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Our work mainly focused on the development and evaluation of the novel 

adenosine A2A receptor (A2AR) radioligand, [11C]preladenant, for in vivo imaging 

of A2ARs in the brain with positron-emission tomography (PET). Furthermore, we 

investigated the changes in A2AR availability in a Parkinson’s disease (PD) rat 

model and the response of A2ARs to chronic levodopa treatment for PD, using 

[11C]preladenant-PET. Our studies prove that [11C]preladenant-PET is suitable for 

the in vivo quantification of striatal A2ARs. In addition, we demonstrated that 

[11C]preladenant-PET is able to show changes of A2AR availability during the 

course of PD, and that A2AR availability positively correlated with dopamine D2 

receptor (D2R) availability in rats with levodopa induced dyskinesia (LID). Our 

new findings about changes in A2AR and A2AR-D2R availability in the PD model 

could contribute to our knowledge about the molecular mechanisms underlying 

PD. Thus our work provides a useful tool to map A2ARs in the living brain, which 

could be of help in exploring the functions of A2ARs in physiological and 

pathological conditions, linking the changes in A2AR availability with clinical 

symptoms, measuring drug-related A2AR occupancy in drug development and 

determining the best regimen of A2AR-targeting treatment. Now this tracer is ready 

for validation in human subjects. If the validation succeeds (e.g., the tracer shows 

favorable pharmacokinetics, sufficient target-to-non-target ratio, and high test-

retest reproducibility), [11C]preladenant-PET can be applied to study the behavior 

and functions of A2ARs in the human brain in various conditions.  

In the following paragraphs, I will discuss the future of A2AR imaging and I will 

emphasize the importance of the interaction between PET and other techniques for 

solving scientific questions, taking imaging of dopaminergic system and the A2AR-

D2R interplay as examples.  

WHAT IS THE FUTURE IN A2AR IMAGING? 

Before answering the title question, we should first have an idea of the importance 

of the A2AR in pathological conditions. One may feel rather confused that the A2AR 

appears to be involved in many brain diseases, but it is seldom mentioned as a 

therapeutic target so far in diseases other than PD. A plausible explanation for this 

discrepancy is that the role of the receptor in pathological conditions is poorly 

understood. With the improving knowledge of A2AR functioning in the central 

nervous system, especially with the discovery of the antagonistic cross-talk 

between A2AR and D2R in the indirect basal ganglia pathway 202, A2AR recently 

started to be considered as a non-dopaminergic target in PD 16 as well as in other 
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brain disorders 4,24,27. 

However, the importance of 

A2AR in other diseases, such 

as Alzheimer’s disease (AD), 

Huntington’s disease (HD) 

and schizophrenia, still has to 

be proven. Despite the fact 

that evidence strongly 

suggests that the A2AR is 

involved in these disorders, it 

is not yet clear whether the 

A2AR plays an essential role 

or is merely a downstream 

molecule in the disease 

pathology. To understand the 

complexity of A2AR functioning via A2AR-associated pathways in the brain, we may 

compare our brain to a complicated network with numerous interwoven knots 

(Figure 8.1), representing individual responders (receptors). We may see A2AR 

interact with D2R in certain conditions, but we don’t know yet what happens in 

other conditions and how many other systems are interacting simultaneously, nor 

do we know what is the cause and what is the effect. Probably many knots are 

involved that are communicating with each other through the network.  

In order to unravel the pathways of the complex network and the role and behavior 

of A2AR in various conditions, interdisciplinary collaborations between biological 

imaging techniques (e.g., magnetic resonance imaging (MRI), PET, optical 

imaging, single photon emission computed tomography) and other biological 

techniques (e.g., microdialysis, immunohistochemistry, crystallography, 

bioinformatics and bioengineering) applied in research fields such as molecular 

biology, molecular physiology, genetics, biochemistry, neuroscience, and 

connectomics are essential. Such collaborations could help to characterize the 

structure of the A2AR, A2AR-receptor interactions, and A2AR related signaling 

pathways. As an in vivo imaging technique, PET with a suitable A2AR-imaging 

agent could increase knowledge of A2AR functioning in the brain network and at 

the molecular level that cannot be achieved by in vitro methods. For example, PET 

could assess the in vivo involvement of A2ARs during the progress of brain diseases 

such as PD 51,203, multiple sclerosis 57, and others by measuring changes of A2AR 

availability over time in these diseases. The findings could be helpful to study 

Figure 8.1 An illustration of the (much simplified) 
brain network with receptors representing knots of the 
network. 
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A2AR function by correlating changes in A2AR availability with receptor 

distribution and clinical symptoms, as the function of a receptor is largely 

dependent on its location. For instance, changes in A2AR availability in striatum 

may indicate the involvement of the A2AR in motor function and the reward 

system; on the other hand, changes in A2AR availability in hippocampus and 

cortical regions may suggest a role for A2ARs in cognition. Furthermore, the 

findings of PET studies could serve as a guidance for neurobiologists to 

characterize A2AR in specific brain regions. For instance, PET measurements on 

changes in A2AR availability during the course of brain disorders could guide 

biologists to study the alternations in adenosine-A2AR interaction, A2AR gene 

expression and protein synthesis, and the disturbance of A2AR-related signaling 

pathways in pathological brain regions. In addition, PET could also be used to 

study the in vivo crosstalk between A2ARs and other receptors as the majority of 

A2ARs form functional heteromers with other receptors in physiological conditions. 

With the help of PET, we could better understand the function of such heteromers 

and the role of A2AR in the receptor-receptor interaction. The perspective of PET 

imaging of A2ARs in various situations is discussed below in more detail. 

PET imaging of A2AR in striatum 

A2ARs are most abundantly distributed in the striatum of the brain 204, with the 

highest density in postsynaptic regions (70%), and lower levels in presynaptic 

terminals (23%) and extra-synaptic locations, such as glial cells and neuron body 

(6%) 16. Striatal A2ARs are studied best and are suggested to be involved in brain 

disorders such as PD 13,16, HD 205, schizophrenia 206, and drug addiction 207,208. 

However, mapping of A2ARs in these diseases was limited because suitable PET 

radioligands were unavailable. Our new tracer [11C]preladenant 140 and the 18F-

labeled analogue [18F]NMI-444 209 appear to be superior to other A2AR tracers in 

terms of high sensitivity to changes in available A2AR binding sites. Therefore, 

these new A2AR-probes might be useful to detect subtle changes in A2AR 

availability during the disease course that may not be seen with other tracers, thus 

enabling mapping of the variability in brain A2AR density in various conditions 

with higher sensitivity. For instance, a postmortem autoradiography study showed 

that A2AR binding is decreased in the basal ganglia of HD patients 14. 

[11C]Preladenant-PET could be applied to study A2AR availability during the course 

of HD and monitor the response of A2ARs to HD medication. The same thing goes 

for PD, schizophrenia, and other brain diseases associated with altered A2AR 

availability. Albeit striatal A2AR has been investigated in PD with PET imaging, it 
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is still unclear whether striatal A2AR availability is affected in drug-naïve PD 

patients, because of the low sensitivity of the PET tracers that have been used so 

far, thus limiting the ability to detect small changes of A2AR availability in these 

PD patients. PET studies with our tracer may shed light on early changes in A2AR 

expression as the result of dopamine denervation and could allow correlation of 

A2AR availability with clinical symptoms. Of course, the study of A2AR is not 

necessarily limited to human subjects, as animal models for various brain disorders 

could be more powerful tools to study disease mechanisms. For example, rodents 

with genetic modifications can be used to study molecular pathways triggered by a 

single factor and therefore the confusion of cause and effect could be minimized.  

Pre- and post-synaptic A2ARs 

In many brain disorders associated with altered A2AR expression, such as PD 13,16, 

HD 14,205,210, and schizophrenia 211, both pre- and post-synaptic A2ARs are affected. 

However, presynaptic and postsynaptic A2ARs function differently, as postsynaptic 

A2ARs mainly form heteromers with D2Rs, counteracting D2R-mediated inhibition 

on the indirect basal ganglia pathway 13, whereas presynaptic A2ARs heteromerize 

with adenosine A1 receptors (A1Rs) that are involved in regulating glutamate 

release 212. Orrú et al. reported that in transgenic HD rats, postsynaptic A2AR 

function started to decrease at an early stage of HD 205, whereas presynaptic A2ARs 

remained unaffected until the late phase of the disease. Interestingly, both A2AR 

agonism and antagonism were found to be neuroprotective via different 

mechanisms in HD rodent models 210,213. Development of selective radioligands 

imaging of presynaptic and postsynaptic A2ARs would be very interesting to study 

the roles of A2ARs at different synaptic terminals during the progress of diseases. 

Pre- and postsynaptic A2AR radioligands could serve to investigate the effect of 

A2AR agonists and antagonists on pre- and postsynaptic A2ARs, which might be 

helpful to elucidate the apparent contradictory findings on the pharmacological 

profile of A2ARs in different studies and thus to gain knowledge that could aid the 

treatment of HD. Orrú and co-workers have shown that several A2AR antagonists 

indeed displayed different binding affinities toward pre- and postsynaptic A2ARs 
214. SCH-442416 showed the highest presynaptic selectivity, preladenant displayed 

mixed pre- and postsynaptic preference (presynaptic Kd/postsynaptic Kd ≈ 0.4), 

whereas KW-6002 preferably binds to postsynaptic A2AR. Such preference was 

associated with the heteromer partner that A2AR was bound to, as presynaptic A2AR 

forms a heteromer with A1R, which has a binding affinity similar to the A2AR 

monomer and homodimer. Several A2AR antagonists, on the other hand, have a 
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lower affinity towards the A2AR-D2R heteromer in postsynaptic regions. The 

reduction in A2AR binding affinity in the A2AR-D2R heteromer was most 

pronounced for SCH-442416 (40 fold), whereas KW-6002 binding affinity was not 

affected. SCH-442416 could therefore be a lead compound to develop selective 

tracers for presynaptic A2ARs. [11C]SCH-442416 has already been evaluated, but 

this tracer may not be the optimal radioligand for imaging of presynaptic A2ARs, 

because of its low target-to-non-target ratio and high variability across subjects 215. 

The drastic reduction in affinity for postsynaptic A2ARs might account for the low 

binding potential (1-1.7) of [11C]SCH-442416 in striatum 203, as the striatal A2ARs 

are predominantly postsynaptic (70%). Thus, the next generation of SCH-442416 

analogue tracers should have improved affinity to A2AR, low affinity towards the 

A2AR-D2R heteromer and an adequate pharmacokinetic profile. Furthermore, we 

should keep in mind that the results of affinity measurements might be very 

different between in vitro and in vivo studies. Therefore, the findings of Orrú’s 

experiments need to be validated in in vivo studies.  

Imaging of A2AR in sub-regions of striatum 

The improvement in the spatial resolution of clinical PET cameras over the past 

decade and the application of hybrid PET-MRI enable quantification of target 

molecules in small structures with reduced partial volume effects and improved 

anatomical precision. As a result of these developments, we could now look at the 

changes in A2AR expression in the substructures of striatum. The dorsal striatum is 

composed of caudate nucleus and putamen and regulates voluntary movements, 

whereas the ventral striatum includes the nucleus accumbens and olfactory tubercle 

and mediates reward and motivation circuits. Monitoring changes of A2AR in 

substructures of striatum under pathological situations would help to study the 

distinctive roles of A2ARs as indicated by several in vitro and ex vivo studies. The 

involvement of dorsal A2ARs in motor function has been discussed extensively in 

Chapter 1. A2AR expression in ventral striatum was reported to be upregulated in 

‘yoked’ cocaine-addicted rats, whereas no change of A2AR density was found in 

dorsal striatum in addicted rats with access to cocaine 207. Later on, Pintsuk et al. 208 

demonstrated that A2AR agonism could counteract the motivational actions of 

cocaine via D2R in cocaine self-administration rats. These findings indicate that 

A2AR is also involved in reward system and in mental illnesses characterized by 

weakened dopamine reward circuit such as drug addiction and depression. 

Therefore, PET imaging of A2AR in sub-regions of striatum could help to clarify 

the involvement of A2AR in different dopaminergic pathways in brain diseases and 



  General Discussion and Future Perspectives 

133 

to exploit this receptor as a target in disorders associated with impaired dopamine 

circuits. 

PET imaging of A2AR in extra-striatal regions 

A2ARs are also expressed in extra-striatal regions with much lower abundance than 

in striatum. These A2ARs are either neuronal (most in presynaptic regions) or glial 

cell-situated. A2ARs expressed by glial cells play a pivotal role in regulating 

neuroinflammation 216, a common factor in many brain disorders. These A2ARs also 

modulate neurotransmission via glia-neuron interactions. A2ARs expressed on 

astrocytes in the frontal cortex and hippocampus were shown to regulate memory 

through Gs-coupled signaling 217,218. Dysfunction of A2ARs on astrocytes in cortical 

areas was suggested to be relevant to schizophrenia 219. Furthermore, neuronal 

A2ARs were found to be upregulated in hippocampus in an AD mice model; A2AR 

antagonism reverted memory deficits in this AD model 36. These findings suggest 

the involvement of extra-striatal A2AR in many brain disorders and the potential of 

this receptor as therapeutic target in these diseases. Therefore, mapping of extra-

striatal A2ARs would be very valuable to resolve the roles of this subgroup, as little 

is known about this minority population because of inadequate sensitivity of 

currently available techniques. Currently available radioligands for A2AR, including 

ours, have difficulty in mapping extra-striatal A2AR, because of the low receptor 

expression. PET imaging of extra-striatal A2AR might be possible with radioligands 

with a very high affinity to A2ARs in combination with a high specific activity 

(similar to 18F-labeled compounds, like the D2R radioligand [18F]fallypride) to meet 

the requirements for an acceptable signal-to-noise ratio.  

PET imaging of the crosstalk between A2ARs and other receptors 

PET imaging of the interplay between A2ARs and other receptors would be of great 

interest. Biological techniques, such as fluorescence resonance energy transfer, 

bioluminescence resonance energy transfer (BRET), coimmunoprecipitation, and 

Western blotting, have shown the in vitro formation of functional heteromers of the 

A2AR with receptors such as the D2R, A1R, cannabinoid receptor type 1, 

metabotropic glutamate receptor 5, etc. 13, with the receptor-receptor interaction at 

both the cell membrane and the secondary messenger level. However, it would be 

worthwhile to visualize such crosstalk in vivo as well. In our PET study (Chapter 

4), we observed a co-upregulation of A2AR and D2R availability in rats with LID, 

which may suggest the presence of an A2AR-D2R interaction that is triggered by 

chronic levodopa exposure. We did not assess the acute effect of levodopa (or other 
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D2R ligands) on A2AR availability (e.g., PET imaging of A2AR 30-60 min post 

levodopa administration), but such experiments could be very interesting, because 

the experimental outcome may indicate the direct effect of a D2R ligand on the 

chemical structure of A2AR in vivo. In vitro studies have already demonstrated that 

binding of A2AR or D2R ligands can lead to a conformational change of the A2AR-

D2R heteromer partner 123. Such interaction could be measured by 

[11C]preladenant-PET indirectly if the receptor-tracer binding is affected by the 

conformational change of the A2AR. During the past two decades, new biological 

technologies provided direct evidence of receptor-receptor interactions of many G 

protein-coupled receptors at the cell membrane and showed the importance of 

synergic action of receptors in signal transduction pathways, in gene expression 

and in the functioning of the whole brain network. PET could serve to resolve basic 

questions underlying the mechanisms of receptor interaction and related signaling 

pathways, and contribute to the understanding of the brain network. Examples of 

such questions are: Is the function of the heteromer affected in pathological 

conditions? Is the integrity of the heteromer affected in brain diseases? How does 

the change in concentration of an endogenous ligand affect its target and the 

heteromer partner of the target? How does the change in the conformation of a 

receptor affect its heteromer partner and the signal transduction? How does the 

change of receptor-receptor interaction influence other receptors, the brain 

function, and clinical symptoms? 

A2AR-PET as staging biomarker 

A2AR-PET might be investigated as a staging biomarker in brain disorders, 

especially in PD, as A2AR availability is correlated with levodopa-induced motor 

complications. It was reported that A2AR availability was significantly increased in 

PD patients and rats with dyskinesia as compared with healthy controls and drug 

naïve PD patients/rats 203 (Chapter 4). Therefore, the A2AR might be a better 

biomarker than the dopamine receptor or the dopamine transporter in late phase 

PD, since the majority of dopamine-producing cells are gone at this stage and 

therefore neither dopamine receptor nor dopamine transporter imaging correlates to 

the clinical severity of the disease or dyskinesia triggered by chronic levodopa 

medication. Nonetheless, we should keep in mind that none of the biomarkers are 

optimal indicators for PD, since PD is a disease with multiple causes (both genetic 

and environmental) involving very complex pathological cascades, such as 

misfolded α-synuclein, mitochondrial dysfunction, oxidative stress, and 

impairment in the ubiquitin-proteasomal system, with some of these factors 



  General Discussion and Future Perspectives 

135 

interacting with each other 220,221, so that the etiology, symptoms, and the rate of 

disease progression might be different among patients. Therefore, not a single 

biomarker is likely capable of covering the whole spectrum of the disease. Similar 

to AD, which includes diverse biomarkers such as body fluid, PET and MRI 

biomarkers for disease staging 222, a similar framework could be applied in PD to 

achieve more reliable diagnosis and staging.  

PET imaging of functional A2AR: A2AR agonist tracer development 

Development of A2AR agonist radioligands might be of interest, provided that 

suitable A2AR agonist candidates are available for labeling. An A2AR agonist tracer 

preferably binds to Gs-coupled A2ARs rather than to uncoupled ones. In contrast, 

antagonist A2AR tracers indiscriminately bind to both Gs-coupled and uncoupled 

A2ARs 223. As discussed in Chapter 1, adenosine acts on A2ARs via A2AR coupled 

to Gs and it is clear that only Gs-coupled A2ARs are functional. Therefore, PET 

imaging of A2ARs using agonist tracers would represent functional receptors only. 

Furthermore, A2AR agonist probes with moderate A2AR affinity might be applied to 

study endogenous adenosine concentration. The changes in adenosine 

concentration may be measured better with an agonist tracer, because agonist 

tracers can more readily be replaced by endogenous adenosine than antagonist 

tracers in theory, as agonist tracers have the same binding site as adenosine, and 

normally lower binding affinity than antagonist tracers toward A2AR (adenosine Kd 

= 150 nM for A2AR). PET with A2AR agonist tracers could serve as a useful tool to 

investigate adenosine release, as in vitro experiments and microdialysis studies 

have shown an increase in adenosine release in response to various stimuli (e.g., 

hypoxic/ischemic conditions) 224. Furthermore, PET imaging of A2ARs with agonist 

tracers could also be applied to study the preventive role of adenosine release 

against brain damage through activation of adenosine receptors. Despite the 

promising aspects of agonist tracers for A2AR, it is worth noting that all our 

discussions and assumptions are based on in vitro experiments only. In terms of 

high affinity and low affinity states in vivo, the evidence of different affinities (due 

to different states) toward agonists and antagonists is rare. In addition, agonist 

tracers might be influenced more by receptor desensitization and internalization 

than antagonist tracers. Receptor desensitization and internalization triggered by 

agonist binding result in changes of apparent Kd and the ligand is trapped onsite for 

some time, leading to irreversible binding pattern. Therefore, agonist tracers might 

not be suitable to measure A2AR availability when receptor internalization is 

substantial, when the endogenous adenosine level is high, or when there is a large 
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fluctuation in adenosine concentration between scans, if the concentration of 

adenosine is not the primary research target. 

COMBINING PET WITH OTHER TECHNIQUES 

The aim of this section is to discuss how PET and other techniques could work in 

synergy to move science further. 

Combining PET with other imaging techniques 

Combining PET with other molecular imaging techniques, such as PET-optical 

imaging, PET-MRI, and PET-computed tomography (CT) has become increasingly 

important in diagnosis and research. Actually, stand-alone clinical PET cameras 

have been almost completely replaced by PET-CT system during the past 15 years. 

CT could compensate for the shortcomings of PET imaging such as lack of 

anatomic detail and limited spatial resolution. The hybrid PET-optical imaging 

modality attracts interest nowadays, because the modality combines the high tissue 

penetrable PET technique which allows to localize and quantify target molecules in 

vivo with optical imaging which for example enables visualization of target tissue 

during surgery 225 and can directly link in vivo imaging results with high resolution 

microscopic information in tissue samples. In the field of neuroimaging, however, 

combined PET-MRI appears to be the most promising technology in the future 

research. In the following paragraphs, I would like to discuss the application of 

simultaneous PET-functional MRI (fMRI) in brain studies as an example of 

successful integration of multiple imaging techniques to solve more complex 

enigmas in science.  

PET-fMRI 

Simultaneous PET-fMRI combines the high sensitivity and specificity of PET with 

the high tempospatial resolution of fMRI. This technique could be applied to study 

the A2AR-associated signaling pathways involved in cognitive and motor functions. 

PET could look into molecular mechanisms of the pathways while fMRI measures 

changes of neuronal activity. The simultaneous application of both techniques may 

link the functional changes of the brain to their molecular mechanisms, which 

could be valuable to increase our understanding of the pathology of diseases related 

to altered A2AR signaling. The application of PET-fMRI is limited because of the 

limit availability of PET-MRI systems. So far, PET-fMRI studies were mainly 

focused on imaging of the dopaminergic system and on 18F-FDG PET/fMRI. In the 
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future, PET-MRI cameras will be installed in more hospitals and thus its 

contribution to research is expected to grow. In the following paragraphs, I will 

discuss a few examples of the application of simultaneous PET-fMRI in imaging of 

dopaminergic system, as this technique has shown great potential to resolve 

research questions that PET and fMRI alone cannot answer. The same strategies 

could be used to study signaling pathways involving A2ARs.  

Some interesting applications of the hybrid PET-MRI system in dopaminergic 

imaging were reported by the groups of Sander and Mandeville 226-228. Sander and 

co-workers 226 investigated the relationship between dopamine D2/D3 receptor 

(D2/D3R) occupancy (measured by [11C]raclopride-PET) and hemodynamics 

(measured by fMRI) in non-human primates. The work showed that injection of 

various doses of raclopride (a D2/D3R antagonist) caused negatively coupled 

changes in the binding potential and cerebral blood volume (CBV) in striatum. 

Furthermore, the study displayed a good temporal match of specific binding 

(calculated as Cstriatum-R1Ccerebellum) and fMRI responses and a fair correlation 

between peak raclopride occupancy and peak % CBV.  

Mandeville et al. 227 described a model which couples D1R and D2R occupancies by 

endogenous dopamine with fMRI temporal response as the result of dopamine-

induced neuronal excitation/inhibition via D1R/D2R. Furthermore, they applied this 

model to study the effect of amphetamine induced dopamine release on D2/D3R 

availability (measure by [11C]raclopride-PET) and CBV (measured by fMRI) in the 

putamen of non-human primates. They found that the model was capable of 

predicting fMRI inhibition (a negative change in CBV) at a low dose of 

amphetamine and a biphasic fMRI response (a negative dip followed by a positive 

peak in % CBV) at a high dose of amphetamine. However, refinement of the model 

is needed because the model cannot reconcile the mismatch in temporal fMRI and 

PET signals.  

Later on, Sander et al. 228 improved the model by incorporating D2R internalization. 

As a result, the dissociation in temporal fMRI-PET signal could be explained by 

this new model. However, these models do not take into account dopamine 

receptors that are not expressed by synapses, e.g., vascular and glial cell-situated 

D1/D5R and D3R 229. Activation of these receptors would change the fMRI signal as 

well, leading to false estimation of neuronal activity because these receptors are not 

relevant to neuron firing. Therefore, further studies could use 18F-FDG PET/fMRI 

in the same experimental conditions to estimate the amount of fMRI signal that is 
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due to neuron firing. Furthermore, studies could couple fMRI with PET imaging of 

D1- and D3R occupancy using D1- and D3R selective tracers and blockers to clarify 

the role of these receptors in hemodynamic alternation. If possible, a model could 

be constructed that considers all major factors affecting fMRI and PET responses. 

Nonetheless, these studies have proven the possibility of simultaneous 

measurement of changes in CBV and neurotransmission. Such study designs could 

also be applied in other receptor-related neuronal network studies.  

Furthermore, the approach could be helpful to assess the efficacy of treatments on 

the dopaminergic network. For instance, a previous study showed that infusion of 

glial cell line-derived neurotrophic factor (GDNF) in PD increased [18F]dopamine 

binding, suggesting a beneficial effect of GDNF on dopamine function 230. 

Simultaneous PET-fMRI could be applied to investigate if the dopaminergic 

pathway is restored due to GDNF infusion by analyzing both changes in CBV or 

the blood oxygenation-level dependent (BOLD) signal and neurotransmission after 

drug or electrode stimulation. Similarly, the usefulness of treatments such as deep 

brain stimulation 231, gene therapy 232 and stem cell transplantation 233,234 in PD 

could be judged with the same strategy. Other interesting applications of 

simultaneous PET/MRI on the dopaminergic system include PET/diffusion tensor 

imaging 235, PET/magnetic resonance spectroscopy imaging 236, and simultaneous 

measurement of two factors at molecular level with neurotransmitter-sensitive MRI 

contrast agents 237,238 and PET tracers for the dopaminergic system. Such combined 

PET-MRI approaches are also conceivable for investigation of the role of A2ARs in 

the brain network, as adenosine modulates neuron firing via adenosine receptors. 

Integration of PET and in vitro techniques  

Integration of PET with other neuroimaging methods (e.g., PET-MRI) could 

improve the quality and dimensions of imaging data, thus allowing to generate 

answers to more complicated research questions that single-modality imaging 

techniques cannot provide. However, neuroimaging as a tool can only handle tasks 

within its scope. If we want to acquire knowledge beyond the scope of imaging and 

to study the molecular mechanisms of biochemical processes in more detail, we 

need to include other techniques to solve the problem. In vitro biological 

techniques are able to target biomarkers in various biochemical processes and 

study such processes with very high sensitivity and spatial/temporal resolution, 

whereas PET and other imaging techniques can provide measurements of such 

processes in living subjects, but with a constrained capacity.  
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A good example of successful integration of PET with in vitro biological 

techniques was provided by Volkow 239, Bonaventura 240, Ferré 202, and co-workers. 

All studies aimed at investigating the A2AR-D2R interplay and the effect of 

A2R/D2R antagonist and agonist on the allosteric interaction of the heteromer. 

Volkow et al. performed [11C]raclopride-PET imaging of D2/D3Rs in healthy 

volunteers 60 min after oral administration of caffeine, a non-selective adenosine 

receptor antagonist. They found that caffeine increased [11C]raclopride uptake in 

putamen and ventral striatum. They concluded that the arousal effects of caffeine 

might be associated with increased D2/D3R availability in ventral striatum. 

However, the finding of increased [11C]raclopride signal in D2/D3R-rich regions 

contradicted their initial hypothesis that caffeine would enhance dopamine binding 

– and thus decreasing [11C]raclopride binding – by antagonizing the inhibition of 

D2R signaling caused by binding of endogenous adenosine to A2ARs in the A2AR-

D2R heteromer complex.  

Bonaventura et al. applied sophisticated in vitro techniques in molecular biology 

and cellular/molecular physiology to study A2AR-D2R heteromers (Table 8.1). 

They constructed an A2AR-D2R heterotetramer model consists of two A2AR and 

D2R homodimers to explain apparently contradictory observations in Volkow’s 

experiment and the results of their own study. Bonaventura observed that an A2AR 

antagonist could also behave as an agonist and dampen the affinity and intrinsic 

efficacy of D2R ligands; thus both A2AR agonist and antagonist could modulate 

D2R function in the same fashion. Furthermore, they found that the effects of A2AR 

agonists and antagonists on D2R-mediated signaling can be cancelled out by each 

other when they were co-administered.  

With the help of information gained from both PET imaging and Bonaventura’s 

study, and together with several other findings showing the involvement of Ca2+ 241 

and D2R itself in ligand-A2AR-D2R interactions 214, Ferré et al. summarized four 

types of agonist/antagonist allosteric interactions in the A2AR-D2R heterotetramer 

model established by Bonaventura. This model could explain all experimental 

observations on A2AR-D2R interactions. For example, Volkow’s observation was 

fitted to the forth type of Ferré’s ligand-A2AR-D2R heterotetramer interaction 

model with the binding sites of A2AR homomers being mainly occupied by an 

A2AR antagonist, which suggests that caffeine functions as an A2AR agonist on the 

A2AR-D2R heterotetramer, rather than an antagonist, and thus dampens the binding 

of endogenous dopamine to D2R, resulting in increased [11C]raclopride binding. 

Furthermore, as discussed previously in the section of ‘Pre- and post-synaptic 
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A2ARs’, Orrú’s 214 finding about the reduction in A2AR affinity towards its 

antagonists due to A2AR-D2R heteromization can be explained by the 2nd type of 

the model of interaction, as D2R itself functions as a modulator to reduce A2AR 

affinity. Without the contributions from the cellular/molecular biology and 

physiology, the A2AR-D2R heterotetramer model couldn’t be established; without 

the supports from PET imaging, the four-type interaction model couldn’t be 

completed.  

Table 8.1 Techniques that have been used to study A2AR-D2R interaction in Bonaventura’s paper 240. 

Techniques Results Interpretation 

Radioligand binding 
assay 

1. Both A2AR selective agonists and 
antagonists decreased D2R agonist 
[3H]quinpirole binding 

1. Both A2AR agonists and 
antagonists allosterically 
modulate/decrease D2R-
ligand binding  
2. Presence of A2AR 
homodimer with 2 
orthosteric binding sites 

2. A2AR selective antagonists showed 
biphasic effect on [3H]quinpirole binding at 
the presence of an A2AR agonist 

3. The modulation effect of A2AR agonists 
and antagonists on [3H]quinpirole binding 
decreased in cells transfected with A2A

A374R 
(the site of mutation is crucial for A2AR-
D2R interaction) 

A2AR-D2R interaction is 
essential for the allosteric 
modulation of A2AR 
ligands on D2R-ligand 
binding 

4. Both A2AR selective agonists and 
antagonists were able to displace the 
binding of A2AR antagonist [3H]ZM 
241385 

A2AR agonists and 
antagonists compete for 
the same binding sites 

5. Both A2AR selective agonists and 
antagonists decreased D2R antagonist 
[3H]raclopride binding 

In combination with result 
1: both A2AR agonists and 
antagonists can decrease 
the affinity of D2R ligands 
to D2R 6. Both A2AR selective agonists and 

antagonists increased the dissociation 
constant of D2R agonist [3H]quinpirole and 
antagonist [3H]raclopride to D2R 

7. Treatment of HIV TAT-TM peptides 
with sequence of TM5 of A2AR or D2R 
abolished the modulation effect of caffeine 
on [3H]raclopride binding 

TM5 is involved in A2AR-
D2R heterodimerization 
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Techniques Results Interpretation 

Proximity ligation assay 

Treatment of HIV TAT-TM peptides with 
sequence of TM5 of A2AR or D2R reduced 
the number of red punctate staining, an 
indicator of formation of A2AR-D2R 
heterodimer 

Bimolecular 
fluorescence and 
bioluminescence 
complementation 

Treatment of HIV TAT-TM peptides with 
sequence of TM5 of A2AR or D2R reduced 
the fluorescent signal of YFP, an indicator 
of formation of A2AR-D2R heterodimer 

Cells expressing A2AR-nRluc/D2R-cRluc 
showed strong luminescence 

A2AR and D2R form 
heteromer 

BRET 

Cells expressing A2AR-nRluc/D2R-
cRluc/A2AR-nYFP/D2R-cYFP produced a 
strong BRET signal as compared with 
controls 

An A2AR and an D2R 
homomer form an A2AR-
D2R heterotetramer 

ERK1/2 phosphorylation 
assay 

A2AR antagonists showed biphasic effects 
on D2R-mediated ERK1/2 phosphorylation 
at the presence of an A2AR agonist 

Both A2AR agonists and 
antagonists decrease D2R 
functioning 

Patch-clamp recording 
A2AR antagonists counteracted the 
inhibition effect of D2R agonist on NMDA-
induced neuron firing 

A2AR antagonists 
modulate/decrease D2R 
functioning 

Locomotive activity 
measurement in rats 

KW-6002 increased locomotor activity at 
low doses and decreased the locomotor 
activity at high doses 

Presence of A2AR 
homodimer with 2 
orthosteric binding sites. 
High doses of A2AR 
antagonists displace 
endogenous adenosine at 
both binding sites thus 
have opposite function of 
low dose antagonist 

Treatment of an A2AR agonist counteracted 
the effects of high dose KW-6002 on the 
locomotor activity 

Presence of A2AR 
homodimer with 2 
orthosteric binding sites. 
An A2AR agonist displaces 
an antagonist on one of 
the orthosteric binding 
sites thus counteracts the 
function of high dose 
A2AR antagonist 
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The aforementioned examples show that integration of diverse techniques could 

compensate for limitations of individual techniques and facilitate refinement and 

development in experimental design. Good collaboration between research fields 

could help to solve scientific questions more effectively and in depth than mono-

disciplinary investigations. So, it is the time for PET imaging scientists to further 

integrate with other fields of research, such as radiology and biosciences. With a 

proper experimental design, PET could make great contributions in life science 

studies, provided that the proper scientific questions are asked and the most 

adequate tools are applied.   




