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Chapter 5 
Adenosine A2A receptor antagonism in Parkinson’s disease 

5.  

5.1 Introduction 

As mentioned, PD is a neurodegenerative disorder, characterized by the loss of dopaminergic 

neurons in the SNpc (Dauer & Przedborski, 2003).  The majority of the parkinsonian motor 

impairments are due to this progressive loss of dopamine producing neurons and the 

subsequent loss of dopamine input to the striatal motor structure (Shook & Jackson, 2012).  The 

next logical step is to restore dopaminergic neurotransmission and currently the gold-standard 

treatment is provided by the dopamine precursor L-DOPA (LeWitt et al., 2008; Shook & 

Jackson, 2012).  Unfortunately, complications with long-term L-DOPA treatment develop, which 

include motor fluctuations and dyskinesia (Leung & Mok, 2005; Onofrj et al., 2008).  For this 

reason L-DOPA is often used in combination with various adjuvants to reduce its side-effects.  

Some of the adjuvants include COMT (Fung et al., 2001) and MAO-B inhibitors (Fernandez & 

Chen, 2007).  Unfortunately these treatments remain inadequate (LeWitt et al., 2008).   

The motor features of PD can be influenced by other pharmacological interventions that go 

beyond restoring of dopaminergic input to the striatal neurons (LeWitt et al., 2008).  Adenosine 

A2A receptors are present in medium to high concentrations in several basal ganglia nuclei.  

These receptors may be able to influence motor activity by acting on the different basal ganglia 

levels (Morelli et al., 2012).  Dopamine D2 receptors and adenosine A2A receptors are co-

localized at the indirect pathway of the basal ganglia (Cieślak et al., 2008), the pathway which 

leads to inhibition of motor activity (Morelli et al., 2012).  These observations suggest that A2A 

receptors may offer an attractive target to modulate dopamine receptor functions in a disease 

such as PD that is characterized by the progressive loss of dopaminergic neurons. 

The rationale for the use of adenosine A2A receptor antagonists, as a non-dopaminergic 

treatment for PD, will be outlined in this chapter.  First, the role of A2A receptor antagonists in 

motor control will be discussed with regards to the basal ganglia (section 5.2) and the ability of 

these receptors to form heteromeric complexes (section 5.3.3).  A brief overview of the possible 

neuroprotective mechanisms exerted by adenosine A2A receptor antagonists will be provided 

(section 5.3.4).  Lastly, examples of known antiparkinsonian A2A receptor antagonists are given 

to further support the rationale for designing adenosine A2A receptor antagonists for the 

treatment of PD (section 5.4). 
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5.2 The basal ganglia and adenosine A2A receptors 

The basal ganglia plays an important role in movement and is comprised of the striatum, GPi, 

GPe, STN, SNpc, and the SNr  (Bolam, 2000; Xu et al., 2005; Ferraro et al., 2012).     

Normally striatal function in the basal ganglia is regulated by the dopamine D1 and D2 receptors.  

The signalling of these receptors is, in turn, modulated by the striatal adenosine A1 and A2A 

receptors (Fuxe et al., 2007).  As mentioned previously, motor function is dependent on the 

balance of two parallel pathways, namely the direct (striatonigral) and indirect (striatopallidal) 

pathways (Xu et al., 2005).  An imbalance between the direct and indirect pathways results in 

motor dysfunction (Ferraro et al., 2012).  Even though the above described basal ganglia model 

is an oversimplification of the direct and indirect pathways, it still embodies the basic concepts 

of movement via the basal ganglia.  Figure 5.1 represents a basal ganglia model, demonstrating 

a possible mechanism of movement during normal state.     

 

 

 

 

 

 

 

 

Figure 5.1: Schematic of the basal ganglia model in the normal state.  Normal motor function 

requires the balance between the direct and indirect pathways.  Abbreviations:  

SNpc = substantia nigra pars compacta; SNr = substantia nigra pars reticulata; 

GPi = globus pallidus internal; GPe = globus pallidus external; STN = 

subthalamic nucleus; D1-R = D1 receptors; D2-R = D2 receptors; GABA = gamma-

aminobutyric acid. 

In PD, the occurrence of motor symptoms can be attributed to the depletion of dopaminergic 

neurons in the SNpc, leading to an imbalance between the striatal output pathways (Cieślak et 

al., 2008) and the subsequent range of functional modifications observed in the activity of the 

basal ganglia motor circuit (Ferraro et al., 2012).  In particular, the indirect (striatopallidal) output 

pathway plays a fundamental role in the motor fluctuations and dyskinesias observed in PD 
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(LeWitt et al., 2008).  The indirect pathway may be modulated by A2A receptors.  For example, 

overexpression of the A2A receptor has been linked to parkinsonian associated motor symptoms 

(Shook et al., 2012).  The reason for this observation is A2A receptors and D2 receptors act in an 

antagonistic manner and it is believed that dopamine via D2 receptor stimulation antagonizes 

A2A receptor mediated signalling (Tanganelli et al., 2004; Vortherms & Watts, 2004). Thus, 

dopamine loss would lead to unopposed adenosine signalling, resulting in overactivity of the 

striatopallidal output pathways and consequently excess inhibition of movement (Fredholm & 

Svenningsson, 2003). The basal ganglia model may be used to demonstrate the mechanism 

involved with PD that results in motor impairment (Figure 5.2). 

 

 

 

 

 

 

 

 

 
Figure 5.2: Schematic of the basal ganglia model, in PD.  Degeneration of the SNpc leads to 

the loss of dopamine input to the striatum and consequently results in an 

unopposed overactivity of the indirect pathway (indicated in blue) that include the 

GPe and STN structures of the basal ganglia.  In turn, depletion of dopamine in 

the direct pathway leads to a decrease in the activation of this pathway.  The net 

effect is excessive inhibition of the thalamocortical neurons and as a result motor 

impairment.  Abbreviations:  SNpc = substantia nigra pars compacta; SNr = 

substantia nigra pars reticulata; GPi = globus pallidus internal; GPe = globus 

pallidus external; STN = subthalamic nucleus; D1-R = D1 receptors; D2-R = D2 

receptors. 

The rationale for the use of A2A receptor antagonists in the therapy of PD is thus based on the 

role of A2A receptors in the basal ganglia.  Blockade of the A2A receptor may result in an 

alternative or adjunctive therapeutic approach to the current dopamine restoring strategies used 

in PD, as depicted in Figure 5.3.  In the early stages of PD it is thought that an inhibitory 

dopaminergic tonus compensatory mechanism (still undefined) is in place to delay motor 
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impairment (Gomes et al., 2011).  The latter justify the existence of a pre-symptomatic period in 

PD.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3: Schematic of the proposed anti-parkinsonian activity of adenosine A2A receptor 

antagonists in a basal ganglia model of PD.  In PD, degeneration of the SNpc is 

observed causing an imbalance of the indirect pathway (indicated in blue) and 

direct pathway.  A2A receptor blockade should result in recovery of the GPe 

activity and subsequent relief of the excessive inhibition of the GPi/SNr complex.  

The net effect is improvement of motor function as a consequence of the 

restoration of the balance between the direct and indirect pathway in PD.  

Abbreviations:  SNpc = substantia nigra pars compacta; SNr = substantia nigra 

pars reticulata; GPi = globus pallidus internal; GPe = globus pallidus external; 

STN = subthalamic nucleus; D1-R = D1 receptors; D2-R = D2 receptors; A2A-R = 

A2A receptors. 

Adenosine A2A receptor antagonists may be used as adjuvants to L-DOPA treatment in PD.  L-

DOPA stimulates the direct pathway and inhibits the indirect pathway (Morelli et al., 2012).  PD 

animal studies have shown that a known A2A receptor antagonist, KW-6002, when administed in 

combination with L-DOPA attenuates the outcome of motor impairments (LeWitt et al., 2008).  

Chronic administration of L-DOPA is associated with complications such as dyskinesia (Leung & 

Mok, 2005; Onofrj et al., 2008).  This may be attributed to the overactivation of the direct 

pathway and particularly the enhanced indirect pathway leading to the overexpression of A2A 

receptors (Morelli et al., 2012).  Even though an adenosine A2A receptor antagonist does not 

counteract the excessive stimulation of the direct pathway, an A2A antagonist co-administered 

with L-DOPA can stabilize the indirect pathway leading to motor activation possibly without 

aggravating dyskinesia (Morelli et al., 2012).         
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5.3 The adenosine system 

Adenosine is a purine nucleoside that consists of an adenine as the base and a ribose moiety 

as the sugar (Ongini et al., 2001).  In the CNS adenosine is involved in numerous functions that 

include inhibitory neurotransmission and neuroprotective actions in pathological conditions 

(Latini & Pedata, 2001). 

 

 

 

 

 

 

 

 

Figure 5.4: Chemical structures of purine and adenosine, an example of a purine nucleoside. 

Adenosine is a neuromodulator which acts at adenosine receptors (Ongini et al., 2001) and 

modulate the effects of dopamine and other neurotransmitters involved in motor function, mood, 

and learning and memory (Shook & Jackson, 2012). 

Under normal conditions, adenosine is formed both intra- and extracellularly (Fredholm et al., 

2001) and equilibrative transporters keep the intra- and extracellular adenosine concentrations 

in equilibrium (Jenner et al., 2009).  In the CNS, adenosine is intracellularly formed via 

degradation of adenosine monophosphate (AMP) through 5’-nucleotidase, after which bi-

directional nucleoside transporters keep the intracellular and extracellular concentrations of 

adenosine in equilibrium (Latini & Pedata, 2001; Pinna et al., 2005).  The intracellular 

production of adenosine may also occur via hydrolysis of S-adenosyl-homocysteine.  However, 

previous research revealed that the S-adenosyl-homocysteine pathway does not contribute 

significantly to adenosine concentrations in the brain (Latini et al., 1995; Latini & Pedata, 2001; 

Jenner et al., 2009).  Adenosine may also be formed extracellularly via the metabolism of 

released nucleotides by the action of the ecto-5’-nucleotidase enzyme (Latini & Pedata, 2001; 

Jenner et al., 2009).  Overall, the formation of adenosine depends upon the synthesis and 

breakdown of ATP (Pinna et al., 2005). 
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5.3.1 The adenosine A2A receptor 

There are four subtypes of adenosine receptors that have been identified in the CNS and these 

are the A1, A2A, A2B and A3 subtypes (Ongini et al., 2001; Cieślaket al., 2008).  These receptors 

are G-protein-coupled receptors (GPCRs) (Pinna et al., 2005).  The A1 receptors couple with the 

Gi and Go subfamilies of the G-proteins and inhibit adenylyl cyclase, while A2A receptors couple 

with the Gs proteins and activate adenylyl cyclase (Ribeiro et al., 2003; Cieślak et al., 2008).  

The four identified subtypes of adenosine are all asparagine-linked glycoproteins.  However, 

unlike the A2A receptors, at the carboxyl terminal of the A1, A2B and A3 receptors there are sites 

for palmitoylation (Ribeiro et al., 2003).  

The subtypes of adenosine receptors can be characterized as follows (Xu et al., 2005; Cieślak 

et al., 2008): 

 A1 and A2A receptors with a high affinity for adenosine 

 A2B and A3 receptors with a low affinity for adenosine 

The A2A receptors are mainly localized in the striatum and are expressed as follows (Cieślaket 

al., 2008): 

 70% postsynaptically,  

 23% presynaptically,  

 3% on the neuron body and  

 3% on glial cells. 

Dopamine D2 receptors and adenosine A2A receptors are co-localized at the indirect pathway of 

the basal ganglia (Cieślak et al., 2008) and dopamine and adenosine have opposing effects in 

the brain (Ferré et al., 2001).  For example, a dopamine agonist and an adenosine antagonist or 

a dopamine antagonist and an adenosine agonist produce similar effects (Ferré et al., 2001).  

An example of an antagonistic interaction between A2A and D2 receptors is found with 

haloperidol, a D2 antagonist, which reduces dopaminergic neurotransmission.  This effect can 

be countered by an adenosine A2A antagonist (Ferré et al., 2001).   

5.3.2 The structure of the adenosine A2A receptor 

Computer modelling methods may be used as an aid for gaining insight into the possible 

binding modes of a compound within the binding site of the adenosine A2A receptor.  

Unfortunately, no crystal structure of the human A2A adenosine receptor exists in complex with a 

xanthine derivative, but there is a 2.6 Å crystal structure of the human adenosine A2A receptor 

(PDB ID: 3EML) in complex with the non-xanthine adenosine A2A receptor antagonist, 
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ZM241385 (4-(2-[7-amino-2-(2-furyl)1,2,4-triazolo[2,3-a]-[1,3,5]triazin-5-ylamino]ethylphenol) 

(Jaakola et al., 2008). 

As mentioned before, the adenosine A2A receptor is part of the GPCRs (Pinna et al., 2005).  

According to the crystal structure of the human adenosine A2A receptor in complex with 

ZM241385 (Jaakola et al., 2008), the overall three-dimensional structure consists of seven 

transmembrane α-helices, followed by one short membrane associated helix (helix VIII) that is 

stabilized by helix I (Jaakola et al., 2008; Piirainen et al., 2011).  The residues of the 

transmembrane α-helices are summarized as follows (Jaakola et al., 2008):   

 Helix I: Gly-5 to Trp-32 

 Helix II: Thr-41 to Ser-67 

 Helix III: His-75 to Arg-107 

 Helix IV: Thr-119 to Leu-140 

 Helix V: Asn-175 to Ala-204 

 Helix VI: Arg-222 to Phe-258 

 Helix VII: Leu-269 to Arg-291 

 Helix VIII: Arg-296 to Leu-308 

The rest of the structure consists of an extracellular amino-terminus (N-terminus), a cytosolic 

carboxy-terminus (C-terminus), three extracellular loops (ECL1-3) and three intracellular loops 

(ICL1-3) (Jaakola et al., 2008; Piirainen et al., 2011). 

The residues of the intra- and extracellular loops are as follows (Jaakola et al., 2008):   

 ICL1: Leu-33 to Val-40 

 ICL2: Ile-108 to Gly-118 

 ICL3: Leu-208 to Ala-221 

 ECL1: Thr-68 to Cys-74 

 ECL2: Leu-141 to Met-174 

 ECL3: Cys-259 to Trp-268 

In the crystal structure of Jaakola and co-workers (2008) the ICL3 is replaced by 160 residues 

from T4L lysozyme and the N-linked glycan associated Asn-154 has been removed 

enzymatically for improved crystallization.  Figure 5.5 depicts the three-dimensional structure of 

human A2A receptor in complex with ZM241385. 

The adenosine A2A receptor contains an ordered water cluster (HOH-501, HOH-514, HOH-522, 

HOH-528 and HOH-567) in the binding cavity.  Speculation exists regarding the role of this 

water cluster and the possible interactions within the binding cavity.  It is still unknown if this 
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water cluster interacts with residues, is important for agonist/antagonist selectivity and if these 

waters define the allosteric modulation site (Piirainen et al., 2011).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.5: Crystal structure of the A2A receptor in complex with ZM241385 (PDB ID 3EML).  

The cartoon diagram depicts the C-terminus in red and the N-terminus in blue.  

The T4L lysozyme is depicted in purple.  The membrane boundary planes are 

indicated as grey coloured “dummy” atoms.  Stick models are used to indicate 

ZM241385 in pink, with the black structures representing lipids Ste-402 and Ste-

406 (Piirainen et al., 2011). 

ZM241385 binds perpendicular to the plane of the membrane bilayer.  A hydrophobic π-

stacking interaction with Phe-168 is observed as well as a hydrophobic interaction with Ile-274, 

and several hydrogen bond interactions (directly or indirectly) with water molecules (HOH-559, 

HOH-567, HOH-550, HOH-522 and HOH-519) (Piirainen et al., 2011).  The key regions and 

interactions of the human adenosine A2A receptor in complex with ZM241385 are depicted in 

Figure 5.6.   

A pharmacophore model was proposed by Müller and Ferré (2007) for the antagonism of A2A 

receptors by xanthine derivatives.  This pharmacophore model is depicted in Figure 5.7 and 
shows that the styryl side chain of KW-6002 fills the lipophilic pocket (indicated in pink).  This 

pocket is also occupied by the ribose moiety of adenosine derivatives.  The 2-oxo group and 

N1-substituent of the xanthines are required as electron-rich (indicated in green) while the 6-oxo 

group represent the hydrogen bond accepting group (indicated in blue).  According to a 
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molecular docking study performed, KW-6002 and ZM241385 occupy the same cavity in the 

active site but differ in the orientation of the purine ring (Yuzlenko & Kiec-Kononowicz, 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Key regions and interactions of the human adenosine A2A receptor in complex 

with ZM241385 (PDB ID 3EML).  Water molecules are indicated as blue dots.  

The interacting side chains are indicated as white sticks.  Bound ZM241385 is 

shown as a pink stick model with the direct interactions with cluster water 

molecules HOH-519, HOH-559 and HOH-567 depicted.  (Piirainen et al., 2011).      
 
 

 

 

 

Figure 5.7: Pharmacophore model for the A2A receptor-selective xanthine derivative, 

depicting KW-6002 in the binding cavity.  The pink area indicates a lipophilic 

pocket, the green an electron-rich area and the blue indicates a hydrogen bond 

accepting region (Müller and Ferré, 2007).   

It is important to take polar interactions into consideration when designing adenosine A2A 

receptor antagonists, as it may play a role in adenosine A3 receptor selectivity.  It has been 

documented that a valine residue of the adenosine A3 receptor is at the analogous position of 

Glu-169 in the A2A receptor, thus removing the polar stabilizing interactions observed between 

ZM241385 and residues Asn-253 and Glu-169 (Piirainen et al., 2011).   
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5.3.3 Molecular interaction of adenosine A2A receptors with dopamine receptors 

The discovery that adenosine A2A receptors may form functional heteromeric receptor 

complexes further enhanced the advantages (both symptomatic and disease modifying) of A2A 

receptor antagonists as anti-parkinsonian treatment.  These heteromeric receptor complexes 

consist of the A2A receptor and other G-protein-coupled receptors and may act either directly or 

indirectly (Schwarzschild et al., 2006).  Adenosine A2A receptors may form a heteromeric 

complex with co-localized dopamine D2 receptors of the striatopallidal pathway (Gomes et al., 

2011).  The A2A-D2 receptor heteromers may be found in the dorsal and ventral striatopallidal 

pathway.  Activation of the A2A receptors results in a reduction of motor function due to a 

decreased D2 receptor recognition, coupling and signalling (Fuxe et al., 2007).  In PD, A2A 

receptor antagonists are used to amplify D2 receptor signalling of the A2A-D2 receptor 

heteromers of the dorsal striatopallidal pathway (Fuxe et al., 2007), suggesting potential 

benefits of administration of adenosine A2A receptor antagonists, as monotherapy, in the early 

stages of PD (Schwarzschild et al., 2006).      

The fact that A2A receptor antagonists may improve motor function in PD independently of the 

co-expressed D2 receptors (Cieślak et al., 2008; LeWitt et al., 2008), leads to the speculation 

that another mechanism, other than the A2A-D2 heteromerization, may contribute to their anti-

parkinsonian properties.  Furthermore, three neurotransmitters have been identified to modulate 

dopamine-mediated neurotransmission and these include dopamine, adenosine and glutamate.  

Another heteromeric A2A receptor complex is found in the ventral striatopallidal pathway.  A2A 

receptors also form complexes with the non-dopaminergic metabotropic glutamate mGlu5 

receptor, which has also been indicated as a possible therapeutic target in PD.  The A2A-mGlu5 

heteromers seem to exhibit a synergistic interaction of striatal plasticity.  The interdependence 

of the A2A, D2 and mGlu5 receptors is demonstrated by the finding that mGlu5 antagonists induce 

motor activation only after the activation of A2A and D2 receptors (Schwarzschild et al., 2006).     

5.3.4 Neuroprotective properties of A2A receptor antagonists in PD 

It is a challenge to design neuroprotective therapy for PD as the underlying neurodegenerative 

processess of this disease remains unknown (Armentero et. al., 2011).  Since multiple 

mechanisms may be involved in PD, it is likely that these mechanisms act synergistically and 

form complex interactions to result in neurodegeneration (Yacoubain & Standaert, 2009).  In 

PD, adenosine A2A receptor antagonists may possess neuroprotective actions (Cieślak et al., 

2008).   

Initially in PD, inflammation occurs to restore physiological tissue function.  Unfortunately, the 

chronic stimuli of inflammatory reactions have emerged as a contributing factor in PD.  This 

uncontrolled neuroinflammation is associated with toxic factors that enhance the underlying 
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disease states.  In the basal ganglia, adenosine A2A receptors are expressed by cells (such as 

astrocytes, microglia and oligodendrocytes) that are associated with the neuroinflammatory 

process.  It is speculated that adenosine A2A receptor antagonists may modify these 

neuroinflammatory processes (Armentero et al., 2011).  It is suggested that A2A receptor 

antagonists potentially modulate astrocytes to reduce the inflammatory burden (Armentero et 

al., 2011).   

It is also documented that overstimulation of glutamate (in the basal ganglia) may lead to 

neurodegeneration (Gomes et al., 2011; Armentero et al., 2011).  The chronic stimulation of 

glutamate in PD may act as a noxious stimulus over time and consequently results in neuronal 

death (Armentero et al., 2011).  It is known that A2A receptor antagonists decrease glutamate 

release, pre- and postsynaptically, and indirectly may halt neural death. 

5.4 The design of adenosine A2A receptor antagonists 

While numerous advances have been made with symptomatic treatment in PD, most of the 

antiparkinsonian agents fail to provide a neuroprotective effect.  Modulation of adenosine A2A 

receptors in the treatment of PD may proof valuable for their ability to control motor impairment 

(symptomatic treatment) and for the possibility of providing neuroprotection (disease modifying).   

The functional interactions between dopamine and adenosine in the basal ganglia is of 

significance in the control of motor behaviour.  The ability of A2A receptors to control motor 

function may, in part, be attributed to the ability of A2A receptors to modulate the function of the 

D2 receptors, both at the level of intracellular signalling and via the formation of heteromers with 

D2 receptors (Fuxe et al., 2007; Gomes et al., 2011) or possibly with the metabotropic glutamate 

mGlu5 receptor (Schwarzschild et al., 2006). 

In addition, various mechanisms have been proposed for adenosine A2A receptor-mediated 

neuroprotection in PD.  As mentioned, one of the neuroprotective mechanisms includes the 

modulation of neuroinflammation by adenosine A2A receptors in the brain (Kalda et al., 2006).  

Secondly, blockade of the adenosine A2A receptors in PD decrease glutamate release.  This is 

important as it is speculated that excessive glutamatergic stimulation may lead to 

neurodegeneration (Gomes et al., 2011).   

5.4.1 The adenosine A2A receptor as drug target 

It has been reported that motor functions may be influenced by adenosine A2A receptor 

modulation in the basal ganglia (Harper et al., 2006).  In primate and rodent models of PD, 

adenosine A2A receptor antagonists have been shown to exert motor activation, either alone or 

in combination with dopaminergic drugs such as L-DOPA and dopamine agonists (Harper et al., 
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2006; Gomes et al., 2011).  It has been documented that dyskinesia associated with L-DOPA 

treatment is not enhanced with an adenosine A2A receptor antagonist (Gomes et al., 2011).  

Currently, the treatments of PD with dopamine restoring drugs are associated with at least two 

limitations: long-term side-effects (motor disability, including dyskinesia) and failure to prevent 

degeneration of the disease (Gomes et al., 2011).  Adenosine A2A receptor antagonists may be 

divided into two classes: the xanthine and non-xanthine (the amino-substituted heterocyclic 

compounds) classes of compounds.  These classes will be discussed in the following sections. 

5.4.1.1 Xanthine class of adenosine A2A receptor antagonists 

To date some of the most effective adenosine A2A receptor antagonists are substituted 

xanthines (Massip et al., 2006; Bansal et al., 2009) and their affinities and selectivities for 

adenosine receptors are well documented (Bansal et al., 2009). 

Caffeine (1,3,7-trimethylxanthine) is a known xanthine derivative.  Another known 

methylxanthine is theophylline (1,3-dimethylxanthine).  These natural occurring xanthine 

derivatives (Figure 5.8) were the first adenosine antagonists (Ongini & Fredholm, 1996) and 

possess low affinities for adenosine receptors.  They may also be considered as non-selective 

towards A1 and A2A receptors (Erickson et al., 1991; Ongini & Fredholm, 1996; Shimada et al., 

1997).     

 

 

 

 

Figure 5.8: Chemical structures of xanthine, caffeine and theophylline. 

Numerous xanthine derivatives have been synthesized in an attempt to develop more potent 

and selective antagonists for adenosine A2A receptors (Erickson et al., 1991).  The first selective 

A2A receptor antagonist described was 3,7-dimethyl-1-propargylxanthine (DMPX; Figure 5.9) 

(Müller et al., 1998).  It was documented that this compound has a low affinity for adenosine 

receptors although it was selective for A2A receptors compared to A1 receptors (Müller et al., 

1998).   
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Figure 5.9: Chemical structure of the adenosine A2A receptor antagonist, 3,7-dimethyl-1-

propargylxanthine. 

It was found that substitution on the 8-position of the xanthine heterocyclic system has a 

significant effect on the potency of the xanthine derivative as an antagonist of adenosine 

receptors (Bansal et al., 2009).  Previous studies demonstrated that substitution at the 8-

position of the caffeine ring with either a cycloalkyl or styryl group results in potent and selective 

A1 and A2A receptor antagonists, respectively (Ongini et al., 2001).   

A documented selective A1 receptor antagonist bearing a cycloallkyl group at position 8 is 8-

cyclopentyl-1,3-dipropylxanthine (DPCPX; Figure 5.10).  This compound is frequently used in 

biochemical and pharmacological studies as a reference A1 receptor antagonist (Ongini et al., 

2001).   

 

 

 

Figure 5.10: Chemical structure of 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), an adenosine 

A1 receptor antagonist. 

Very potent and selective derivatives of 8-styrylxanthine were developed during the past years 

as A2A receptor antagonists (Müller et al., 1998).  In 1992, an 8-styrylxanthine A2A receptor 

antagonist known as (E)-1,3-dipropyl-8-(3,4-dimethoxystyryl)-7-methylxanthine (KF17837; 

Figure 5.11), was documented with high affinity for A2A receptors (Ongini & Fredholm, 1996; 

Kase et al., 2004) and a good selectivity for A2A receptors when compared to A1 receptors 

(Ongini & Fredholm, 1996).  Care must be taken, however, as exposure of a styryl-containing 

compound to daylight may convert the compound from the E isomer to an E/Z mixture.  The Z 

isomer was found to be less active than the E isomer at A2A receptors (Ongini & Fredholm, 

1996). 
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Figure 5.11: Chemical structure of the adenosine A2A receptor antagonist, (E)-1,3-dipropyl-8-

(3,4-dimethoxystyryl)-7-methylxanthine. 

During the 1990’s (E)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-methyl-xanthine (KW-6002; Figure 

5.12) was developed (Harper et al., 2006) as a derivative of KF17837 (Kase et al., 2004).  This 

compound is the first orally active A2A adenosine receptor antagonist (Harper et al., 2006) and is 

currently in Phase III clinical trials as PD therapy (Kalda et al., 2006; Müller & Ferré, 2007).  

Today KW-6002 is seen as one of the most important xanthine derived A2A receptor antagonists 

(Minetti et al., 2005) and is reported to display high affinity for A2A receptors with a Ki value of 

2.2 nM and a 68-fold lower affinity for A1 receptors (Harper et al., 2006).  It was also reported 

that KW-6002 exhibits Ki values of 841 nM and 12 nM for human A1 and A2A receptors, 

respectively (Müller & Jacobson, 2011).  In numerous PD models, KW-6002 was shown to 

ameliorate motor dysfunction (Ongini et al., 2001).  The importance of selective A2A receptor 

antagonists in PD therapy is demonstrated by the ability of KW-6002 to stimulate motor activity 

as either monotherapy or adjunct therapy with L-DOPA, as well as the ability of KW-6002 to 

reduce the tendency to develop dyskinesia with L-DOPA therapy (Kalda et al., 2006; 

Schwarzchild et al., 2006).  Unfortunately, the development of dyskinesia is not prevented when 

KW-6002 is co-administered with the full treatment regime of L-DOPA (Blandini, 2003; 

Schwarzschild et al., 2006).  It has also been documented that KW-6002 is a moderate MAO-B 

inhibitor with a Ki value of 28 µM (Petzer et al., 2003). The anti-cataleptic effect of KW-6002 was 

evaluated in a haloperidol-induced catalepsy model in mice and it was shown that this 

compound displays an EC50 value of 0.03 mg/kg for the reverse of haloperidol-induced 

catalepsy (Shimada et al., 1997).   

 

 

 

Figure 5.12: Chemical structure of the adenosine A2A receptor antagonist, (E)-1,3-diethyl-8-

(3,4-dimethoxystyryl)-7-methylxanthine. 
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Another 8-styrylxanthine derived A2A receptor antagonist, which also inhibits MAO-B, is (E)-8-(3-

chlorostyryl)caffeine (CSC; Figure 5.13) (Vlok et al., 2006).  CSC is often used as a reference 

A2A antagonist in in vivo pharmacological studies (Vlok et al., 2006), and exhibits Ki values of 

28,000 nM and 54 nM for A1 and A2A receptors, respectively (Müller & Jacobsen, 2011).  A Ki 

value of 70 nM for the inhibition of MAO-B was also reported for CSC (Vlok et al., 2006).  It has 

previously been speculated that the neuroprotection by CSC may be a result of its inhibition 

effect on MAO-B (Gomes et al., 2011).   

 

 

 

Figure 5.13: Chemical structure of the adenosine A2A receptor antagonist, (E)-8-(3-

chlorostyryl)caffeine. 

5.4.1.2 Non-xanthine heterocyclic adenosine receptor antagonists 

Another class of adenosine receptor antagonists is known as the non-xanthine A2A receptor 

antagonists.  These compounds are flat aromatic, 6:5-fused bicyclic, 6:6:5- or 6:5:5-fused 

tricyclic heterocycles that contain nitrogen with an exocyclic amino group (Ongini & Fredholm, 

1996).   

One of the first triazoloquinazolines with adenosine receptor antagonistic properties is 

CGS15943 (5-amino-9-chloro-2-(2-furyl)-1,2,4-triazolo[1,5-c]quinazoline; Figure 5.14).  This 

compound served as a lead compound for the design of potent and selective A2A receptor 

antagonists (Ongini & Fredholm, 1996).  However, it was found that this compound also potently 

blocks A1 receptors and interacts with A2B receptors (Ongini & Fredholm, 1996; Ongini et al., 

2001).  In further studies the phenyl ring of CGS15943 was replaced with different heterocyclic 

rings, such as pyrazole or imidazole.  Even though these compounds had little or no A2A 

receptor selectivity compared to A1 receptor selectivity, an improvement of antagonistic 

properties was found in functional assays (Ongini et al., 2001). 

Compounds were also developed with little or no interaction with A1 or A2B receptors.  These 

include SCH58261 (7-(2-phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-[4,3]-1,2,4-triazolo[1,5]-

pyrimidine; Figure 5.15) with a Ki value of 2 nM at A2A receptors and a selectivity of 50-100 over 

A1 receptors (Ongini & Fredholm, 1996).  In pharmacological studies SCH58261 is used as a 

reference A2A receptor antagonist (Ongini et al., 2001).  The compound, ZM241385 (Figure 

5.16), also displays high affinity and selectivity for A2A receptors (Ongini & Fredholm, 1996; 
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Ongini et al., 2001).  However, this compound also interacts with A2B receptors (Ongini et al., 

2001). 

 

 

 

 

 

Figure 5.14: Chemical structure of the adenosine A2A receptor antagonist, 5-amino-9-chloro-2-

(2-furyl)-1,2,4-triazolo[1,5-c]quinazoline.  

Both SCH58261 and ZM241385 are derived from the prototype compound, CGS15943 (Minetti 

et al., 2005).  CGS15943 is also used as a reference A2A antagonist (Müller et al., 1997). 

 

 

 

 

 

Figure 5.15: Chemical structure of the adenosine A2A receptor antagonist, 7-(2-phenylethyl)-5-

amino-2-(2-furyl)-pyrazolo-[4,3]-1,2,4-triazolo[1,5]pyrimidine. 

 

 

 

 

Figure 5.16: Chemical structure of the adenosine A2A receptor antagonist, 4-(2-[7-amino-2-(2-

furyl)1,2,4-triazolo[2,3-a]-[1,3,5]triazin-5-ylamino]ethylphenol. 

5.5 Conclusion 

Adenosine plays a very important role in the striatum and modulates the control of motor 

function.  Four different adenosine subtypes can be identified, namely A1, A2A, A2B and A3 

receptors.  Previously, antagonistic interactions between A2A and D2 receptors have been 
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documented (Ferraro et al., 2012).  It is speculated that D2 receptors are responsible for 

antagonizing A2A receptor mediated signalling (Tanganelli et al., 2004; Vortherms & Watts, 

2004).  According to the literature, A2A receptors have an important role in the modulation of 

dopamine-mediated responses and the control of motor behaviour (Pinna et. al., 2005).  Also of 

significance, A2A receptors are expressed almost exclusively in the striatum of the basal ganglia 

(Tanganelli et. al., 2004; Pinna et. al., 2005).  The importance of adenosine is further 

emphasized by the co-localization of the dopamine D2 receptors and adenosine A2A receptors in 

the striatopallidal medium spiny neurons that constitute the indirect pathway of the basal ganglia 

(Ferré et al., 2001; Schwarzschild et al., 2006; Morelli et al., 2012). 

 

Adenosine A2A receptor antagonists may address some of the current limitations associated with 

dopamine replacement therapy for PD.  The limitations of dopamine replacement therapy 

include longterm adverse effects (including dyskinesia) (Mihara et al., 2008; Gomes et al., 2011) 

and the inability of therapy to stop the progressive degeneration process (Gomes et al., 2011).  

These limitations of the current dopamine replacement therapies encourage the development of 

novel non-dopaminergic drugs, especially for the treatment of the middle and advanced stages 

of PD.  The rationale for the use of adenosine A2A receptor antagonists includes the 

improvement of motor function in PD, but also possible neuroprotective effects of these drugs.   

According to Gomes and co-workers (2011), the role of the adenosine A2A receptor in PD may 

be summarized as follow: 

 the physiological role of A2A receptors in control of motor function 

 the ability of A2A receptors to control glutamatergic transmission 

 the unopposed A2A receptor mediated activity in PD 

 the eventual A2A receptor involvement in neuroinflammation 

A2A receptor antagonists can be divided into two chemical classes, namely the xanthine and the 

non-xanthine derivatives.  One of the important xanthine derived compounds is KW-6002, which 

is currently in Phase III clinical trails for the treatment of PD.  This compound was found to 

reduce motor dysfunction and the risk of developing dyskinesia with L-DOPA treatment.  Based 

on these observations, KW-6002 may be a clinically useful agent. 

From the above, it is clear that the adenosine A2A receptor is an important target to consider 

when developing novel treatments for PD.  A2A receptor antagonists may possibly be used as 

mono- or adjunct therapy to L-DOPA treatment and may reduce dyskinesia as well as motor 

dysfunctions in PD.  In addition, A2A receptor antagonists may also exert neuroprotective effects. 
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One of the aims of this thesis was to discover new adenosine A2A receptor antagonists by 

synthesizing a series of xanthine analogues.  The design, synthesis, results and discussion will 

be provided in Chapter 8 (article 3).   
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