rotational response
and AIMs, has been shown to modify the expression of the neuropeptides ENK and
DYN as well as of the enzyme glutamic acid decarboxylase (GAD67) in the basal
ganglia of 6-OHDA-lesioned rats (Carta et al. 2002; Cenci et al. 1998). Although a
direct relationship between these biochemical changes and L-DOPA-induced dysk-
inesia onset has not been unequivocally demonstrated, they have nevertheless been
postulated to reflect a more general aberrant functionality of BG produced by long-
term L-DOPA, which is thought to underlie the dyskinesia elicited by this drug.

Interestingly, combined administration of low doses of L-DOPA with the A2AAR
antagonists SCH-58261 or ST-1535, which (as reported above) induce the same
degree of contralateral rotation upon the first administration, did not induce the
modifications in the striatal levels of ENK, DYN and GAD67 mRNAs produced
by chronic higher doses of L-DOPA in 6-OHDA-lesioned rats (Carta et al. 2002;
Tronci et al. 2007).

Moreover, beneficial effects of A2AAR blockade on the regulation of the phos-
phorylation state of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) type of glutamate receptor by L-DOPA have been described. Hyperphos-
phorylation of the striatal AMPA receptor consequent to chronic administration of
L-DOPA to 6-OHDA-lesioned rats is in fact prevented by combined administration
with KW-6002 (Chase et al. 2003).

In addition to the postulated A2AAR regulatory effects on neuronal responsive-
ness following prolonged dopaminergic stimuli, it should be considered that A2AAR
antagonists, by potentiating the motor effects of L-DOPA or dopamine agonist
drugs, allow the use of dopaminomimetic compounds at low nondyskinetic doses.
Therefore, the sparing of these agents produced by combined administration with
A2AAR antagonists might contribute towards reducing, or at least delaying, the on-
set of neuroplastic modifications in BG.

5.5 Biochemical Changes in Extrastriatal Basal Ganglia Areas

In the context described above, the increase in GAD67 mRNA in the GP of
6-OHDA-lesioned rats treated subchronically with L-DOPA (full effective dose)
but not with SCH-58261 plus L-DOPA (threshold dose) is particularly important,
indicating that chronic L-DOPA—but not an equally effective combination of SCH-
58261 plus L-DOPA—elicits abnormal modifications of GP neuronal activity (Carta
et al. 2003).



Adenosine A2A Receptors and Parkinson’s Disease 603

Moreover, subchronic studies have shown that, while a fully effective dose of
L-DOPA reduces the 6-OHDA lesion-induced increase in GAD67 mRNA in SNr,
it simultaneously reduces GAD67 mRNA values to below the levels present on
the intact side, producing an excessive inhibition of SNr efferent neurons (Carta
et al. 2003). In contrast, the combined subchronic administration of SCH-58261
plus L-DOPA reduces GAD67 mRNA to a lesser extent, decreasing GAD67 mRNA
to levels similar to those present on the intact nonlesioned side (Carta et al. 2003).
Excessive inhibition of SNr in rodents and GP internal segment in primates, together
with an altered firing pattern, is correlated with the onset of dyskinetic movements
after L-DOPA (Boraud et al. 2001; Papa et al. 1999). Thus, the ability of subchronic
SCH-58261 plus L-DOPA to produce a decrease in GAD67 mRNA values to lev-
els similar to those present in nonlesioned SNr may correlate with the presence of
contralateral turning (index of therapeutic response) and to the failure to produce
sensitization in contralateral turning (index of dyskinetic movements).

The results of those studies underline the importance of the role played by the
indirect CPu-GP-STN-SNr pathway in eliciting the therapeutic response of A2AAR
receptor antagonists, and its involvement in abnormal motor responses produced by
subchronic L-DOPA.

6 Clinical Actions of Adenosine A2AAR Antagonists

The anatomic localization of A2AARs and their biochemical and pharmacological
properties suggest that modulation of striatal GABAergic output will modify mo-
tor function in PD, and that this should occur with no risk of the development or
expression of dyskinesia (Kase et al. 2003). The activity of A2AARs in functional
models of PD also points to actions of the A2AAR antagonists as monotherapy and
as adjuncts to L-DOPA and dopamine agonists. Only one A2AAR antagonist has
undergone detailed clinical evaluation so far: istradefylline (KW-6002).

In healthy subjects, istradefylline (40, 60, 80 and 160 mg per day for 14 days)
showed dose-proportional increases in the area under the curve (AUC) and a Cmax
with a half-life (t1/2) of 67–95 h, suggesting that once-daily dosing should be effec-
tive (Rao et al. 2005a). Similar studies in patients with PD showed that istradefylline
(60 and 80 mg per day for 14 days) also exhibits a dose-proportional pharmacoki-
netic profile (Rao et al. 2005b). The occupation of striatal A2AARs by istradefylline
was shown using 11C-istradefylline as a ligand for PET investigations in healthy
subjects (Brooks et al. 2008). These studies showed >90% occupation of A2AARs at
doses of istradefylline exceeding 5 mg, while this decreased proportionally at lower
doses. From these studies, it was concluded that 20 or 40 mg per day istradefylline
would provide consistent A2AAR occupation, and that this would be an appropriate
dosage for subsequent clinical investigations.

Some early clinical efficacy studies to establish proof of concept in patients with
PD took place prior to the completion of the PET A2AAR imaging investigations,
and so these studies utilized higher doses. These involved studies of the effects of
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istradefylline (40 or 80 mg per day over four weeks) alone or in combination with
subsequent steady-state intravenous infusions of L-DOPA using an optimal or low
infusion rate (Bara-Jimenez et al. 2003). Perhaps surprisingly, istradefylline alone
had no effect on motor disability. This finding contrasts with the mild symptomatic
effects of istradephylline seen in MPTP-treated primates, but is more consistent with
the absence of significant rotation in 6-OHDA-lesioned rats. The data suggest that
the drug would not be effective as monotherapy in the treatment of PD, but there
is only one recent report on the efficacy of istradefylline as sustained monotherapy,
which was inconclusive (Fernandez et al. 2008).

The results of the effects of istradefylline in conjunction with L-DOPA infusions
gave the first indication of the clinical actions of the effect of A2AAR receptor oc-
cupation. Istradefylline in conjunction with an optimal L-DOPA infusion had no
effect on the severity of motor deficits (Bara-Jimenez et al. 2003). However, when
combined with a low dose of L-DOPA, istradefylline (80 mg per day) potentiated
the improvement in motor function by 36% while dyskinesia was unchanged. All
primary motor symptoms of PD were improved by the addition of istradefylline.
Istradefylline also increased the duration of efficacy of L-DOPA by 76%, as judged
by the length of time patients remained mobile (“on” time) following cessation of
L-DOPA infusion.

These findings are interesting, as they strongly support the results of the preclin-
ical investigations in 6-OHDA-lesioned rats and in MPTP-treated primates, which
showed that istradefylline potentiated the effects of low-threshold doses of L-DOPA
but that little effect was seen when combined with high effective doses of the drug.
The implication is that the optimal clinical effects would therefore be observed un-
der similar conditions, but, as will be seen, the major clinical trials were undertaken
in patients receiving optimal administration of dopaminergic therapy for regulatory
reasons related to the need to demonstrate efficacy as a decrease in the length of
time patients were immobile during the waking day (“off” time) in a group not ad-
equately controlled by currently available medication.

In a 12-week exploratory study of safety and efficacy in advanced PD patients
receiving L-DOPA therapy and other dopaminergic agents with both motor fluctua-
tions and peak dose dyskinesia, istradefylline (up to 20 or 40 mg per day) reduced
off time by 1.2 h during the waking day in the later stages of the study, as assessed
using a home diary, although no change in the unified Parkinson’s disease rating
scale (UPDRS) scores for motor function or clinical global impression (CGI) of
improvement in parkinsonian symptoms was found (Hauser et al. 2003; Hauser
and Schwarzschild 2005). This is similar to the reductions produced by the COMT
inhibitor entacapone when added to L-DOPA therapy. No overall increase in dyski-
nesia was observed, but perhaps surprisingly based on the preclinical findings, there
was an increase in the amount of on time during which dyskinesia occurred. The
overall success of this study then paved the way for a series of longer-term clinical
investigations in larger patient populations.

These studies have largely confirmed the effects seen in the initial investiga-
tions with istradefylline. In a double-blind multicenter study, in PD patients with
prominent end-of-dose wearing off, istradefylline (40 mg per day) reduced off time
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during the waking day by 1.2 h compared to placebo (LeWitt et al. 2004, 2008;
Stacy et al. 2004). There was no increase in dyskinesia that was disabling to the
patient, but on time with dyskinesia was increased as a result of an increase in mild
dyskinesia that was not troublesome to the patient and did not impair mobility. This
was not unexpected on the basis of the earlier clinical studies, but it does conflict
with the preclinical data on dyskinesia in MPTP-treated primates, although these
studies were largely carried out using low doses of L-DOPA. In another study of
istradefylline in PD patients with motor complications using 20 or 60 mg per day
istradefylline versus placebo, almost identical findings were obtained except that the
decreases in off time were 0.64 and 0.72 h, respectively, for the 20 and 60 mg per
day doses, respectively (LeWitt et al. 2004; Stacy et al. 2004, 2008). A long-term
open-label efficacy study lasting 52 weeks in advanced-stage PD patients who had
previously completed a double-blind placebo-controlled investigation showed that
the efficacy of the drug in reducing off time in doses of between 20 and 60 mg per
day was maintained in patients who were already taking the drug at the start of the
study (Mark et al. 2005). In those patients from the placebo arm of the previous
double-blind study who started istradefylline, or those who had been off the drug
for more than two weeks and were restarted on the drug, off time was reduced after
two weeks and then maintained. The findings of these studies have more or less set
the scene for the clinical effects of this A2AAR antagonist in advanced PD patient
populations.

However, problems have recently been encountered relating to the efficacy of
istradefylline in other Phase III clinical studies, which are probably due to the prob-
lem of large and maintained placebo effects in PD and the modest duration of the
decrease in off time seen throughout the clinical development. In patients with ad-
vanced PD exhibiting motor fluctuations, as defined by an average of at least 3 h
off time, 20 mg per day istradefylline reduced the off times at two and four weeks
but not at eight or twelve weeks (Hauser et al. 2006, 2008; Shulman et al. 2006;
Trugman et al. 2006), although the effect was significant at the end-point (deter-
mined by the last observation carried forward, LOCF), with a 0.73 h reduction in
off time. An analysis of secondary end-points showed a reduction in UPDRS Part 3
for motor symptoms at four weeks, a trend at two and eight weeks, and no effect at
twelve weeks. Similarly, in patients with PD showing motor complications that were
not adequately controlled by L-DOPA, istradefylline (10, 20 or 40 mg per day) did
not decrease off time compared to a larger than expected placebo effect, although
a trend for the improvement in response to increase with increasing istradefylline
dosage (a dose-ordered response) was observed between the istradefylline-treated
groups (Guttman et al. 2006; Pourcher et al. 2006). The results from these studies
have led the FDA to issue a nonapprovable letter for the use of istradefylline in
late-stage PD.

Since istradefylline is the only A2AAR antagonist with results from clinical trials
for PD reported to date, it is difficult to know whether the profile seen with this drug
is typical of this class of drugs, or whether the design of the clinical trials in line
with regulatory end-points will provide further insights into the efficacy of this class
of drugs for PD. A number of other A2AAR antagonists are in clinical trials at this
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time, such as V2006 and SCH-58261, and the results of these studies are eagerly
awaited. Based on its preclinical profile, istradefylline would have been expected
to have some modest symptomatic effects as a monotherapy, but this needs further
investigation. Moreover, based on preclinical investigations, istradefylline should
produce an additive effect with L-DOPA, but perhaps the necessity of undertaking
the clinical studies in patients on optimal dopaminergic medication has masked its
ability to potentiate the effects of low-threshold doses of L-DOPA, an effect that
was clearly demonstrated in preclinical studies. Thus, the design of clinical trials
for istradefylline with this in mind may have provided a different outcome.

7 Future Directions

7.1 Effects on Cognition

Clinical evidence demonstrates the occurrence of cognitive impairments irrespec-
tive of motor disability in parkinsonian patients, including both overt dementia
during later stages of the disease and less marked deficits displayed by the major-
ity of subjects during the early stages. PD-associated cognitive symptoms involve
abnormalities in visuospatial performance and memory deficits, with both short-
and long-term memory being affected. Alterations in organization, planning, regu-
lation of goal-directed behaviors and information retrieval and attention are widely
observed in PD patients and are key events triggering the manifestations of PD-
associated cognitive decline (Appollonio et al. 1994).

L-DOPA has been found to exert contradictory effects, if any, on cognitive
deficits in PD, improving several symptoms whilst worsening others. Thus, the
development of new therapeutic options currently constitutes an important require-
ment in the treatment of cognitive decline observed in PD, and A2AAR antagonists
may represent a valid option. Several data obtained in experimental animals have ev-
idenced how counteracting A2AAR-mediated signaling by drugs or genetic deletion
of the gene encoding for the A2AAR may significantly improve cognitive functions,
whereas working memory deficits have been demonstrated in rats overexpressing
the A2AAR (Giménez-Llort et al. 2007; Wang et al. 2006). Moreover, studies em-
ploying the A2AAR antagonists KW-6002 and SCH-412348 have revealed how
A2AAR blockade exerts beneficial effects on cognition-related functions other than
memory, enhancing both motivation and attention, facilitating reward-related be-
haviors, increasing motor readiness, and speeding up motor-preparatory responses
(O’Neill and Brown 2006; Takahashi et al. 2008).

Several authors have hypothesized how a defective functionality of the frontos-
triatal dopaminergic circuit connecting the CPu to the frontal cortex contributes
towards cognitive deficits associated with PD (Gao and Goldman-Rakic 2003;
Kulisevsky et al. 2000). A2AARs are particularly abundant in the CPu, and are also
(although to a lesser extent) expressed in the frontal cortex (Rosin et al. 2003).
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Hence, by facilitating dopamine receptor-mediated effects, A2AAR antagonists may
boost neurotransmission at the level of the frontostriatal circuit, eventually exert-
ing a positive influence on parkinsonian cognitive deficits. Moreover, in addition
to the modulation of dopaminergic transmission by A2AARs, cholinergic system
functioning may also be affected. Interestingly, the A2AAR antagonist SCH-58261
has been found to increase acetylcholine release in rat frontal cortex (Acquas et al.
2002). The latter finding may be potentially relevant to the treatment of cognitive
deficits in PD, suggesting the potential ability of A2AAR antagonism to modify hy-
pofunctionality of the frontal cortex cholinergic system, implicated to some extent
in cognitive decline in PD, an effect which may contribute towards improving this
specific symptom of PD. These results do not exclude a potential role of adenosine
A1 receptor in contrasting cognitive decline in PD (Mihara et al. 2007).

7.2 Neuroprotective Potential

One of the major limitations of the current pharmacological treatment of PD is
represented by its substantial ineffectiveness in counteracting the degeneration of
dopaminergic neurons, which underlies this condition. In this regard, it has recently
been emphasized that the blockade of adenosine A2AARs may potentially represent
a valuable approach in counteracting neuronal death in PD (Chen et al. 2007).

Neuroprotective effects have been obtained in different PD animal models by
drug administration or in A2AAR KO mice. In the MPTP mouse model, blockade of
A2AARs by either SCH-58261 or KW-6002 or deletion of the gene encoding for the
A2AAR has been shown to substantially reduce both the demise of dopaminergic
nigral neurons and the fall in striatal dopamine concentration elicited by MPTP
administration (Chen et al. 2001; Ikeda et al. 2002; Pierri et al. 2005).

Despite the fact that neuroprotection elicited by A2AAR antagonists in PD animal
models is clearly manifested, the neuronal mechanisms underlying this effect have
not yet been ascertained, although they would seem to differ from those mediating
the motor-stimulating effects of these agents.

An abnormal increase in glutamate outflow may be implicated in triggering the
demise of dopaminergic neurons observed in PD, and so an involvement of glu-
tamate in A2AAR blockade-mediated neuroprotection has been suggested, since
A2AARs located presynaptically on glutamatergic terminals control glutamate re-
lease in a negative way (Cunha 2001; Popoli et al. 2002). It should nevertheless
be taken into account that mechanisms other than that regulating glutamate re-
lease may be involved in the neuroprotection mediated by A2AAR blockade, in
view of the modulation by A2AARs of a large number of brain functions. The
ability of A2AARs to modulate the activity of non-neuronal cell types (e.g., mi-
croglia or astroglia) is of particular interest to this regard, in view of the crucial
role played by glia-mediated neuroinflammation in PD. Therefore, interference with
glial-released neurotoxic factors might confer protective properties on these agents
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as well, leading to the compelling possibility that a unique broad mechanism might
subserve A2AAR-mediated neuroprotection in diverse neurodegenerative patholo-
gies (Kust et al. 1999; Nishizaki et al. 2002).

To date no clinical studies have been carried out to investigate potential neu-
roprotective effects on the dopaminergic system following the administration of
A2AAR antagonists. However, epidemiological studies have demonstrated how the
incidence of idiopathic PD negatively correlates with caffeine intake, being signifi-
cantly lower in individuals that regularly consume caffeine throughout their lifetime
(Ascherio et al. 2001).

Therefore, direct evidence of neuroprotection mediated by A2AAR antagonists
in experimental animals, as well as data from epidemiological studies, provide new
insights into the study of the antiparkinsonian potential of these drugs. It can there-
fore be postulated that A2AAR antagonists may not only relieve motor deficits in
established PD but may also potentially prevent the the pathology from progressing
by arresting the degeneration of dopaminergic mesencephalic neurons.

8 Conclusions

Although the neuroprotective and symptomatic effects of A2AAR antagonists on
parkinsonian neuronal demise appear to be most promising, it should be noted that
(i) by acting on A2A ARs to produce vasodilation, adenosine affects oxygen sup-
ply:demand, (ii) by acting on A2AARs on inflammatory cells, adenosine produces
anti-inflammatory responses, and (iii) by acting on A2AARs on endothelial cells,
adenosine decreases endothelial permeability. Therefore, blockade of A2AARs may
produce adverse effects in regions other than the brain, such as the heart, kidney,
lung and inflammatory responses in general. For more information on A2AARs in
other organs, please refer to other chapters in this volume, such as those focusing
on adenosine receptors and the kidney (Chap. 15), heart (Chaps. 6 and 7), asthma
(Chap. 11), and inflammation (Chap. 8). As a consequence, more detailed studies
should be undertaken in the future in both experimental animals and humans to clar-
ify whether (and under which specific conditions) A2AAR antagonists may be used
as safe and effective agents in the treatment of PD.
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