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ADENOSINE AND ADENOSINE RECEPTORS IN THE CENTRAL NERVOUS 

SYSTEM 

Our brain is wired with hundred billions of neurons, the highway of information 

transduction, and 10 to 50 times more glial cells (astrocytes, oligodendrocytes, and 

microglia are main types of glial cells) supporting and nurturing neurons. 

Information carried by nerve impulses, flows from one neuron to another by 

passing neurotransmitters through the synapses between them. Adenosine can act 

as a neuromodulator or neurotransmitter and is formed by the breakdown of 

adenosine triphosphate (ATP), the main energy source of the body. Adenosine 

inhibits neuronal excitation in central nervous system (CNS) in general. Therefore 

caffeine, which blocks the effects of adenosine, can make you feel excited, 

energetic, and alert. Adenosine exists both inside and outside of the cell, 

functioning through binding to four types of adenosine receptors, denoted A1, A2A, 

A2B, and A3. Adenosine receptors are localized at the cell membrane, belonging to 

the family of G-protein coupled receptors. These receptors are stimulated by their 

ligands (e.g., adenosine) outside the cell, triggering signaling pathways inside the 

cell via activation of receptor associated G-proteins. The G-protein consists of 

three units, namely α, β and γ unit. The function of a G-protein coupled receptor 

depends on the type of α subunit which attaches to the receptor. Adenosine A1 and 

A2B receptors are coupled with Gαi/o and function in an opposite manner to A2A and 

A3 receptors 1,2, which are coupled with Gαs, in controlling adenylyl cyclase (AC). 

Among the four adenosine receptor subtypes, adenosine A1 receptor (A1R) and 

adenosine A2A receptor (A2AR) are studied best, because of their abundant 

expression in the CNS. A1Rs are found to be widespread throughout the brain, with 

the highest levels in hippocampus, cerebellum, and cerebral cortex. A2AR are 

highly enriched in striatum, and scarcely expressed in other brain regions 2. A2B 

and A3 receptors are expressed at low levels in the CNS, with functions largely 

unknown. A1R and A2AR act oppositely on neurotransmitter release. A1R activation 

suppresses neurotransmission, whereas A2AR activation facilitates neuro-

transmission. Apart from the important role of A2AR on regulating neuro-

transmission, A2AR has gained pharmacological interest because of its association 

with the dopamine D2 receptor (D2R). Furthermore, A1R and A2AR are not only 

expressed by neurons, but are also present on glial cells, where they have opposite 

effects on astrogliosis (astrogliosis is an abnormal increase of the number of 

astrocytes due to neuronal damage) 3. Glial A2AR is involved in neuroinflammation 
3,4, which is a common factor in many brain disorders, such as autism 5, 

schizophrenia 6, Alzheimer’s disease (AD) 7, Parkinson’s disease (PD) 8 and 
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multiple sclerosis 9. 

 

ADENOSINE A2A RECEPTORS AS PHARMACOLOGICAL TARGET AND 

DIAGNOSTIC BIOMARKER IN BRAIN DISORDERS 

Pharmacological importance of adenosine A2A receptors 

A2ARs are distributed restrictively in striatum, with the highest density in dorsal 

striatum, a brain region associated with motor functions, and lower levels in ventral 

striatum, which is part of the reward system. The major physiological role of A2AR 

is believed to modulate locomotor activities, which makes it an interesting 

therapeutic target in brain disorders associated with movement deficits 10.  

In striatum, a large number of A2ARs form functional heteromers (a heteromer is a 

complex composed of two or more different proteins) with D2Rs at the 

postsynaptic region (Figure 1.1) 11. D2R is a subtype of the dopamine receptor, and 

like A2AR, a member of the G-protein coupled receptor family. When a D2R ligand 

(e.g., dopamine) binds to a D2R, a secondary signaling pathway is triggered, 

resulting in inhibition of neural firing (neural firing is the neuron reacting on 

stimulation) by negative modulation of NMDA receptor-mediated Ca2+ signaling 

(Figure 1.2) 12. A2AR, on the contrary, facilitates neuronal excitation. Ligand 

binding to A2AR or D2R in the heterodimer complex induces a conformational 

Figure 1.1 Colocalization of adenosine A2A receptor with dopamine D2 receptor.  



Chapter 1   

4 

change of the other receptor (heteromer partner), resulting in reduced affinity of the 

heteromer partner towards its ligands. This allosteric interaction of the A2AR-D2R 

heteromer modulates neuronal excitability and neurotransmitter release. A2ARs that 

do not form heteromers with D2Rs interact with D2Rs at the AC level via G-

protein-dependent pathways, with their AC-signaling suppressed by tonic 

inhibition via D2Rs which are negatively coupled to AC 13. The A2AR-D2R 

interaction plays an important role in basal ganglia disorders, such as PD 10, 

Huntington’s disease (HD) 14 and depression 15.  

Furthermore, about 23% of A2ARs are localized presynaptically 16, where they form 

functional heteromers with A1R (Figure 1.2). Presynaptic A2ARs are thought to be 

involved in controlling excitatory glutamate release (glutamate is an important 

neurotransmitter which controls neuronal activation) at direct basal ganglia 

pathway 13,17. The pharmacological importance of this population of A2AR is 

unclear, but antagonists which are able to target presynaptic A2ARs were suggested 

as treatment for dyskinetic disorders such as HD and levodopa-induced dyskinesia 
17. In extra-striatal regions, A2ARs are expressed mostly at presynaptic terminals, 

with 20 times lower density than the density in striatum 18. This small population of 

A2AR is suggested to have an opposite function as postsynaptic A2AR 19.  

Figure 1.2 Distribution of striatal A2A receptors in the synaptic region of medium spiny neurons. 
A2ARs are colocalized with dopamine D2 receptors, adenosine A1 receptors, cannabinoid receptor 1, 
and metabotropic glutamate receptor 5, regulating dopaminergic and glutamatergic pathways. 
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A2AR expression on microglia cells and astrocytes is low under physiological 

conditions, but can be dramatically increased by brain insults 20, like injury, 

inflammation, etc.. A2AR regulates microglial activation and proliferation, and also 

modulates neurotransmission via glial-neuron interaction. With the increasing 

understanding of glial cells in brain function, especially the role of glial cells in 

neuroinflammation, A2AR is also studied as a potential therapeutic target to 

suppress immune response and to protect neurons by antagonizing its activity. The 

neuronal protective role of A2AR antagonism in several brain disorders 20-22 is now 

considered to be associated with A2AR situated on glial cells.  

Targeting adenosine A2A receptors in brain disorders 

As we have discussed above, there are two major roles of A2AR in the CNS: 

locomotor activity regulation and neuroprotection. A2AR antagonism could increase 

binding affinity of D2R towards dopamine, and also improve D2R functioning via 

an indirect pathway in the basal ganglia (Figure 1.3). Locomotor activity is  

regulated by both the direct and the indirect dopaminergic pathway, the two major 

circuits in the basal ganglia. A2AR plays an important role in controlling 

neurotransmission via the indirect pathway and therefore motor symptoms of brain 

disorders related to disturbed dopaminergic pathways, like PD 10 and HD 23, could 

be moderated by A2AR antagonism. A2AR antagonism could help to restore the 

balance between the direct and indirect dopaminergic pathways 10, thus improving 

motor performance. A2AR antagonism could also be neuroprotective, by 

suppressing immune responses 20. Therefore, A2AR is also considered as the target 

in brain diseases that are not related to dopaminergic dysfunction but suffer from 

chronic neuroinflammation, like AD. Furthermore, A2AR is also studied as a 

therapeutic target for psychiatric diseases 24, such as depression 15, schizophrenia 25, 

and drug addiction 26, because of the antagonistic interaction between A2AR and 

D2R, and the involvement of D2R (via dopaminergic pathways, e.g., nigrostriatal 

pathway (motor control) and mesolimbic pathway (reward control)) in these 

disorders. However, despite the great potential of A2AR for the treatment of brain 

disorders, compounds that target A2AR have only been studied in clinical trials as 

anti-parkinsonism drugs 27. The investigation of A2AR as a therapeutic target in 

other brain disorders is still in the preclinical stage. Below are some examples of 

A2AR as a potential therapeutic target in brain diseases. 
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Parkinson’s disease. PD is characterized by a deficit in dopamine release in 

striatum, due to neuronal death in the subtantia nigra, where dopamine is produced. 

The shortage of dopamine results in the hyperactivity of the indirect basal ganglia 

pathway and hypoactivity of the direct basal ganglia pathway (Figure 1.3). 

Therefore, hypokinetic symptoms, including shaking, rigidity and slowness of 

movements occur 28. In order to restore the dopamine supply, levodopa (levodopa 

is converted to dopamine in the brain) is given to PD patients as the standard 

treatment. However, side effects, such as motor fluctuations, dyskinesia, which is 

characterized by involuntary muscle movements, and an increasing off-time (the 

period when the drug loses its effect) due to long-term treatment are the major 

disadvantages of levodopa medication 29. The excessive dopamine levels produced 

from levodopa shortly after drug administration are the major cause of levodopa-

Figure 1.3 A schematic model of direct and indirect basal ganglia pathways. Dopamine is produced 
in substantia nigra pars compacta (SNc)) and projected to striatum, acting on stimulation of the D1-
A1 receptor heterodimer that is associated with the direct nigrostriatal pathway and on inhibition of 
the D2-A2A receptor heterodimer that is associated with the indirect pathway. A2AR activation in 
striatum in the indirect pathway excites the neurons thus attenuates the inhibitory effect (due to D2 
receptor activation) on the globus pallidus pars externa (GPe). The death of dopaminergic cells in 
SNc results in a disturbed balance between the direct and indirect pathways: i.e., attenuation of 
inhibition of the substantia nigra pars reticulate/globus pallidus pars interna complex (SNr/GPi) via 
the direct pathway and attenuation of inhibition (GPe-SNr/GPi) and amplification of excitation 
(subthalamic nucleus (STN)-SNr/GPi) on SNr/GPi via the indirect pathway, leading to remarkable 
decrease in the output from SNr/GPi to thalamus, resulting in motor deficits as the final outcome. 
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induced dyskinesia (LID). A2AR antagonism may facilitate dopamine signaling via 

the indirect basal ganglia pathway without introducing the motor complications 30. 

This could be feasible, because A2AR antagonism can potentiate D2R functioning 

without adding extra dopamine burden to the system. KW-6002, an A2AR selective  

antagonist, was approved for marketing as an anti-Parkinson drug in Japan. 

Clinical studies of KW-6002 showed that this drug was able to reduce off-time 

without exacerbating LID 31. Several other A2AR antagonists, including ST1535, 

tozadenant (SYN115), V2006, V81444 and PBF509 are under phase I/II clinical 

trials. These drug candidates are either tested in combination with levodopa, or as 

monotherapy 27. 

Alzheimer’s disease. AD is the most prevalent neurodegenerative disorder, 

affecting 6% of people of 65 years or older. AD patients suffer from progressive 

impairment of memory, as well as other social and body functions, and ultimately, 

death. Toxic amyloid-β peptide (Aβ) deposits are widely spread in the brain of AD 

patients, destroying neurons in hippocampus, the region governs memory, and in 

several cortical regions 32. An epidemiologic study has suggested that chronic 

intake of caffeine for 20 years could significantly reduce the risk for AD 33. AD 

animal models have shown that treatment with A2AR antagonists reduced synaptic 

loss and neuronal death triggered by Aβ aggregation. Both acute and long-term 

treatment with caffeine reduced Aβ levels in the brain of Aβ transgenic mice and 

alleviated cognitive deficits 21,34,35. The beneficial effects of A2AR antagonism 

might be due to the suppression of neuroinflammation by glial cell expressing 

A2AR, inhibition of excitatory glutamate release by presynaptic A2AR, or restoration 

of impaired long-term synaptic potentiation by postsynaptic A2AR 36. A2AR 

antagonism also seems to affect Aβ cleavage, but the underlying mechanism has 

not yet been understood.  

Schizophrenia. Schizophrenia is a psychiatric disorder, in which dopaminergic 

and glutamatergic neurotransmission is disturbed 37. Schizophrenia was also found 

to be associated with neuroinflammation 6,38. Because of the regulatory role in 

dopaminergic and glutaminergic neurotransmission and in neuroinflammation, 

A2AR has attracted attention for the treatment of schizophrenia 25. Post-mortem 

studies on schizophrenic patients showed an elevated level of striatal A2AR 39. 

Furthermore, transgenic animal models suggested that a reduction in adenosine 

level or loss of function of A2AR may be associated with schizophrenic like 

behavior 40. These findings imply that A2AR may be a potential target for the 

treatment of schizophrenia. 
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Adenosine A2A receptor as the diagnostic target in brain disorders 

As we have discussed before, A2AR plays an important role in many brain disorders 

associated with neuroinflammation or/and impaired dopaminergic/glutamatergic 

pathways. Therefore, it would be worthwhile to explore A2AR as a diagnostic 

biomarker for brain disorders with altered A2AR expression. To be a good 

diagnostic biomarker, A2AR should be able to 1) identify a particular disease, 

preferably before clinical symptoms appear, and 2) indicate the severity of a 

disease and 3) allow monitoring disease progression and response to treatment. In 

vivo imaging methods could be applied to quantify A2ARs in the brain under 

various pathological conditions. In order to visualize A2AR in living subjects, small 

compounds, with high affinity and selectivity to A2AR, and proper lipophilicity 

(octanol water partition coefficient at pH7.4 (LogD7.4) between 2 and 4) could be 

labeled with radioisotopes and administered to animals or human subjects. A 

powerful technique for measuring the distribution and the amount of target 

molecule (e.g., A2AR) by tracking radionuclides in living subjects is positron-

emission tomography (PET). 

 

POSITRON EMISSION TOMOGRAPHY 

PET is an in vivo 3-dimensional (3D) imaging technique which allows measuring 

of biochemical parameters by detecting pharmaceuticals labeled with positron-

emitting radionuclides. A positron is the antiparticle of an electron, with the same 

mass as an electron, but with an electric charge of +1e. Radioactively labeled 

pharmaceuticals are called radiopharmaceuticals, tracers, or radioligands. After 

administration of a tracer to a living subject and distribution over the body, the 

tracer is engaged in the specific biological process of interest and accumulates at its 

target site. When a positron is emitted from a positron-emitting radionuclide, it 

travels a short distance, usually 0-3 mm, depending on the kinetic energy of the 

positron and the density of the medium. While traveling through tissue, the 

positron loses its kinetic energy by interacting with surrounding electrons. Finally, 

the positron hits an electron and the two particles annihilate, converting their mass 

into two gamma photons traveling in opposite directions (180o angle if the kinetic 

energy of the electron-positron pair at the time of annihilation is zero, but slightly 

deviating from the 180o angle if some kinetic energy remains at the time of 

annihilation). Based on Einstein’s mass-energy equation E = mc2, the mass of a 

positron and an electron is converted into two gamma photons with an energy of  
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511 keV each. The two photons are subsequently detected by a PET camera. The 

PET camera will only register the event, when two photons with an appropriate 

energy are detected within a small time window (coincidence detection). The place 

where the annihilation happened can be localized by measuring a certain amount of 

photon pairs that are produced in the same region. Then the signal is analyzed to 

obtain information on the distribution, the density, or the biological process of the 

target molecule in tissue (Figure 1.4). 15O, 13N, 11C, 18F, 64Cu and 89Zr are 

commonly used positron emitting radionuclides, with half-lives of 2.0, 10.0, 20.3, 

109.8 min, and 12.7 and 78.4 h, respectively. Recently, 68Ga and 82Rb attracted 

increasing attention because generators to produce these isotopes became 

commercially available. 15O, 13N, and 11C have very short half-lives, therefore, an 

on-site cyclotron is required to produce these isotopes. The advantages of short-

lived radionuclides over long-lived radionuclides include 1) multiple scans can be 

applied in the same subject in a short period of time (i.e., within one day); 2) low  

ionizing radiation burden for patients (ionizing radiation is a radiation that carries 

high energy that is able to ionize molecule inside our body, gamma rays and X-rays 

 

Figure 1.4 Schematic illustration of the basics of PET. A positron (e+) is emitted from the radioligand 
and annihilates with an electron. A pair of gamma photons traveling in opposite directions are 
generated. The detector crystal of a PET camera registers the event when two photons are detected in 
coincidence. Two detector crystals have to detect a 511 keV gamma ray but this event is only recorded 
when detection occurs within a short coincidence time window. Then the number and the distribution 
of the coincidences are analyzed. The PET data are finally reconstructed into images.  
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are examples of ionizing radiation); 3) these radionuclides can be used for labeling 

endogenous molecules. Isotopes with long half-lives have the advantage that 

radiopharmaceuticals labeled with these isotopes can be distributed from the 

cyclotron to peripheral PET centers without a cyclotron. In addition, long half-life 

isotopes allow scanning after a long distribution time of the tracer (e.g., more than 

one hour). This is useful to quantify the kinetics of tracers with long biological 

half-lives. For molecules which have very long serum half-lives, e.g., antibodies, 

labeling these molecules with long half-life isotopes, e.g., 89Zr with a half-life of 

78.4 h, allows to scan subjects a few days after tracer administration when there is 

sufficient amount of radioligands penetrating the tissue to reach the target and 

sufficient clearance of unbound tracer. 

 

PET RADIONUCLIDE PRODUCTION 

At the Department of Nuclear Medicine and Molecular Imaging (NMMI) of the 

UMCG, 15O, 13N, 11C, and 18F are produced by an IBA-18 cyclotron (Figure 1.5A). 

In the ion source at the center of the cyclotron, H2 gas is broken down into H+ 

(proton) and H-. H- is pulled out and accelerated by a high frequency alternating 

voltage, and its motion is bend into a curved trajectory by a perpendicular magnetic 

field. The H- speeds up each time it crosses the electrical field between a Dee and a 

sector at ground potential (i.e., 4 accelerations per turn). Because of the 

acceleration, the kinetic energy is increasing gradually and the perpendicular 

magnetic field causes H- to travel in a spiraling horizontal path. Finally, at the edge 

of the cyclotron, two electrons are stripped from the H- when it goes through a 

carbon foil. Then the H+ particle is directed to a target filled with specific 

molecules. Protons produced by the cyclotron collide with the nuclei of the target 

molecules to generate positron emitting nuclides (Figure 1.5B). For instance, 11C is 

produced by interacting protons with 14N2, and 18F can be produced by 18O-proton 

collision. Then the resulting radionuclides are released from the target to the site of 

radiolabeling. 
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PET Tracer synthesis 

After transport to the site of radiolabeling, the radionuclide is allowed to react 

chemically with a precursor to form a tracer. Fast reactions are crucial for labeling 

of radioligands with short half-life isotopes, like 13N and 11C. For 11C tracers, the 

final product should be obtained within 60 min (3 half-lives of 11C), because the 

radioactivity and specific activity (specific activity is the amount of radioactivity 

per mass unit of the tracer) at 60 min have decreased to 1/8 of the value at the 

beginning of the synthesis. In order to guarantee enough radioactivity at the end of  

the synthesis, high amounts of radioactivity at the start of synthesis are required. 

Therefore, the radiosynthesis is commonly conducted inside a hotcell with lead 

walls and doors to provide shielding. The synthesis can be performed with an 

automated robotic system or synthesis module to reduce the radiation burden to the 

operator (Figure 1.6). A large excess of labeling precursor (a few hundred-

thousand times more precursor than the radionuclide) is used to create pseudo-first-

order reaction kinetics. In this situation, the rate of reaction is maximum with 

respect to the radionuclide. When the reaction is done (usually within 10 min for 
11C-labeled radiopharmaceuticals, no full conversion is needed), the reaction 

mixture is usually purified and formulated. The specific activity of the final 

product is measured before tracer administration. The specific activity and the 

Figure 1.5 (A) An IBA-18 cyclotron (open). (B) Inside the cyclotron (a top view). Dees are 
electrodes with alternating electrical fields. H- is produced in an ion source at the center of the 
cyclotron. H- speeds up as traveling from the center to the edge in a spiral path, and the two 
electrons of the H- are stripped by a foil stripper at the end of its journey. A proton (H+) is 
produced. The proton is guided to the target to react with molecules in the target to generate 
radionuclides. 
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injected amount of radioactivity determine the injected mass of the tracer. The 

injected mass should be kept as low as possible (especially in studies in small 

animals) to avoid saturation of the target receptor, transporter or enzyme. 

Therefore, for 11C labeling, [12C]O2 or [12C]H4 should be removed as much as 

possible from tubings and reactors as [12C]O2 and [12C]H4 contaminate [11C]O2 and 

[11C]H4 produced by the cyclotron. Even with strategies such as flushing lines with 

inert gas, the amount of [12C]O2 and [12C]H4 is still hundreds to thousands times 

more than [11C]O2 and [11C]H4 in the reaction system. Together with the decay 

during the synthesis, the specific activity of 11C tracers is normally tens to a few 

hundred GBq/µmol. 18F-labeled tracers are usually obtained with a few times 

higher specific activity than 11C tracers, as it is easier to avoid contamination of 18F 

with 19F. For tracers which have low affinity to the target molecules (e.g., a Kd of 

>10 nanomolar) and a low specific activity at the time of injection, the amount of 

unlabeled tracer might have already saturated or occupied a substantial amount of 

the binding sites at a standard injection dose, resulting in a reduced or depleted 

PET signal. As a rule of thumb, less than 5% of the target molecule should be 

occupied by a tracer 41, in order to consider the physiological condition as 

unchanged.  

 

Figure 1.6 Hotcells (left), an automated robotic system (middle), and synthesis modules (right) inside 

a hotcell. 

 

11
C tracers 

11C has the same chemical properties as 12C, therefore, the biological properties of 

a 11C compound are identical to its 12C analogue. This could be an advantage for 

the in vivo assessment of the properties of pharmaceuticals during the drug 

development and for the study of the behavior of endogenous molecules. For 11C 

tracer production, [11C]H3I and [11C]H3OTf are frequently used radioactive 

synthons. They react with the labeling precursor via a SN2 mechanism 42. The 

precursors should contain a nucleophilic group. Oxygen from a hydroxyl group and 
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nitrogen from amino groups are examples of such nucleophiles. Other strategies 

can also incorporate 11C to a chemical compound, for example, [11C]O and [11C]O2 

insertion to form aldehydes, ketones, ethers, amides, acids, etc. 43,44, but these 

methods are not so well established yet. 

18
F tracers 

18F is the most popular radionuclide for PET imaging nowadays, because of the 

suitable half-life and high specific activity of the resulting radioligands. 18F-fluo-2-

rodeoxy-D-glucose (FDG) is the mostly commonly used PET tracer, especially in 

cancer diagnosis, which occupies ~90% of the PET scans worldwide 45. Isotropic 

radiolabeling of 18F is limited because 19F is not so frequently present as 12C in 

natural compounds, although fluoride atoms are regularly present in drugs. 

However, the fluoro group is similar to a hydroxyl group in terms electronegativity. 

Therefore, 18F analogues of natural compounds are synthesized by replacing a 

hydroxyl group from the parent compound with fluorine-18. Fluorine-18 is also 

used to substitute other atoms, like halogens or hydrogen atoms. However, we 

should keep in mind that there is a slight difference between –F and these other 

atoms and therefore the biological properties of the 18F analogues are not identical 

to their parent compounds.  

Requirements for radioligands for receptor imaging 

The criteria for suitable radioligands should aim to achieve that the measured 

radioactive signal reflects the underlying process of interest. 

The most important criterion for a PET radioligand targeting an endogenous 

molecule is a sufficiently high affinity of the tracer towards the target. The 

dissociation constant Kd is the commonly used parameter to measure the affinity, 

which is obtained from the following equation: Kd = [L]*[R]/[LR], where [L] is the 

concentration of the unbound ligand, [R] is the concentration of the unbound 

receptor (target molecule), and [LR] is the concentration of the ligand-receptor 

complex in the reaction system 46. Kd is difined as the concentration of the free 

ligand L at which half of the total receptor R forms a complex with L. A small Kd 

indicates high affinity of L to R. Kd can be predicted by in vitro competition 

binding assays when the system is at the steady state (i.e., [L], [R], and [LR] are 

constant at any time point). A good radioligand usually has a Kd value in the 

picomolar to nanomolar range 47. However, a radioligand with too high affinity is 

not ideal, because this could result in difficulties in quantification of tracer kinetics 
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(inaccurate estimation of several rate parameters, e.g., k3 and k4, see section 

‘TRACER QUANTIFICATION-KINETIC MODELING’ for explanations of these 

parameters) for reversible tracers, and loss of sensitivity to detect changes of target 

molecule for irreversible tracers. Furthermore, hours of scan duration is 

uncomfortable for patients and logistically unpractical.  

Secondly, the metabolism of radioligands should not be too fast. Fast metabolism 

would reduce the number of radioligands reaching the target, lowering the signal 

from target regions. Furthermore, fast metabolism may cause problems for tracer 

quantification, since radiometabolite(s) contribute to the background and can also 

contribute to the specific signal in target regions, provided that the metabolite(s) 

have affinity to the target molecule, egress the blood vessel and, in case of brain 

imaging, penetrate the blood-brain barrier (BBB). Pharmacokinetic modeling could 

be applied to subtract the contribution of radioactive metabolite(s) from the total 

signal. However, such calculation is sometimes erroneous and can be highly 

variable because of the difficulty of measuring/estimating the amount of 

radioactive metabolite(s) in the target region. 

Thirdly, high selectivity to the target is required for radioligands. A tracer should 

not only bind to the target, but should bind to it exclusively. Many target molecules 

in our body have analogues with similar structures. For example, A2AR shares 50% 

gene sequence homology with A3R. Radioligands for A2AR should not bind to A3R 

or vice versa, because the non-selective binding would increase the signal in target 

regions where the two receptors coexist, resulting in erroneous quantification of the 

target molecule. Furthermore, it is inevitable that tracers bind to tissue non-

specifically (binding to tissues and/or some unknown endogenous molecules. Such 

binding cannot be displaced), and sometimes non-selectively (specific binding to 

another target). However, such binding should be kept to minimum.  

In addition, radioligands should not be the substrate of an ATP-dependent drug 

efflux pump, such as P-glycoprotein 1, unless that the efflux pump is the target of 

the radioligand. The pump proteins exist at the membrane of many cells, actively 

transport their substrates from the inside of the cells to the outside, resulting in a 

low accumulation of ligands in target regions. For radioligands targeting the CNS, 

a few more issues should be taken into consideration because of the BBB. This 

brain guardian protects the CNS from toxins, bacteria, and other insults, but it also 

prevents almost 100% of the large molecule and 98% of the small molecule CNS 

drug candidates from entering the brain 48. Radiolabeled antibodies, which are 
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frequently used for the imaging of the peripheral targets, are usually out of 

consideration for brain imaging, because these molecules are too big to enter the 

brain. Actually, compounds with molecular weight above 500 Da may have 

difficulty penetrating the BBB. Tracers travel across the BBB through either 

passive diffusion or active transport. In case of active transport, the tracer is 

transported into the brain via specific transporters at the BBB (e.g., 18F-FDG via 

GLUT-1). This transporter-mediated molecule delivery allows the entry of 

macromolecules (e.g., antibodies) into the CNS when the molecule is fused to a 

substrate of a transporter expressed at the BBB. The first successful application of 

this strategy to deliver PET tracers to the brain was reported by Sehlin et al. 49 in 

2016. In case of passive diffusion, the tracer should be lipophilic, because of the 

lipophilic nature of the BBB. However, the molecule should not be too lipophilic, 

otherwise it binds non-specifically to lipophilic targets, like plasma proteins and 

the cell membrane. Therefore, CNS targeting radioligands normally have a LogD7.4 

in the range 2-4. Finally, in brain imaging studies, the penetration of peripherally 

produced radioactive metabolites into the brain should be very limited, and the 

contribution of the signal from all radioactive metabolites (periphery- and/or CNS-

produced) in the brain should be small (i.e., less than 10% of the total signal), or 

should be corrected for.  

PET tracers for adenosine A2A receptors 

A good A2AR tracer could help to acquire a better understanding on the 

distribution, density and the biological roles of A2ARs. Furthermore, A2AR-PET 

could be a useful tool to assess drug candidates targeting A2AR during drug 

development and can be applied as a diagnostic or staging tool to monitor A2AR 

changes during the disease courses. We learned from our previous discussion that 

the criteria for CNS radioligand selection are rather strict. For this reason, only a 

few radioligands are available so far for A2AR imaging. Four A2AR radioligands 

(Figure 1.7) have been tested in humans and 2 of them were used to study the 

A2AR availability in PD and Multiple Sclerosis (MS) patients 50-57. Differences in 

A2AR density were observed between MS patients and healthy volunteers 

([11C]TMSX-PET) and between PD patients with LID and healthy volunteers/drug 

naïve PD patients ([11C]TMSX-PET and [11C]SCH 442616-PET). However, due to 

the unsatisfactory properties of these radioligands, like low brain uptake and lack 

of specificity, the sensitivity of the technique was low and the interpretation of 

experimental observations was difficult. A new 18F labeled radioligand [18F]MNI-

444 was first reported in 2014 58. In 2015 the first human study was reported with 
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this radioligand 50. This tracer displayed substantially better properties than the 

previously reported radiopharmaceuticals in terms of high and robust binding 

potential (BPND) values in striatum and high test-retest reproducibility. However, 

the slow kinetics of this tracer might be a problem, as at least 1.5-2 h dynamic 

acquisition is necessary to quantify the tracer kinetics. 

 

TRACER QUANTIFICATION-KINETIC MODELING 

Generally speaking, kinetic modeling is a mathematic description of the kinetic 

pattern(s) of a specific process. In the field of PET imaging, kinetic modeling is 

used to quantify biological processes like molecular transport, interactions, and 

metabolism. This method is mainly applied for tracers targeting receptors in the 

brain. Therefore, the discussion here will be limited to the kinetic modeling of 

tracers targeting CNS. In PET studies, the time-activity curves (TACs) of a tracer 

in regions of interest are obtained from dynamic PET scans. The signal detected by 

the PET camera is a combination of the signal from the brain parenchyma and the 

blood compartment. The TAC reflects the total response of the system. In order to 

quantify the amount of tracer molecules bound to the target and the amount bound 

to tissues non-specifically or as free molecules in body fluids, kinetic modeling is 

applied to fit the tracer TACs. Kinetic modeling calculates pharmacokinetic 

parameters of a tracer as output parameters. Examples of outcome parameters are 

the rate constants between compartments (K1, k2, k3, k4) when compartment 

Figure 1.7 A2AR PET imaging radioligands that have been tested in human subjects. 
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modeling is applied, the tracer concentration in regions of interest as compared 

with tracer concentration in plasma (distribution volume: VT = CT/CP) or a 

reference region devoid of target molecule (distribution volume ratio: DVR = 

CT/CR), and metabolic rate constant Ki. Therefore, the aim of kinetic modeling is to 

mathematically solve the kinetic parameters of a tracer in tissue in response to an 

impulse, such as the plasma input function.  

Kinetic modeling methods which require the information of tracer concentration in 

plasma are called invasive modeling methods (NB. the plasma activity determines 

the input function, not the tracer concentration in the whole blood, because the 

tracer molecules in plasma, but not bound to red blood cells, are freely delivered to 

tissues). For invasive kinetic modeling, arterial blood samples are taken from the 

subject during the scan and the activity in plasma and the whole blood is measured 

with a well counter or a dedicated automated blood sampling device for blood 

activity measurement. The TAC of the intact tracer in plasma (which is corrected 

for radioactive metabolites) is used as the input function for tracer TAC fitting in 

tissues of interest. The activity in the whole blood is used to correct for the signal 

from the blood vessels by subtracting the activity in fractional blood volume in 

tissue from the activity in volumes of interest (VOIs) measured by PET. The blood 

activity could also be measured with dynamic PET imaging on major blood vessels 

(e.g., carotid artery). But still, plasma-to-blood ratio and tracer metabolic profile 

have to be obtained with invasive blood sampling. 

Compartment modeling 

Compartment modeling is an invasive modeling method which requires arterial 

input function. In practice, only two types of compartment modeling methods are 

commonly used. They are the one-tissue compartment model (1TCM) and the two-

tissue compartment model (2TCM) (Figure 1.8) 59. The 1TCM assumes that the 

tracer goes directly from the plasma to the target. So there are virtually two 

compartments, the plasma compartment and the tissue compartment. This model 

calculates the rate constants K1 and k2, which describe the rate of the tracer from 

plasma to the tissue, and the rate of the tracer from tissue to plasma, respectively. 

K1/k2 
59 describes the ratio of the tracer in the tissue to the arterial plasma 

concentration at an equilibrium and is defined as the distribution volume (VT). The 

2TCM assumes that the tracer goes from arterial plasma to the central 
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 Figure 1.8 An example of PET-imaging of [11C]preladenant (a reversible radioligand for adeonsine 
A2A receptors) uptake in the rat brain (A: top view, B: front view, C: side view) and model (one-tissue 
compartment model (1TCM) and two-tissue compartment model (2TCM)) fits of the tracer time 
activity curve (TAC) in the target region (striatum) (D). The hot spots outside the brain in the PET 
images represent tracer uptake in Harderian glands.  

non-displaceable compartment, where part of the tracer molecules bind to the tissue 

non-specifically and reach the equilibrium rapidly and some molecules retain in the 

tissue fluid as free ligand. The rest of the ligand is transferred from the non-

displaceable compartment to the specific compartment, in which it is bound to the 

target molecule specifically (Figure 1.9). Note that these compartments are not 

physically separated, they are drawn and described separately for the sake of ease. 

In case the specific compartment is slow, and therefore distinguishable from the 

fast non-displaceable compartment, the 2TCM can be used to describe the tracer 

kinetics. Four parameters, K1, k2, k3 and k4, are calculated by solving the modeling 

equations by non-linear fitting of the tissue TACs using the arterial plasma input 

function. K1 and k2 indicate the rate of the tracer from plasma to the non-

displaceable compartment, and the rate of the tracer from the non-displaceable 

compartment to plasma, respectively. k3 reflects the rate of the tracer from the non-

displaceable compartment to the specific compartment, and k4 describes the rate of 

the tracer from the specific compartment to the non-displaceable compartment. The 

VT can be obtained from the modeling parameters using the equation 

K1*(1+k3/k4)/k2 
59. Another kinetic parameter derived from the reversible 2TCM fit 

is the non-displaceable binding potential BPND, which is the ratio of k3 and k4 
59. 

BPND indicates how well the tracer binds specifically to the target. BPND also 

reflects the ratio between the density of target molecule (Bmax) and dissociation 

constant Kd of the tracer/target complex at an equilibrium when the concentration 

of the free ligand is much smaller than Kd (at a tracer dose). Individual values of 

Bmax and Kd cannot be obtained from a single PET scan with bolus injection, but 

only the ratio of them (BPND). A Schatchard plot with multiple scans (at least 2 
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scans) with specific activities ranging from low to high using a bolus + infusion 

protocol is the commonly used strategy to calculate Bmax and Kd individually 60,61.  

In case tracer molecules are trapped in the specific compartment, the k4 is equal to 

or approaches zero. 18F-FDG is a typical example of an irreversibly bound tracer. 

The most important pharmacokinetic parameter that can be obtained from an 

irreversible 2TCM fit is the metabolic rate Ki, calculated as Ki = K1*k3*/(k2 + k3) 
62. 

 

Figure 1.9 An illustration of a reversible two-tissue compartment model with tracer concentration in 
plasma (Cp), the non-displaceable compartment (C1), and the specific compartment (C2). The K1-k4 

are rate constants between these compartments. 

Graphical analysis: Logan plot and Patlak plot 

Logan 63 and Patlak 62 graphical analysis are two of the most frequently used 

methods to calculate VT for reversibly binding tracers, and Ki for irreversibly 

binding tracers, respectively, using linearisation approaches. An example of a 

Logan plot is presented in Figure 1.10. These graphical analysis methods require a 

plasma input function. Compared with compartment modeling, which calculates 

micro-parameters (e.g., K1, k2, k3, and k4), graphical analysis obtains macro kinetic 

parameters (VT, Ki) in a simple way. The parameters obtained from graphical 

analysis are usually more robust than parameters derived from compartment 

models. Furthermore, graphical analysis is model-independent. If tracers fail to 

have a good convergence with compartment model fits, graphical analysis could be 

explored to obtain VT or Ki. However, graphical analysis uses several assumptions, 

such as the operational equations of these methods require that some time after 

tracer injection, which is defined as t*, the system reaches its steady state: i.e., the 
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activity concentration in tissue divided by activity concentration in plasma 

becomes time-independent. Furthermore, Logan graphical analysis requires that k2 

<< k4. In case of violation, the plot becomes linear at later time points and the VT is 

underestimated. In addition, graphical analysis ignores the blood compartment in 

tissue and is sensitive to data noise. These restrictions can lead to a negative bias in 

VT and Ki estimations 64. Nonetheless in practice, graphical analysis methods work 

quite well even with violation of underlying assumptions and with noisy data (e.g., 

10% average noise). VT or Ki obtained from graphical analysis are usually quite 

comparable with the parameters derived from compartment model fits. For 

example, in case of data from Figure 1.10, k2 was calculated larger than k4 by 

2TCM fits, and the tissue-to-plasma activity ratio increases over time at later times. 

However if we look at Figure 1.10B, the data points approach linearity much 

earlier than 90 min (the t* was set to 22 min), indicating that the system 

approximately reaches a steady state (time-dependent changes become sufficiently 

slow) before tissue-to-plasma ratio becoming constant. As a result, the 

underestimation of VT with Logan plot as compared with 2TCM fit was only 3%. 

 

Figure 1.10 (A) Plasma input function and the time-activity curve (TAC) of [11C]preladenant (a 
reversible radioligand for adeonsine A2A receptors) uptake in striatum in the monkey brain. The TAC 
is fitted with the two-tissue compartment model (2TCM) using non-linear regression. (B) Linear 
regression of the striatum-plasma system using Logan graphical analysis (t* = 22 min). The slope of 
the regression is equal to VT. For tracers described by a one-tissue compartment model (1TCM), the 
straight line starts from the beginning. For tracers which cannot be well-described by a 1TCM, the 
linear portion starts at t*.  

Reference tissue-based models/methods 

Reference tissue methods, in contrast to invasive methods, do not use the plasma 

tracer concentration, but use the tracer concentration in a reference tissue 

(measured by PET) devoid of tracer binding sites as an input function. Normally, 

kinetic modeling with a plasma input function is considered the gold standard for 
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quantification of tracer kinetics, because plasma is the direct driving force of tissue 

uptake. Therefore, modeling tracer TACs with plasma input function is 

theoretically the most proper way to obtain the physiologically meaningful 

solution. In practice, however, non-invasive reference tissue-based modeling 

methods that do not require blood sampling are used as an alternative, because of 

the discomfort of blood sampling, failure of the model fits, or the high variability in 

pharmacokinetic outcome parameters. These modeling methods are based on 

several assumptions and simplifications and provide restricted information on 

tracer kinetics (e.g., distribution volume ratio DVR). In many situations, reference 

tissue-based methods work surprisingly well. The kinetic parameters predicted by 

these modeling methods correlate well with the parameters obtained from invasive 

modeling methods, regardless of many violations to the assumptions on reference 

tissue-based methods.  

The simplified reference tissue model (SRTM) 65, multilinear reference tissue 

model (MRTM) 66 and reference tissue Logan plot (RLogan) 67 are examples of 

reference tissue-based models/methods (Figure 1.11). Each model/method has its 

own assumptions and restrictions. Therefore, model/method selection should be  

based on the kinetic properties of the tracer and reference tissue-based modeling 

 

Figure 1.11 [11C]Preladenant parametric images of VT derived from Logan plot and BPND obtained 
from reference tissue-based modeling methods (SRTMs, RLogan, and MRTMs) from a monkey 
brain. Note that there are many “hot spots” inside the brain with SRTM and MRTM2 fits. These spots 
are artifacts representing extreme values. Therefore, SRTM and MRTM2 might not be proper 
modeling methods in this case.  
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methods should always be validated against invasive compartment modeling or 

graphical analysis methods. The biggest advantage of a reference tissue based 

model/method is that blood sampling can be omitted. Not only can the invasive and 

laborious sampling procedure be avoided, but also the variability due to the blood 

sampling can be reduced. Reference tissue input function is more stable than 

arterial input function in most cases. Therefore, reference tissue-based modeling 

methods could provide more robust macro pharmacokinetic parameters (e.g., R1, 

DVR and BPND), compared with invasive modeling methods. However, because of 

the simplifications in the calculation, there are rules for these methods. Violation of 

the rules can result in a bias as a tradeoff with the reduced variability. Reference 

tissue-based modeling methods are commonly used, regardless of the violations, if 

the analyst thinks that the bias is acceptable, or if the bias appears as a scaling 

factor. Actually, reference tissue based modeling methods were also tested in cases 

where no receptor-free anatomical region is available. For example, imaging of the 

translocator protein 18 kDa (TSPO) in the brain. TSPO is widely distributed in the 

brain so that a region completely devoid of TSPO cannot be defined. Several 

reference tissue approaches have been tested to obtain BPND, using cerebellum as 

reference region 68 or extracting reference voxels using cluster analysis 69,70. In this 

case, the absolute BPND value is less important than the variability and 

reproducibility of the selected method and the ability to differentiate the disease 

conditions from healthy controls. Again, BPND could be greatly biased in such 

cases, but as long as the reference tissue-based methods are sensitive enough to 

detect changes of target molecule with high test-retest reproducibility and the 

amount of target molecules in the reference tissue is not different between 

conditions, the bias can be well tolerated. 

Kinetic modeling vs. standardized uptake value 

The standardized uptake value (SUV) is a simple semi-quantitative parameter 

describing tracer uptake in the tissue. SUV is the most commonly used parameter 

for clinical studies, e.g., for 18F-FDG imaging analysis in cancer patient studies. 

The SUV is defined as the activity concentration in tissue (in MBq/kg or kBq/g) 

divided by the injected dose (in MBq or kBq), then multiplied by the body weight 

(in kg or g) or the body surface area (m2) 71,72. SUV calculation does not require 

blood sampling. For 18F-FDG studies, static scans are often acquired some time 

after tracer administration to obtain SUVs in regions of interest. SUV is able to 

answer questions such as: where is the glucose being metabolized? Where is a 

receptor localized? SUV is useful to localize tumors, staging and monitor of 
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treatment efficacy. However, for comparison between subjects, SUV is less robust, 

because tracer uptake is not necessarily linear to the body weight and body surface 

area, and the tracer concentration in plasma and the blood flow might be different 

between patients. These variables are not considered by SUV analysis but would 

certainly affect SUVs. Furthermore, SUV is vulnerable to the image noise. To 

reduce the variability of the SUV data between subjects and the SUVs of same 

subjects between scans, and also to make multicenter trials comparable, 18F-FDG 

PET standardization guidelines were proposed 73-75.  

When a dynamic scan is acquired for the kinetic modeling, however, many 

additional questions can be resolved, like what is the density of a receptor in the 

tissue? What is the trapping rate of an endogenous molecule to a tissue? How many 

receptors are occupied after drug administration? How does the blood flow affect 

an endogenous molecule or drug accumulation in the brain? How does a disease 

affect the expression of a receptor? Furthermore, kinetic parameters such as VT and 

BPND are more robust and accurate than SUV to quantify tracer uptake in regions 

of interest, because these parameters are obtained with the consideration of the 

tracer kinetics in blood or in a reference tissue. On the other hand, kinetic modeling 

is more laborious than SUV calculation: blood sampling is required in some cases, 

the dynamic scan is time consuming, and the reconstruction for dynamic images 

needs more computing power and memory. In addition, kinetic modeling software 

and personnel with knowledge in kinetic modeling are required to analyze the data. 

Most importantly, kinetic modeling requires dynamic acquisition so that it cannot 

provide whole body information (due to limited field of view of the PET camera) 

which is crucial for cancer and inflammation imaging. Kinetic modeling is 

frequently used in brain imaging and novel tracer qualification studies, whereas 

routine clinical PET imaging is normally done with a static scan using either visual 

analysis or SUV as the outcome parameter. Whether to use SUV or kinetic 

modeling in a PET study is largely dependent on the research question to be 

answered, and also on the balance between data robustness and the convenience of 

patients. 
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OUTLINE OF THE THESIS  

As discussed previously, the A2AR plays a crucial role in several brain functions. 

Especially in pathological conditions, like in Parkinson’s disease, Alzheimer’s 

disease and schizophrenia, the changes of A2AR have been detected in post-mortem 

brains. Therefore, it would be very interesting to map the A2AR in the living brain, 

to unravel the functions of A2AR, and to explore it as a therapeutic and diagnostic 

target in brain diseases. 

The aim of this thesis is to develop a novel PET radioligand for the imaging of 

A2ARs and evaluate the new tracer in animal models with PET to validate the 

potency of the tracer for A2AR-PET imaging and quantification. The thesis 

describes the translational studies that enable application of the new tracer in 

human PET-studies. 

Chapter 2 reports the synthesis and evaluation of a novel A2AR radioligand 

[11C]preladenant in rats. [11C]Preladenant is obtained by 11C labeling of O-

demethylated preladenant. The affinity of [11C]preladenant to A2ARs is assessed 

with in vitro autoradiography and in vivo PET imaging. Tracer plasma kinetics and 

the metabolic profile are analyzed. The specific binding of [11C]preladenant is 

studied by PET imaging of the rat brain preblocked with an A2AR subtype selective 

antagonist KW-6002. Tracer distribution in rats is studied by PET imaging and ex 

vivo biodistribution. The SUV of [11C]preladenant in several brain regions and 

peripheral organs are reported. 

In chapter 3, the tracer kinetics in rat brain is further characterized by kinetic 

modeling. Several modeling methods and pharmacokinetic outcome parameters are 

compared to determine the most suitable model and parameter to quantify 

[11C]preladenant in the rat brain. In addition, the test-retest variability in tracer 

uptake and the feasibility of measuring A2AR occupancy are investigated.  

In chapter 4, we explore the responses of A2AR and D2R to the depletion of 

dopamine, which is the pathological hallmark of PD. In addition, the changes of 

A2AR and D2R in dopamine depleted rats in response to levodopa treatment, which 

is the standard treatment for PD patients, are investigated. There are two aims in 

this study. The first aim is to study the feasibility of [11C]preladenant-PET to 

monitor the changes of A2AR availability at different stages of PD. If such changes 

can be detected, the second aim is to establish the relationship between A2AR and 

D2R availability, and their relation to motor symptoms during the course of PD. 6-
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hydroxy dopamine (6-OHDA) or sham lesioned rats are used in the study. 6-

OHDA lesioning in substantia nigra results in the death of >90% of the dopamine 

producing neurons, and the animals subsequently develop Parkinsonian-like motor 

symptoms. PET imaging using [11C]preladenant and [11C]raclopride, is performed 

in rats to monitor the changes of A2AR and D2R density in striatum after dopamine 

depletion and after levodopa treatment in dopamine depleted animals. Behavioral 

tests are performed to study cognition and the locomotor symptoms of the rats.  

The previous experiments demonstrated that [11C]preladenant is able to monitor 

disease- and drug-induced changes of A2AR availability. The tracer shows 

favorable pharmacokinetic profiles and high test-retest reproducibility. Using 

[11C]preladenant-PET to study A2AR in human subjects is foreseeable. In order to 

bridge the gap between rodent studies and the human study, the properties of 

[11C]preladenant are further studied in conscious rhesus monkeys by PET imaging 

(chapter 5). Kinetic modeling is used to quantify tracer kinetics in the monkey 

brain. Specific binding of the tracer to A2AR is studied by pretreatment of the A2AR 

subtype selective antagonists KW-6002 and unlabeled preladenant. The feasibility 

of [11C]preladenant to study A2AR occupancy in monkey brain is assessed by 

pretreatment of various doses of a non-selective adenosine antagonist caffeine.  

The last gap to be bridged before using [11C]preladenant in human subjects is the 

dosimetry estimation. Radiation dosimetry measurement is required to determine 

the dose limits of a new tracer before a clinical trial can begin. Radiation dosimetry 

measured in rodents could be easily translated to humans. In chapter 6, PET 

imaging and ex vivo biodistribution in rats are applied to measure tracer 

concentration in tissues. The data is then used to obtain radiation dosimetry 

estimates in rats and in humans, and to determine the dose limit of 

[11C]preladenant. Furthermore, data obtained from PET imaging is compared with 

data obtained from ex vivo biodistribution, using ex vivo biodistribution as the gold 

standard. The result of the comparison determines the usefulness of small-animal 

PET imaging for the estimation of radiation dosimetry. 

Chapter 7 summarizes the findings of the studies and chapter 8 is a description of 

future perspectives and a conclusion. 
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ABSTRACT: 2-(2-Furanyl)-7-[2-[4-[4-(2-[11C]methoxyethoxy)phenyl]-1-pipera-
zinyl] ethyl] 7H-pyrazolo [4,3-e] [1,2,4]triazolo [1,5-c] pyrimidine-5-amine [11

C]-3 
([11C]Preladenant) was developed for mapping cerebral adenosine A2A receptors 
(A2ARs) with PET. The tracer was synthesized in high specific activity and purity. 
Tissue distribution was studied by PET imaging, ex vivo biodistribution and in 

vitro autoradiography experiments. Regional brain uptake of [11
C]-3 was consistent 

with known A2ARs distribution, with highest uptake in striatum. The results 
indicate that [

11
C]-3 has favorable brain kinetics and exhibits suitable 

characteristics as an A2AR PET tracer. 

Key words: Adenosine A2A receptors, Positron emission tomography, Preladenant, 

Brain imaging. 
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INTRODUCTION 

Adenosine A2A receptors (A2ARs) are G-protein coupled receptors that are mainly 

expressed on the dendritic spines of enkephalin-expressing GABAergic 

striatopallidal neurons in the brain 76. A2ARs are involved in many neuropsychiatric 

disorders, such as Parkinson’s disease (PD), Huntington’s disease, Alzheimer’s 

disease, drug addiction, alcohol abuse, epilepsy seizures, sleep disorders and 

schizophrenia. A2ARs play an important role in regulation of striatal dopaminergic 

transmission in the basal ganglia through antagonistic interactions between 

postsynaptic A2A and dopamine D2 receptors (D2Rs) 11. In addition, A2ARs may play 

a role in the regulation of excitatory glutamatergic neurotransmission because of 

their ability to form functional heterodimers with D2Rs, metabotropic glutamate 

receptor 5, cannabinoid receptor type 1 and adenosine A1 receptors (A1Rs) 10,13. A 

number of studies have suggested that blockade of A2ARs reduces overactivity of 

the indirect dopamine pathway observed during PD 77. It has been shown that 

inhibition of A2AR-mediated signaling can alleviate motor deficits 31,78,79 without 

provoking marked levodopa-induced dyskinesia 30,80. To gain a better 

understanding of the involvement of A2ARs in disease conditions, noninvasive 

imaging of the density and occupancy of these receptors could provide valuable 

information. 

Positron-emission tomography (PET) is a noninvasive imaging technique that 

allows quantitative measurements of physiological processes in living subjects. 

Therefore, PET could be applied to study changes in the distribution and 

expression of A2ARs in pathological conditions in vivo. Several 11C and 18F labeled 

ligands have been evaluated as PET tracers for A2ARs 81-86. (E)-8-(3,4,5-

trimethoxystyryl)-1,3-dimethyl-7-[11C]methylxanthine [11
C]-1 ([11C]TMSX) and 7-

(3-(4-[11C]methoxyphenyl)propyl)-2-(2-furyl)pyrazolo[4,3-e]-1,2,4-triazolo[1,5-

c]pyrimidine-5-amine [11
C]-2 ([11C]SCH442416) are the best characterized tracers 

for mapping cerebral A2ARs (Figure 2.1) 51,87. However, low binding potentials, 

high nonspecific binding and consequently low target-to-nontarget ratios (e.g., 

striatum-to-cerebellum ratio at 15 min: 1.2 and 2.2 in monkeys for [
11

C]-1 and 

[
11

C]-2, respectively) are important disadvantages of these tracers (Figure 2.1) 81,83. 

Therefore, new improved radioligands with a high degree of selectivity, high 

enough affinity to image receptors but not so high as to compromise receptor 

quantification and good pharmacokinetic properties are required for mapping 

A2ARs in the living brain. 
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2-(2-Furanyl)-7-[2-[4-[4-(2-methoxyethoxy)phenyl]-1-piperazinyl]ethyl]7H-

pyrazolo[4,3-e] [1,2,4]triazolo[1,5-c]pyrimidine-5-amine 3 (Preladenant) is an 

A2AR antagonist, which readily crosses the blood-brain-barrier, shows a high 

affinity (Ki = 1.1 nM, human A2ARs) and selectivity towards A2ARs (> 1000 fold 

selective for A2ARs over adenosine A1, A2B, and A3 receptors) 88. It exhibited an 

adequate safety, tolerability and clinical efficacy profile in preclinical and phase I 

and II clinical trials. However, it failed to demonstrate clinical efficacy in phase III 

and hence its clinical evaluation as treatment of Parkinson’s disease was stopped. 

Yet, the properties of 3 could still make it a potential PET tracer for in vivo imaging 

of A2ARs, because treatment efficacy is not an issue for the development of 

radiotracers. Furthermore, easy and quick incorporation of a radionuclide by 

[11C]methylation of the 2-(4-(4-(2-(5-amino-2-(furan-2-yl)-7H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c] pyrimidin -7-yl)ethyl)piperazin-1-yl)phenoxy) ethoxy-

methane 4 (O-desmethyl preladenant precursor) molecule seems to be possible. In 

addition, large expenses in the radiotracer development process can be avoided, 

because the toxicity and metabolic profile of 3 are known. In this paper, we report 

the synthesis and in vivo evaluation of 2-(2-Furanyl)-7-[2-[4-[4-(2-

[11C]methoxyethoxy)phenyl]-1-piperazinyl] ethyl]7H-pyrazolo[4,3-e][1,2,4] 

triazolo[1,5-c]pyrimidine-5-amine [
11

C]-3 ([11C] preladenant) as PET tracer for 

the imaging of A2ARs in the rat brain.  

 

Figure 2.1 Structures of the best characterized A2AR PET imaging agents, [11C]-3 and an A2AR 
selective antagonist 5. 
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MATERIALS AND METHODS 

Compound 3 (Preladenant) was purchased from Chemscene, LLC (USA). Silicon 

tetrachloride and sodium iodide were procured from Sigma-Aldrich (The 

Netherlands). Compound 5 was purchased from Axon Medchem BV (the 

Netherlands). All other chemicals were of analytical grade and obtained from 

commercial suppliers. All were used without further purification.  

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a Varian 

Oxford 400 MHz spectrometer (400 MHz and 100.59 MHz, respectively), 

Chemical shifts are reported as δ values and coupling constants in hertz (Hz). 

Chemical shifts for 1H and 13C NMR were reported in ppm relative to the 

tetramethylsilane peak. electro-spray ionization high-resolution mass spectrometry 

(ESI-HRMS) was used to assess the exact molecular weight of O-desmethyl 

preladenant 4.  

Synthesis of O-desmethylpreladenant (4) 

Compound 3 (0.1 g, 0.2 mmol) and sodium iodide (0.54 g, 3.6 mmol) were 

dissolved in a mixture of dichloromethane (8 mL) and acetonitrile (8 mL). To this 

mixture, silicon tetrachloride (0.4 mL, 3.6 mmol) was added and the reaction 

mixture was stirred continuously at room temperature for 17 h. The reaction was 

quenched by pouring the reaction mixture into water (8 mL). The suspension was 

basified to pH ≥ 10 by the addition of 20% sodium hydroxide solution (2 mL). This 

two-layer system was stirred vigorously for another 2 h. The organic layer was then 

removed and the aqueous phase was filtered. The crude product (residue) was 

purified by washing it with water (5×8 mL) and then with acetone (3×3 mL) to get 

4 (0.08 g, 0.16 mmol, 82%) as a white solid (Scheme 2.1). Reversed phase-high 

performance liquid chromatography (RP-HPLC) using Phenomenex prodigy ODS 

(3) C-18 HPLC column (5 µm, 10×250 mm) was used to check the purity of 

precursor 4. The product was eluted with a mobile phase, consisting of 0.1 M 

ammonium acetate/acetonitrile (60:40 v/v), at a flow rate of 4 mL/min. The purity 

of precursor 4 was typically 98%. 

1
H NMR (400 MHz, DMSO-d6): δ = 8.21 (s, 1H), 8.11 (bs, 2H, NH2), 7.98 (s, 1H), 

7.26 (d, J = 3.4, 1H), 6.90-6.80 (m, 4H), 6.77 (dd, J = 3.3, 1.7, 1H), 4.84 (t, J = 5.5, 

1H), 4.46 (t, J = 6.7, 2H), 3.92 (t, J = 5.1, 2H), 3.70 (dd, J = 10.3, 5.2, 2H), 3.05-

2.95 (m, 4H), 2.92-2.83 (m, 2H), 2.68-2.56 (m, 4H). 
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13
C NMR (100 MHz, DMSO-d6): δ = 155.8, 152.7, 149.1, 149.1, 146.7, 145.9, 

145.8, 145.5, 131.9, 96.1, 117.7, 115.4, 112.7, 112.6, 70.2, 60.1, 57.0, 53.1, 49.9, 

44.8. 

ESI-HRMS m/z 490.2309 [M+H]+, C24H27N9O3.H
+: Calcd. 490.2315. 

Synthesis of [
11

C]preladenant 

[11C]Methane was produced via the 14N (p, α) 11C nuclear reaction by irradiating 

a nitrogen/hydrogen gas mixture using a Scanditronix MC17 cyclotron. [11C]H3I 

was prepared based on a gas-phase synthesis involving the reaction of [11C]H4 

with I2 
89. [11C]H3I was trapped in a conical vial containing 1 mg 4 and 10 mg 

potassium hydroxide in 0.3 mL anhydrous DMSO at room temperature. The 

sure/seal bottle from Sigma-Aldrich ensures dryness for storing and dispensing 

anhydrous DMSO. Once opened, bottle was stored in a vacuum desiccator at 

room temperature until further use (within a month). After trapping of [11C]H3I 

was complete, the reaction mixture was heated at 40 oC for 3 min. Subsequently, 

the mixture was neutralized with 0.2 mL 1M HCl, filtered [0.45 µm 

Polytetrafluoroethylene syringe filter], diluted with 0.5 mL HPLC eluent and 

purified by RP-HPLC using Phenomenex prodigy ODS (3) C-18 HPLC column 

(5 µm, 10×250 mm). The mixture was eluted with a mobile phase, consisting of 

0.1 M ammonium acetate/acetonitrile (60:40 v/v), at a flow rate of 4 mL/min. 

The radioactive product with a retention time of approximately 11 min was 

collected and diluted with water (90 mL). The product was trapped on a C18 light 

SepPak cartridge (Waters). The cartridge was washed twice with 8 mL water. The 

cartridge was eluted with 1 mL ethanol, 4 mL PBS and the eluent was sterilized 

over a 0.22 µm Millex LG sterilization filter. Then, the formulated tracer was 

submitted to quality control (QC) (Scheme 2.1).  

 

Scheme 2.1 Synthesis of precursor (4) and radiosynthesis of [11C]preladenant ([11C]-3) 
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QC was performed by ultra-high performance liquid chromatography (UPLC), 

consisting of a Waters (Milford, MA) Acquity Ultraperformance LC quaternary 

solvent manager coupled to a tunable, dual-wavelength UV detector operated at 

254 nm and a radioactivity detector (Berthold Flowstar LB 513). The radioactive 

product (10 µL) was injected onto an Ethylene Bridged Hybrid (BEH) shield RP-

18 column (3.0×50 mm, 1.7 µm) and eluted with acetonitrile/water pH 2 (25:75 

v/v) at a flow rate of 0.6 mL/min. The column temperature was set at 35 °C. 

Distribution constant (LogD)  

An aliquot of 10 µL of formulated [11
C]-3 was added to a mixture of n-octanol/PBS 

(1 mL, 1:1 v/v). The tubes were vortexed for 1 min, followed by 30 min of shaking 

in a water bath at 37 °C. 200 µL aliquots were drawn from the n-octanol and 

aqueous phases. The radioactivity in each phase was counted by a well counter 

(Compugamma 1282 CS, LKB-Wallac, Turku, Finland). The experiments were 

performed in quadruplicate and repeated for six independent tracer productions. 

The average LogD value and the standard deviation (SD) are reported. 

In vitro autoradiography 

Brains were taken from young (10-11 weeks of age; 300-350 g body weight) male 

Wistar rats (Harlan, The Netherlands) and cut into halves along the sagittal 

symmetry plane. Sagittal sections of 20 µm thickness were cut at -18 °C with Leica 

CM 1950 microtome (Leica Biosystems, The Netherlands) and thaw-mounted onto 

starfrost adhesive pre-coated slides (76×26 mm, Waldemar Knittel, Germany). 

Brain sections were air-dried at room temperature for 45 min and stored at -80 °C 

until further use (within 1 week). 

On the day of the experiment, the sections were allowed to warm to room 

temperature for 5-10 min and then pre-incubated with incubation buffer (50 mM 

Tris-HCl, 10 mM MgCl2, 0.1% bovine serum albumin, pH 7.4 at 25 °C) for 15 min 

at room temperature. After the incubation buffer was removed, sections were 

placed into jars containing incubation buffer (70 mL, 37 °C) and [
11

C]-3 at a 

concentration of 12.5 ± 3.0 nM (n = 3). Nonspecific binding was determined by 

placing sections into jars containing same amounts of incubation buffer and tracer, 

but in addition of 2 µM compound 5. The slides were incubated for 60 min at 37 
°C, then washed twice with ice-cold PBS (70 mL, 5 min + 3 min), dipped for 15 s 

into ice-cold sterile water (70 mL) and dried with an air flow at room temperature. 

The slices were then exposed to phosphor storage screens for 3 h. The screens were 
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read by a Cyclone Storage Phosphor System (Packard Instruments Co). 

Quantification of plate readings was performed with Optiquant (version 3.00). 

Regions of interest (ROIs) were drawn manually around the striatum and 

cerebellum. Regional uptake of radioactivity was measured and expressed as 

digital light units/mm2. 

Animals 

The protocol was approved by the Institutional Animal Care and Use Committee of 

the University of Groningen (DEC 6689B). Male outbred Wistar-Unilever rats 

(Hsd/Cpb:WU, 10-12 weeks old, 300-400 grams) were purchased from Harlan 

(The Netherlands). The animals were housed in Macrolon cages (38×26×24 cm) at 

a 12 h light-dark cycle and were fed with standard laboratory chow (RMH-B, The 

Netherlands) and water ad libitum. After arrival from the supplier, the rats were 

allowed to acclimatize for at least seven days. Prior to PET imaging, animals were 

anesthetized with isoflurane in medical air (5% isoflurane for induction, 1.5-2.5% 

isoflurane for maintenance) and kept on electronic heating pads to maintain their 

body temperature during the study. Cannulas were placed in the femoral vein and 

artery for tracer injection with a Harvard-style pump at a speed of 1 mL/min and 

for blood sampling, respectively. Seven to ten min before tracer injection, vehicle 

(50 % dimethylacetamide (DMAA) in saline) or an A2A antagonist 5 (1 mg/kg/mL) 

in a solution of 50% DMAA in saline was injected intraperitoneally. Heart rate and 

blood oxygenation level of animals were monitored throughout the scanning 

procedure, using pulse oximeters (Zevenaar, The Netherlands). 

PET acquisition 

PET imaging was performed using a Focus220 MicroPET camera (Preclinical 

solutions, Siemens Healthcare Molecular Imaging, USA Inc.). Two animals were 

scanned simultaneously (supine position) using a 60 min scan protocol. The brains 

of both animals were placed in the center of the field of view. A transmission scan 

of 515 s using a 57Co point source was made before the emission scan. The 

emission scan was started at the moment the tracer (107.3 ± 32.3 MBq, 4.70 ± 1.29 

nmol) entered the body.  

PET data processing 

List mode emission data were separated in 21 time frames (6×10, 4×30, 2×60, 

1×120, 1×180, 4×300, 3×600 s). The data were reconstructed per time frame using 
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an iterative reconstruction algorithm (attenuation-weighted 2-dimensional ordered-

subset expectation maximization, 4 iterations, 16 subsets; zoom factor 2, image 

matrix 256). After cropping, the final datasets consisted of 95 slices with a slice 

thickness of 0.8 mm and an in-plane image matrix of 128×128 pixels of size 0.47 

mm. Datasets were fully corrected for random coincidences, scatter, decay and 

attenuation. 

Time frames of each PET scan were summed and coregistered to a magnetic 

resonance imaging (MRI) template of a rat brain with predefined volumes of 

interest (VOIs). The VOIs were transferred from the MRI template to the PET data, 

and regional time-activity curves (TACs, Bq/cm2) were generated for whole brain, 

total cortex, frontal cortex, occipital cortex, parietal cortex, striatum, midbrain, 

thalamus, hippocampus and cerebellum using Inveon Research Workplace 

(Siemens Medical Solutions, Knoxville, TN). TACs were normalized for body 

weight (g) and injected dose (MBq) to obtain standardized uptake values (SUVs) as 

function of time.  

Plasma metabolite analysis 

Blood samples were taken at 5, 15, 30, 45 and 60 min after tracer injection. Blood 

samples were centrifuged for 2 min at 1000 g to obtain the plasma. Proteins were 

removed by mixing plasma with 1.5 volumes of ice-cold acetonitrile, followed by 

centrifugation for 3 min at 3000 g. Samples (100 µL) of the supernatant were 

filtered through a 0.45 µm Polyvinylidene fluoride filter (Millex-HV) and were 

subsequently injected to a UPLC using an Acquity UPLC HSS T3 UPLC column 

(1.8 µm, 3.0 × 50 mm) and a gradient containing water, water (pH = 2 with HClO4) 

and acetonitrile as mobile phase with flow rate of 1.1 mL/min. The eluted fractions 

were collected every 30 s and measured with a gamma counter. Measured activity 

(cpm) was plotted as a function of time. The percentage of intact tracer was 

calculated by dividing activity (cpm) of fractions at the retention time of 3 by 

activity (cpm) of all fractions. 

Ex vivo biodistribution 

After the PET scan, animals were sacrificed by extirpation of the heart. Blood was 

collected and processed by centrifugation for 5 min at 1000 g to obtain the plasma 

and red blood cell fractions. Several brain regions and peripheral tissues were 

excised and weighed. Radioactivity of tissue samples and in a sample of tracer 

solution (infusate) was measured using a calibrated gamma counter. The data was 
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expressed as SUV. 

Statistical analysis 

All results are expressed as mean ± SD. Differences between groups were 

examined using an unpaired two-tailed t-test. P < 0.05 was considered statistically 

significant. 

RESULTS AND DISCUSSION 

Synthesis of O-desmethylpreladenant 

Selective O-demethylation (Scheme 2.1) of commercially available 3 with the 

silicon tetrachloride /sodium iodide complex yielded 4 in a chemical yield of 82%. 

RP-HPLC demonstrated that the purity of 4 was always >98%, no signal was 

detected at the retention time of 3. This retro-synthetic approach was adopted to 

avoid a cumbersome multi-step approach for the synthesis of precursor 4. The 

identity of compound 4 was confirmed by 1H and 13C NMR and ESI-HRMS. The 

silicon tetrachloride/sodium iodide complex is a selective ether cleaving reagent, 

which is able to cleave the terminal methyl ether, leaving the phenyl ether intact. 

Other ether cleaving reagents, including BBr3 and AlI3, showed poor selectivity, 

resulting in the formation of a mixture of terminal alcohol and phenol analogues as 

products. 

Synthesis of [
11

C]preladenant  

[
11

C]-3 was prepared by reaction of precursor 4 with [11C]H3I in the presence of 

potassium hydroxide using a Zymark robotic system (Scheme 2.1). The resulting 

radiolabeled product [11
C]-3 was purified by RP-HPLC, followed by a solid-phase 

extraction procedure for formulation. The average decay corrected radiochemical 

yield, calculated from [11C]H3I, was 35 ± 10% (n = 18). The radiolabelling 

procedure proved reliable, as no failures were observed in 18 productions. The total 

synthesis time, including purification and formulation, was about 45 min. Quality 

control by UPLC showed that [
11

C]-3 always had a radiochemical purity > 98% 

and a specific activity of 47 ± 20 GBq/µmol. Tracer identity was confirmed by RP-

HPLC coelution with the authentic reference compound 3. In addition, the identity 

of the product was confirmed after radioactive decay by UPLC-quadrupole time of 

flight mass spectrometry; the observed mass of the product (m/z 504.2478) was in 

agreement with the calculated mass of 3 (504.2471). Although theoretically 

alkylation could have occurred at either the amine or alcohol functionalities in 
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precursor 4, a fragment with m/z 263.1761 proved that the labeled product was 

indeed methyl ether [
11

C]-3 and not the N-methylated product (see Scheme 2.1 and 

Figure 2.2). Potassium hydroxide was used as a base in the radiosynthesis to 

deprotonate the hydroxyl group of precursor 4 and thus to increase its reactivity 

towards [
11

C]H3I. For the successful formation of product [
11

C]-3, a low reaction 

temperature (40 
o
C) and anhydrous reaction conditions are crucial. Reaction 

temperatures above 40 
o
C resulted in low yields; temperatures above 130 

o
C yielded 

the N-methylated by-product 

(Figure 2.2). Moisture in the 

reaction mixture also resulted in 

the formation of the N-

methylated compound (Figure 

2.2), low yield or failure of the 

tracer synthesis. To determine 

tracer stability, the formulated 

tracer (> 98% radiochemical purity) was stored at room temperature and re-

analyzed by UPLC 45 min after the first analysis. The radiochemical purity of 

formulated [
11

C]-3 was not affected by storage at room temperature for 45 min, 

indicating that the shelf-life of the tracer is at least 45 min and thus sufficient for a 

tracer labeled with 
11

C (half-life 20.4 min).  

The distribution coefficient (LogD) of [
11

C]-3 at pH 7.4 was found to be 2.27 ± 

0.22 (n = 6), demonstrating that the tracer is lipophilic enough to penetrate the 

blood-brain-barrier. The observed LogD values may have been underestimated due 

to the potential presence of trace amounts of water soluble radioactive impurities. 

In vitro autoradiography 

Autoradiographic images of sagittal 

rat brain sections incubated with 

[
11

C]-3 for 60 min are shown in 

Figure 2.3. High tracer uptake was 

observed in striatum, whereas low 

uptake was found in all other brain 

regions. Incubation of the brain 

sections with [
11

C]-3 in the presence 

of an excess of the subtype-selective 

A2AR antagonist (E)-1,3-diethyl-8-

 

Figure 2.3 In vitro autoradiograms of sagittal rat 
brain sections after 60 min of incubation with 
[11C]-3. Left: vehicle-control brain section, Right: 
coincubated with 2 µM 5. 

Figure 2.2 Structure of a radiosynthetic by-product. 



Chapter 2   

38 

(3,4-dimethoxystyryl)-7-methyl-3,7-dhydro-1H-purine-2,6-dione 5 (KW6002, 2 

µM) 12 resulted in a strong reduction of tracer uptake in striatum to a level 

comparable to that in other brain regions. Striatum-to-cerebellum uptake ratios in 

brain sections incubated with [11
C]-3 in the absence or presence of 2 µM KW6002 

were 5.1 ± 0.5 (n = 3) and 1.0 ± 0.2 (n = 3), respectively (P < 0.001). In vitro 

autoradiography (ARG) studies confirmed that the [
11

C]-3 binding pattern is in 

agreement with the known A2AR distribution in the brain20, 21 and that [
11

C]-3 

binding in striatum (region with high levels of A2AR expression) can be effectively 

blocked by an A2AR antagonist, indicating that the PET tracer specifically binds to 

A2ARs. 

Ex vivo biodistribution  

Ex vivo biodistribution (BD) data of [11
C]-3 in various brain regions is presented in 

Table 2.1. The distribution of the PET tracer is in accordance with known regional 

A2AR densities, with high tracer uptake in striatum and low uptake in all extra-

striatal brain regions 90,91.  In control animals, the average striatum (SUV = 3.0 ± 

0.5) to cerebellum (SUV = 0.36 ± 0.10) tracer uptake ratio was 8.7 ± 2.4 at around 

75 min post-injection. Pretreatment with 1 mg/kg of the A2AR selective antagonist 

5 significantly reduced the tracer uptake in striatum by 82% (SUVstriatum, compound 5 = 

0.55 ± 0.22; P < 0.001). As a consequence, the striatum-to-cerebellum uptake ratio 

decreased to 1.6 ± 0.4. No statistically significant difference in tracer uptake 

between control and compound 5-pretreated rats was observed in any other brain 

region or in any peripheral organ (Table 2.1). 

Table 2.1 SUVs of rat brain structures and peripheral organs obtained by ex vivo biodistribution of 
[11C]-3 at 75 min after injection. 

Tissue 
Vehicle-control 

animals 

KW6002- 

pretreated 

Significance 

(p) 

Bulbus olfactorius 0.31 ± 0.03 0.30 ± 0.10 NS 

Cerebellum 0.36 ± 0.09 0.35 ± 0.13 NS 

Frontal cortex 0.35 ± 0.05 0.32 ± 0.11 NS 

Hippocampus 0.30 ± 0.03 0.35 ± 0.13 NS 

Medulla 0.33 ± 0.05 0.34 ± 0.12 NS 

Parietal/Temporal/Occipital 

cortex 
0.45 ± 0.05 0.35 ± 0.12 NS 

Pons 0.31 ± 0.01 0.36 ± 0.12 NS 
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Tissue 
Vehicle-control 

animals 

KW6002- 

pretreated 

Significance 

(p) 

Hypothalamus and Thalamus 0.37 ± 0.09 0.35 ± 0.14 NS 

Striatum 3.01 ± 0.51 0.54 ± 0.24 < 0.001 

Whole blood 0.44 ± 0.20 0.28 ± 0.15 NS 

Plasma 0.45 ± 0.22 0.29 ± 0.15 NS 

Red blood cells 0.26 ± 0.03 0.23 ± 0.12 NS 

Heart 0.82 ± 0.09 0.69 ± 0.38 NS 

Lung 1.05 ± 0.40 1.08 ± 0.59 NS 

Thymus 0.66 ± 0.07 0.57 ± 0.32 NS 

Duodenum 3.82 ± 2.12 2.42 ± 0.58 NS 

Ileum 0.86 ± 0.40 0.84 ± 0.49 NS 

Pancreas 1.18 ± 0.21 1.12 ± 0.65 NS 

Spleen 1.10 ± 0.11 1.07 ± 0.63 NS 

Liver 3.27 ± 1.66 3.32 ± 1.84 NS 

Fatty tissue 0.67 ± 0.07 0.49 ± 0.34 NS 

Adrenal gland 2.29 ± 1.03 1.90 ± 0.99 NS 

Kidney 1.52 ± 0.56 1.36 ± 0.78 NS 

Muscle 0.55 ± 0.21 0.37 ± 0.21 NS 

Bone 0.44 ± 0.28 0.28 ± 0.14 NS 

SUV values (mean ± S.D.) are listed, NS = not significant 

Plasma metabolite analysis 

UPLC showed the presence of polar 

metabolites in plasma which are 

unlikely to enter the brain. The 

tracer displayed a moderate 

metabolism rate with 49% of plasma 

radioactivity representing parent 

compound at 60 min post-injection 

(Figure 2.4). 

  

Figure 2.4 Time course of the percentage of intact 
parent compound in plasma after i.v. injection of 
[11C]-3 (n = 4). Error bars indicate SD. 
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PET imaging 

Small animal PET images 

acquired 30-60 min after 

injection of [
11

C]-3 are presented 

in Figure 2.5. [
11

C]-3 showed a 

regional distribution in rat brain 

that corresponds to regional 

A2AR densities 
90,91

. Tracer 

uptake in striatum was clearly 

visible in vehicle-treated animals 

(Figure 2.5, left), whereas extra-

striatal binding of the tracer was 

virtually absent.  

Tracer kinetics of [
11

C]-3 in 

several selected brain regions are 

presented in Figure 2.6A. The 

first peak of the cerebral [
11

C]-3 

uptake appeared approximately 1 min after tracer administration. The washout of 

[
11

C]-3 from rat brain was best fitted by a two-exponential decay in the cerebellum. 

In this region, half-life values were approximately 1 min and 50 min for the faster 

component (t1/2α - distribution phase) and slower component (t1/2β - elimination 

phase), respectively (Figure 2.6A). In contrast, [
11

C]-3 uptake in the striatum, a 

brain region with high A2AR density, remained high throughout the scan. Striatal 

tracer uptake peaked at 22.5 min with a SUV of 2.2 ± 0.2 and subsequently slowly 

decreased to SUV 1.9 ± 0.2 at 60 min post-injection. Thalamus and frontal cortex 

presented a slightly higher tracer uptake compared with cerebellum (P < 0.05 from 

2.25 and 3.5 min post-injection to the end of scan, respectively; Figure 2.6A). This 

may be due to spill-over of striatal tracer uptake into surrounding tissues, as ex vivo 

BD data did not show any statistically significant difference in tracer uptake in 

extra-striatal brain regions including thalamus and frontal cortex.  

Figure 2.5 PET images of a coronal plane of a rat brain 
30-60 min after i.v. injection of [11C]-3 PET images are 
superimposed on a brain MRI template. Maximum SUV 
value is set at 3. Left: vehicle-control rat, hot spots 
inside the brain represent striatum. Right: rat treated 
with 1 mg/kg of 5 prior to tracer injection (blocking). 
Hot spots outside the brain are the Harderian glands. 
The images were normalized for body weights and 
injected doses. The scale bar shows SUV range 0-3. 
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When animals were pretreated with the A2AR antagonist 5 (1 mg/kg), uptake of 

[
11

C]-3 in striatum was significantly reduced (P < 0.001) from 4.5 min after tracer 

injection until the end of the scan (Figure 2.6B). Consequently, the striata were no 

longer visible in the PET images (Figure 2.5, right). Pretreatment with the A2AR 

antagonist decreased the striatum-to-cerebellum uptake ratio of [
11

C]-3 from 6.5 ± 

0.1 to 1.4 ± 0.1 at 60 min. Pretreatment with 5 did not affect tracer kinetics in 

cerebellum (Figure 2.6B) and other extrastriatal regions (data not shown for these 

regions). 

Comparison of brain SUVs obtained from ex vivo BD studies with SUVs from PET 

analysis (50-60 min post-injection) showed a 60% higher average striatal [
11

C]-3 

uptake obtained from BD studies than from PET analysis (P = 0.0006). This 

discrepancy may result from an underestimation of the PET signal, due to partial 

volume effects, as the size of the rat striatum is of the same order of magnitude as 

the spatial resolution of the PET camera (Full width at half maximum spatial 

resolution 1.74 mm at 5 mm of radial offset; 2.07-2.88 mm when two animals are 

scanned simultaneously) 
92

. In contrast, [
11

C]-3 uptake in frontal cortex as 

determined by PET was 28% higher than the values obtained in BD studies (P = 

0.001). Tracer uptake in frontal cortex was overestimated by PET, because of “spill 

in” activity into this brain region from the adjacent striatum and Harderian glands 
93

. In other brain regions, tracer uptake determined by PET and ex vivo BD was 

comparable, indicating that partial volume effect was negligible in these regions.  

Based on maximum striatum-to-cerebellum ratio of about 6.5 at 40−60 min post-

 

Figure 2.6 (A) Time activity curves of [11C]-3 in striatum, thalamus and cerebellum of vehicle-
control rats (n = 6). (B) Uptake kinetics of [11C]-3 in striatum and in cerebellum of vehicle (n = 6) 
and compound 5 (n = 6) pretreated rats, respectively. Error bars indicate SD. 
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injection, [11
C]-3 seems superior to the clinically tested A2AR tracers [11

C]-1 and 

[
11

C]-2, with uptake ratios of 2.7 (ex vivo ARG) and 4.6 (ex vivo BD), respectively, 

at 15 min post-injection 81,83. F-18 labeled fluoroethyl and fluoropropyl 

SCH442416 derivatives (FESCH = MRS5425 and FPSCH, respectively), showed 

striatum-to-cerebellum ratios in rat brain of about 4.6 at 25 min and 37 min, 

respectively 94. Tracer kinetics of [11
C]-3 appeared to be slow as the uptake ratio 

slowly increased from 6 at 22.5 min to 6.5 and kept constant during 40−60 min of 

the PET scan. A slow kinetics pattern was also observed on a recently reported 

tracer [18F]MNI-444, with the maximum striatum-to-cerebellum ratio 12 appeared 

at 60−70 min post-injection in monkey brain 95. Although, comparison of these 

results is difficult because of the differences in the experimental set up (ex vivo 

ARG and BD vs. PET), species differences (monkeys vs. rats) 81,83,95 , tracer 

kinetics of [11
C]-3 will be evaluated in an ongoing kinetic modeling study. 

CONCLUSION 

[
11

C]-3 was successfully synthesized in high radiochemical yield. [
11

C]-3 had a 

high specific activity and chemical and radiochemical purity. The tracer entered the 

brain quickly and displayed a regional distribution and specific uptake that is in 

agreement with known A2AR expression in the brain. The high specific binding in 

striatum and the low nonspecific binding in other brain regions indicate that [11
C]-3 

is a suitable PET radioligand for mapping A2ARs. However, further validation of 

[
11

C]-3 in nonhuman primates and human volunteers is warranted to assess the 

value of this new PET tracer. 
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ABSTRACT 

[11C]Preladenant was developed as a novel adenosine A2A receptor (A2AR) PET 

radioligand. The present study aims to evaluate the suitability of [11C]preladenant 

PET for the quantification of striatal A2AR density and the assessment of striatal 

A2AR occupancy by KW-6002. 60- or 90-min dynamic PET imaging was 

performed on rats. Tracer kinetics was quantified by the 2-tissue compartment 

model (2TCM), Logan graphical analysis and several reference tissue-based 

models. Test-retest reproducibility was assessed by repeated imaging on two 

consecutive days. 2TCM and Logan plot estimated comparable distribution volume 

(VT) values of ~10 in the A2AR-rich striatum and substantially lower values in all 

extra-striatal regions (~1.5-2.5). The simplified reference tissue model (SRTM) 

with midbrain or occipital cortex as the reference region proved to be the best non-

invasive model for quantification of A2AR, showing a striatal binding potential 

(BPND) value of ~5.5, and a test-retest variability of ~5.5%. The brain metabolite 

analysis showed that at 60-min post injection, 17% of the radioactivity in the brain 

was due to radioactive metabolites. The ED50 of KW-6002 in rat striatum for i.p. 

injection was 0.044-0.062 mg/kg. The study demonstrates that [11C]preladenant is a 

suitable tracer to quantify striatal A2AR density and assess A2AR occupancy by 

A2AR-targeting molecules.  

Key words: adenosine A2A receptors, receptor occupancy, [11C]preladenant, small-

animal PET, pharmacokinetic modeling. 
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INTRODUCTION 

Adenosine is a signaling molecule that functions via activation of four subtypes of 

adenosine receptors, referred to as A1, A2A, A2B, and A3. The adenosine A2A 

receptor (A2AR) subtype is expressed predominantly in the basal ganglia of the 

central nervous system (CNS) 96. The A2AR plays an important role in modulating 

dopamine and glutamate neurotransmission, and regulating neuroinflammation 
4,11,13,20,97. Therefore, A2AR is generally associated with neurological and psychiatric 

disorders related to neuroinflammation and/or disturbed dopamine/glutamate 

signaling pathways, such as Huntington’s disease (HD), Alzheimer’s disease (AD), 

depression, schizophrenia, and Parkinson’s disease (PD) 98,99.  

Although little is known mechanistically about the role of A2AR in brain disorders 

so far, it is clear that the receptor is important in CNS functioning via its effects on 

neurons, glial cells and vasculature 100. This makes A2AR a potential therapeutic 

target, for example, in AD, HD, schizophrenia, and PD 10,21,23,24. In addition, A2AR 

may act as a diagnostic biomarker in, for instance, HD and PD 51,101-103, which 

could allow monitoring of disease progression.  

Positron-emission tomography (PET) with a suitable A2AR radioligand can be used 

to exploit the potential of A2AR as a biomarker by measuring its distribution and 

density. Furthermore, PET may also be a suitable technique to monitor changes in 

A2AR expression in the brain during the course of the disease, or to assess A2AR 

occupancy after administration of an (investigational) drug. The latter could be 

important for drug development, e.g., for establishing the optimal dosing regimen. 

[18F]MNI-444, [11C]TMSX, [11C]KW-6002 and [11C]SCH442416 are A2AR PET 

ligands that have been studied in human subjects 51,53-56,103,104,. [18F]MNI-444 

displayed best properties amongst these tracers, with binding potential (BPND) 

values ranging from 2.6 to 4.9 in A2AR-rich regions, and an average test-retest 

variability (TRV) of less than 10% 104. Other tracers are hardly useful for A2AR 

quantification, because of the disadvantages such as low BPND in striatum, high 

extra-striatal binding and low target-to-non-target ratios 51,53-56,103,.  

We have recently developed [11C]preladenant, the C-11 labeled analog of the drug 

preladenant. The in vivo assessment of this tracer in rats showed a better contrast in 

the PET images (i.e., larger striatum-to-cerebellum ratio) than published for other 

A2AR radioligands in rat studies 82,83,94,105,106
. The results suggest a great potential of 

[11C]preladenant to image A2AR in the brain. Another advantage of 

[11C]preladenant is that the toxicological profile of preladenant in humans is 
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already known from clinical phase I/II/III studies, in which preladenant was 

investigated as a drug 107
. Therefore, expensive toxicity studies are not required 

anymore and the costs and timeline of tracer development can be reduced.  

In order to determine the suitability of [11C]preladenant PET for A2AR quantification, 

we further evaluated the tracer by assessing pharmacokinetic modeling, test-retest 

reproducibility, and the feasibility of measuring A2AR occupancy in the rat brain.  

MATERIALS AND METHODS 

(E)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-methyl-3,7-dhydro-1H-purine-2,6-dione 

(KW-6002) was purchased from Axon Medchem BV (Groningen, The 

Netherlands). 

Radiosynthesis 

[11C]Preladenant was prepared according to the method described by Zhou et al 
106. 

The specific activity of [11C]preladenant was 81 ± 33 GBq/µmol (n = 26), and the 

radiochemical purity was always greater than 98%. The tracer was formulated in 

~15% ethanol in phosphate buffered saline as final product. 

Animals  

Adult male Wistar rats (n = 37, Hsd/Cpb:WU, 9-11 weeks age, 300-400 grams, 

Harlan, The Netherlands) were housed in groups at a 12 h light/12 h dark circle and 

were fed with standard laboratory chow (RMH-B, The Netherlands) and water ad 

libitum. After arrival from the supplier, rats were acclimatized for at least 7 days. All 

experiments were approved by the Institutional Animal Care and Use Committee of 

the University of Groningen (DEC 6689B and DEC 6689G) and conducted in 

accordance with the Law on Animal Experiments of The Netherlands. 

All the animal study data were reported according to ARRIVE guidelines (Animal 

Research: Reporting in vivo Experiment). 

Brain metabolite analysis 

The animals were sacrificed by extirpation of the heart at 60 min post injection. 

The brain was extracted and half of the brain (sagittal section) was homogenized 

with 1 mL of acetonitrile and then centrifuged at 3000 g for 3 min. The supernatant 

was filtered through a 0.45 µm Durapore (PVDF) filter (Millipore, Billerica, MA, 

USA). Samples (100 µL) were subsequently injected to a ultra-high performance 
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liquid chromatography (UPLC) using an Acquity UPLC HSS T3 UHPLC column 

(1.8 µm, 3.0 × 50 mm) at a column temperature of 40 oC and a gradient containing 

water (pH = 2 with HClO4) and acetonitrile as mobile phase with flow rate of 1.1 

mL/ min. The eluted fractions were collected every 30 s and measured with an 

automated well-counter (Compugamma 1282 CS, LKB-Wallac, Turku, Finland). 

The percentage of radioactive metabolites in the brain tissue was calculated as 

100% – (total activity of intact tracer – activity of intact tracer in blood at 60-min 

post injection × 5%)/(total activity – total activity in blood at 60-min post injection 

× 5%) × 100%. 

PET imaging  

Prior to PET imaging, animals were anesthetized with isoflurane in medical air 

(5% isoflurane for induction, 1.0-2.5% isoflurane for maintenance) and kept on 

electronic heating pads during the study to avoid hypothermia. Cannulas were 

placed in a femoral vein for tracer injection and in a femoral artery for blood 

sampling. Six rats were i.p. injected with vehicle (50 % dimethylacetamide 

(DMAA) in saline) and 6 rats were i.p. injected with KW-6002 (1 mg/kg) in a 1 

mg/mL solution of 50% DMAA in saline 7-10 min prior to tracer injection. PET 

images were acquired using a Focus220 MicroPET scanner (Preclinical solutions, 

Siemens Healthcare Molecular Imaging, USA Inc.). Two rats were scanned 

simultaneously. The brains of both rats were positioned close to the center of the 

field of view. A transmission scan with a 57Co point source was made for 

attenuation correction. Rats were i.v. injected with 66 ± 23 MBq (2.1 ± 1.7 nmol) 

[11C]preladenant at a speed of 1 mL/min with an infusion pump for 1 min, and a 

60-min dynamic PET scan was started. The injected mass was estimated to occupy 

1.6 ± 1.2% A2ARs in rat striatum at the maximum uptake, being a standardized 

uptake value (SUV) of 2.2, and an A2AR density of 953 fmol/mg protein 108. Blood 

samples (each sample of 0.10 - 0.13 mL, 1.5 – 1.8 mL in total) were drawn from 

the femoral artery at 10, 20, 30, 40, 50, 60, 90 s and 2, 3, 5, 7.5, 10, 15, 30, 60 min 

after tracer administration. 0.10 - 0.13 mL saline with 1% heparin was infused into 

the artery after each sampling to compensate for the blood loss. Radioactivity in 25 

µL whole blood and 25 µL plasma (acquired by centrifugation of blood samples 

for 5 min at 1000 g) were measured with an automated well-counter and used as an 

arterial input function (with metabolite correction). List mode acquisition data was 

divided in 21 frames (6 × 10, 4 × 30, 2 × 60, 1 × 120, 1 × 180, 4 × 300, and 3 × 600 

s). The data were reconstructed per time frame using an attenuation-weighted 2-

dimensional ordered-subset expectation maximization algorithm (AW-OSEM2D). 
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The 95 sagittal slices with a slice thickness of 0.8 mm were separated into one 

image for both rats with a 128 × 128 matrix and a pixel size of 0.47 × 0.47 mm2. 

Datasets were fully corrected for random coincidences, decay, scatter and 

attenuation. 

PET Data analysis 

Summed PET images were manually aligned to a T2 magnetic resonance imaging 

(MRI) template of a rat brain with predefined volumes of interest (VOIs) for whole 

brain, total cortex, frontal cortex, occipital cortex, parietal cortex, striatum, 

midbrain, thalamus, hippocampus and cerebellum. Time-activity curves (TACs, 

expressed as Bq/cc) for different VOIs were generated using Inveon Research 

Workplace software (Siemens Medical Solutions, Knoxville, TN), and were 

normalized to body weight (g) and injected dose (Bq) to obtain dynamic SUVs.  

Tracer kinetic modeling 

TAC data were analyzed using PMOD software (version 3.5, PMOD Technologies, 

Zürich, Switzerland). A mono-exponential function was fitted to a population-

based intact tracer fraction obtained from our previous study 106. The blood volume 

in the brain was fixed to 5%, as the volume did not significantly affect VT 

estimation, being ~1% difference between 5% 109,110 and 3.6% 111 fits, and ~4% 

difference between 5% and 0% fits, whereas 5% blood volume fit gave smaller 

Akaike Information Criterion (AIC) values compared with 3.6% or 0% blood 

volume fits. A standard 2-parameter (K1, k2) 1-tissue compartment model (1TCM) 

and a 4-parameter (K1, K1/k2, k3, k4) 2-tissue compartment model (2TCM), both 

with a metabolite corrected plasma input function, were used to fit the TACs. The 

best fitting model was selected based on AIC values. The distribution volume (VT) 

was obtained by modeling with the 2TCM and the Logan graphic analysis with t* 

set to 10 min. Several reference tissue-based models, including simplified reference 

tissue model (SRTM), Ichise’s multilinear reference tissue model (MRTM) with t* 

set to 1 min, Ichise’s multilinear reference tissue model 2 (MRTM2) with t* set to 

1 min, and the reference tissue Logan plot (RLogan) with t* set to 5 min were used 

to estimate the BPND in striatum. The t* was selected based on the goodness of fit, 

resulting VT or BPND value (larger is better), and coefficient of variation (COV) of 

VT or BPND (smaller is better). Cerebellum, midbrain, hippocampus and occipital 

cortex were tested as reference regions. BPND obtained from the reference tissue-

based models were compared with BPND obtained from k3/k4 (direct method) and 

calculated from the VT determined with the 2TCM and the Logan plot using the 
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formula ���� = (�� − ���)/���  59. The best reference regions were selected 

based upon the test-retest reliability, the BPND value in striatum, and between-

subject variability of BPND.  

Test-retest 

To estimate test-retest reliability, 5 rats underwent two PET scans on consecutive 

days. The PET scans were performed as described above but without cannulation, 

blood sampling and KW-6002 or vehicle pretreatment. BPND in striatum was 

determined using SRTM, RLogan, MRTM, MRTM2, and SUV ratio (SUVr) – 1, 

using different reference regions. The SUV was the average SUV value from 25 till 

60 min post injection. TRV was defined as �� = 2 × �����,���� − ����,�������/
(����,���� + ����,������). The test-retest reliability was quantified using intra-

class correlation coefficient (ICC) with a one-way random effects model ICC (1, 1) 
112: ���	(1, 1) = (��� − ���)/[��� + (� − 1)���)] , where BMS is the 

mean sum of squares between subjects, WMS is the mean sum of squares within 

subjects, and k is the number of measurements, being 2 for test-retest. ICC was 

measured on a scale ranging from -1 to 1. One represents perfect reliability, 

whereas -1 indicates no reliability. An ICC ≥ 0.75 is considered as a good 

reliability 113. The ICC was computed using R (http://www.r-project.org/). 

A2AR occupancy  

Eight baseline PET scans and 12 scans after administration of the selective A2AR 

antagonist KW-6002 were performed as described above but now without 

cannulation and blood sampling. The emission scan was extended to 90 min. The 

dose of KW-6002 (0.01, 0.03 (in duplicate), 0.04, 0.05, 0.06, 0.1 (in duplicate), 

0.15, 0.3, 0.5 or 1 mg/kg) in a solution of 50 % DMAA in saline was i.p. 

administered 15-25 min before tracer injection. List mode acquisition data was 

divided in 23 frames (6 × 10, 4 × 30, 2 × 60, 1 × 120, 1 × 180, 4 × 300, 3 × 600, 

and 2 × 900 s). Receptor occupancy was calculated by the following equation: 

!""#$%&"' =
()*+,,-./012/3()*+,,0456127

()*+,,-./012/
× 100%, where BPND was derived from 

SRTM, RLogan, SUVr – 1 and modified SUV ratio (mSUVr) – 1, using midbrain, 

cerebellum or occipital cortex as the reference region. The modification factors for 

mSUVr – 1 were determined by Deming linear regression between SUVr – 1 and 

SRTM or RLogan derived BPND. The occupancy (%) was plotted against the drug 

dose and the dose-occupancy curve was fitted in GraphPad Prism (version 5.01, 

GraphPad Software, Inc.) with a one site-specific binding model using the 
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following formula: !""#$%&"'(%) = 100 × !"":;< × =>?@@�@AB�/(=>?@@�@AB� +
C=DE

>?@@�@AB�), where Occmax is the maximum occupancy, ED50 is the drug dose 

which corresponds to 50% occupancy, and D is the drug dose. The striatal BPND 

and ED50 were estimated from the 90-min acquisition as well as from the first 60 

min of this acquisition. The values from both estimates were compared. 

Statistics 

All results are expressed as mean ± standard deviation (SD). Unpaired two-tailed t-

test with Bonferroni correction for multiple comparisons was used to assess the 

difference in plasma activity between vehicle and KW-6002 pretreatment groups. 

Paired two-tailed t-test with Bonferroni correction for multiple comparisons was 

used to assess the difference between BPND and (m)SUVr – 1, the difference in 

BPND between direct method and indirect methods, and the difference in COV 

between 60-min and 90-min acquisitions. Two-way ANOVA with Bonferroni post-

tests was used to evaluate the effects of KW-6002 pretreatment and VOIs on VT 

and BPND. Repeated measures two-way ANOVA with Bonferroni post-tests was 

used to assess the difference in AIC, VT, and BPND between models and VOIs, the 

difference in BPND between test-retest and VOIs/models, and the difference in 

BPND between acquisition times and VOIs. Bland-Altman plot (difference (∆) vs. 

mean) and one sample t-test were used to judge the bias (∆) in BPND obtained from 

Logan plot and reference tissue-based modeling methods as compared with BPND 

calculated from 2TCM. ∆ (%) was computed as ∆	= 2 × 100 × (����,G −
����,H)/(����,G + ����,H), where BPND,1 was derived from 2TCM, Logan plot, 

SRTM, MRTM, and RLogan, and BPND,2 was always calculated from 2TCM. 

Deming linear regression was used to compare acquisition durations, and SUVr – 1 

and BPND. A probability value (p) < 0.05 was considered statistically significant. 

RESULTS 

Plasma clearance and brain metabolism of [
11

C]preladenant  

Figure 1A shows the plasma clearance of the tracer during the 60-min scan. KW-

6002 pretreatment did not significantly affect the tracer kinetics in plasma. The 

plasma curves were corrected with a mono-exponential fitted population-based 

intact-tracer function. The metabolite corrected plasma curve at baseline was well 

described with a two-phase exponential function, with a t1/2α of 0.59 ± 0.37 min, 

and t1/2β of 22.24 ± 4.68 min (n = 6). At 60 min post tracer injection, 17 ± 5% (n = 

3) of the total activity in the brain tissue was due to the radioactive metabolites. 
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Tracer kinetic modeling  

The tracer kinetics in rat brain is better 

described with a 2TCM with a fixed blood 

volume of 5% than a 1TCM with a fixed 

blood volume of 5% (Figures 3.1B and C). 

The 2TCM fits showed significantly (p < 

0.001) lower AIC values compared with 

1TCM fits (Bonferroni post-tests), whereas 

no difference in average AIC values was 

observed between brain regions, and there 

was no interaction between model and VOI 

(Repeated measures two-way ANOVA). For 

the striatal TAC (Figure 3.1B), the 2TCM 

fitted the data much better than the 1TCM, 

particularly for the first 10 min. In the extra-

striatal regions, 1TCM failed to describe the 

later time points of TACs (Figure 3.1C). 

 

Figure 3.1 (A) Kinetics of [11C]preladenant in rat 
plasma. The insert shows the first 3 min of the plasma 
kinetics. Error bars indicate standard deviation. (B and 
C) Representative time-activity curves (TACs) and 
modeling fits of individual brain regions at baseline. (B) 
TAC of striatum with 1TCM and 2TCM fits with a 
fixed blood volume of 5%. (C) TAC of midbrain with 
1TCM and 2TCM fits with a fixed blood volume of 5%. 

 

Table 3.1 VT (mean ± SD) obtained from 2TCM and Logan plot (n = 6).  

Brain region 2TCM-baseline 2TCM-blocking Logan-baseline Logan-blocking 

Striatum 10.50 ± 1.91 2.04 ± 0.38* 9.88 ± 1.74 2.00 ± 0.36* 

Midbrain 1.47 ± 0.17 1.51 ± 0.18 1.47 ± 0.13  1.38 ± 0.15 

Hippocampus 1.58 ± 0.22 1.52 ± 0.30 1.48 ± 0.17 1.35 ± 0.10 

Cerebellum 1.58 ± 0.14 1.41 ± 0.27 1.57 ± 0.10 1.40 ± 0.23 

Occipital cortex 1.55 ± 0.15 1.46 ± 0.16 1.50 ± 0.10 1.45 ± 0.14 

Significant differences against baseline are indicated by: *p < 0.001.   
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VT was estimated by 2TCM and Logan 

graphical analysis (Table 3.1). The 

effects of model and brain region on VT 

at baseline were analyzed. There was a 

strong interaction between model and 

brain region (p < 0.001), and both model 

and VOI significantly (p < 0.001) affected 

average VT (Repeated measures two-way 

ANOVA). Striatal VT determined by the 

2TCM was 10.5 ± 1.9, which was slightly 

(5.8%) but significantly (p < 0.001) higher 

compared with VT estimation by Logan 

plot (9.9 ± 1.7). Both models provided 

comparable VT values of ~1.5 in extra-

striatal regions (Bonferroni post-tests). 

KW-6002 pretreatment significantly (p 

< 0.001) reduced the VT in striatum to 

~2.0, whereas no significant difference 

was found between vehicle and KW-

6002 pretreatment in other brain regions 

(Two-way ANOVA with Bonferroni 

post-tests). The VT data of parietal cortex, frontal cortex, thalamus, cortex total, and 

whole brain are listed in Supplementary table 3.1 and are not discussed here, 

because these brain regions are affected by spill-over from striatum and harderian 

glands with high tracer uptake. Several reference regions, including midbrain, 

hippocampus, cerebellum and occipital cortex were selected and tested in reference 

region models to predict BPND. These selected regions are relatively large brain 

structures lacking A2AR specific binding sites 36. Furthermore, they are away from 

striatum and harderian glands, so that the spill-over effect is avoided. Therefore, 

the VT values obtained from these regions were smaller and more stable than the 

values of other extra-striatal regions (VT = ~1.5 vs. VT = ~1.5-2.5, COV = 6-14% 

vs. COV = 8-20%) and were not affected by the KW-6002 pretreatment (Table 3.1 

and Supplementary table 3.1). Such properties make them the suitable candidates 

as reference regions to calculate striatal BPND. 

BPND values estimated by k3/k4 (direct method) are shown in Supplementary table 

3.2. The BPND values were significantly (p < 0.001) different among brain regions 

Brain region Baseline Blocking 

Striatum 9.17 ± 1.90 1.38 ± 0.63*  

Midbrain 1.09 ± 0.35 0.92 ± 0.46  

Hippocampus 1.12 ± 0.46 1.17 ± 0.38    

Cerebellum 1.08 ± 0.23 1.03 ± 0.53    

Occipital cortex 1.54 ± 0.42 1.10 ± 0.35   

Brain region Logan-baseline Logan-blocking 

Parietal cortex 1.96 ± 0.29 1.39 ± 0.16 

Frontal cortex 2.35 ± 0.48 1.84 ± 0.39 

Whole brain 2.46 ± 0.21 1.55 ± 0.15 

Cortex Total 2.18 ± 0.17 1.59 ± 0.18 

Thalamus 2.19 ± 0.32 1.46 ± 0.12 

Supplementary table 3.2 BPND (mean ± 
SD) obtained by k3/k4 with 2TCM fit (n = 6). 

Supplementary table 3.1 VT (mean ± SD) 
obtained from Logan graphical analysis (n = 6). 

Significant difference against baseline is 
indicated by: *p < 0.001. 
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for vehicle/KW-6002 treatment. Both treatment and VOI strongly (p < 0.001) 

affected average BPND (Two-way ANOVA). Striatal BPND in vehicle treated 

animals was 9.17 ± 1.90, the value was significantly (p < 0.001) reduced to ~1.38 ± 

0.63 with KW-6002 pretreatment, whereas the pretreatment did not alter the BPND 

in reference regions (Bonferroni post-tests).  

Supplementary table 3.3 Striatal BPND (mean ± SD) obtained from different modeling methods.  

Reference 

region 

2TCM-

baseline 

2TCM-

blocking 

Logan-

baseline 

SRTM-

baseline 

MRTM-

baseline 

RLogan-

baseline 

Midbrain 6.11 ± 0.62 0.35 ± 0.17* 5.69 ± 0.68  5.48 ± 0.53 5.46 ± 0.54 5.58 ± 0.55 

Hippocampus 5.62 ± 0.52 0.39 ± 0.34* 5.67 ± 0.48 5.41 ± 0.51 5.38 ± 0.52 5.50 ± 0.51 

Cerebellum 5.64 ± 0.99 0.49 ± 0.37* 5.27 ± 0.47 5.04 ± 0.85 5.01 ± 0.88 5.17 ± 0.87 

Occtx 5.59 ± 1.04 0.49 ± 0.37* 5.59 ± 0.37 5.38 ± 0.98 5.30 ± 0.99 5.50 ± 0.98 

BPND obtained from 2TCM and Logan plot was calculated from the VT using the formula ���� =
(�� − ���)/��� (n = 6). Significant differences against baseline are indicated by: *p < 0.001. Occtx 
= Occipital cortex. 

 

Striatal BPND at baseline was also obtained by indirect methods using a reference 

region (Supplementary table 3.3). Indirect methods estimated similar BPND values 

of 5.0-6.1, which were ~40% smaller than BPND calculate from the direct method. 

However, the between-subject variability with indirect methods (8-19% COV) was 

smaller than the variability of the direct method (20% COV). Indirect methods with 

midbrain or hippocampus as the reference tissue seemed to produce less variable 

results (~10% COV), compared with other reference regions (~17% COV) 

(Supplementary table 3.3 and Figure 3.2). 
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Midbrain as the reference region estimated significantly (p < 0.05) higher BPND 

values in striatum, regardless of the model used (Repeated measures two-way 

ANOVA with Bonferroni post-tests). We compared various reference regions for the 

striatal BPND values at baseline obtained from Logan plot and reference tissue-based 

modeling methods with the BPND calculated from 2TCM as the gold standard. 

Relative to the 2TCM, a significantly (p < 0.05) negative bias (∆) (up to 13.2%) was 

found with Logan plot and reference tissue-based methods for all reference regions in 

most cases (one-sample t-test) (Figure 3.2 and Supplementary table 3.4). Such bias 

was also demonstrated by the linear regression of the striatal BPND values obtained 

from SRTM and RLogan against BPND values calculated from 2TCM, showing 

slopes of 0.91 for RLogan and 0.87 for SRTM when the midbrain was used as the 

reference region (Supplementary figure 3.1).  

Figure 3.2 Bland-Altman plot for midbrain (A), hippocampus (B), cerebellum (C), and occipital 
cortex (D) with different modeling methods to obtain striatal BPND. IJK	���� = 	(����,G �

����,H
/2 , ∆	� 2 � 100 � �����,G 	 ����,H
/�����,G � ����,H
 , where BPND,1 was derived 

from 2TCM (black square), Logan plot (black cross), SRTM (red triangle), MRTM (green circle), 
and RLogan (blue diamond), and BPND,2 was always calculated from 2TCM. Each point 
represents the data of an individual animal (n = 6). BPND obtained from 2TCM and Logan plot 
was calculated from the VT using the formula ���� � ��� 	 ���
/���. 
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Supplementary table 3.4 % Difference (∆, mean ± SD) of BPND derived from Logan plot and 
reference tissue-based modeling methods as compared with BPND calculated from 2TCM.  

Reference region Logan (%) SRTM (%) MRTM (%) RLogan (%) 

Midbrain -7.2 ± 3.1 -13.2 ± 4.1 -11.1 ± 2.1 -9.0 ± 2.0 

Hippocampus 0.8 ± 3.8 -3.6 ± 8.2 -4.2 ± 7.4 -3.0 ± 7.2 

Cerebellum -6.7 ± 2.7 -12.2 ± 2.9 -11.4 ± 2.6 -9.8 ± 3.0 

Occipital cortex -3.6 ± 4.7 -9.2 ± 3.5 -8.6 ± 3.8 -6.9 ± 3.0 

∆	� 2 � 100 � �����,G 	 ����,H
/�����,G � ����,H
 , where BPND,1 was derived from 2TCM, 

Logan plot, SRTM, MRTM, and RLogan, and BPND,2 was calculated from 2TCM. BPND obtained 
from 2TCM and Logan plot was calculated from the VT using the formula ���� � ��� 	 ���
/��� 
(n= 6). 

  

SRTM and MRTM estimated 
comparable k2’ values (Supplementary 

table 3.5). The variability was 
slightly smaller with SRTM than 
MRTM. Therefore, k2’ values 
determined by SRTM (0.39 ± 0.06 - 
0.45 ± 0.02 min-1) were used in 
RLogan and MRTM2. 

Test-retest 

Test and retest BPND values for SRTM, RLogan, and SUVr – 1 are presented in 

Table 3.2 TRV and ICC for all methods are listed in Supplementary table 3.6. 

The average retest BPND values were significantly (p < 0.01) smaller than the test 

results, and such difference was comparable between VOIs or models, whereas 

differences in VOI or model did not significantly affect average BPND (Repeated 

Reference region SRTM (min
-1

) MRTM (min
-1

) 

Midbrain 0.41 ± 0.06 0.38 ± 0.06 

Hippocampus 0.44 ± 0.05 0.43 ± 0.06 

Cerebellum 0.45 ± 0.02 0.42 ± 0.05
#
 

Occipital cortex 0.39 ± 0.06 0.39 ± 0.08 

Supplementary figure 3.1 Correlation 
of BPND values in striatum, frontal 
cortex, whole brain, and thalamus 
obtained from 2TCM with the values 
obtained from SRTM and RLogan. 
2TCM BPND was calculated from the 
VT using the formula ���� � ��� 	
���
/��� . Midbrain was used as the 
reference region. 

 

Supplementary table 3.5 k2’ (mean ± SD) values 
obtained from SRTM and MRTM at baseline (n = 6). 

Significant difference against SRTM is indicated by: 
#
p < 0.05. 
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measures two-way ANOVA), nor the test and retest BPND values (Bonferroni post-

tests). The average test-retest variability was less than 10%, which was similar 

across VOIs and models. The ICC values were fairly homogenous for all VOIs and 

models, ranging from 0.83 to 0.94, except for models with hippocampus as the 

reference region, showing an ICC of 0.38-0.43. Due to lacking of test-retest 

reliability, hippocampus was no longer assessed in the occupancy study. Occipital 

cortex displayed the lowest within-subject variability (TRV = 4.6-6.4%) and 

highest test-retest reliability (ICC = 0.91-0.94) compared with other reference 

regions. Since MRTM and MRTM2 did not show better results compared with 

SRTM and RLogan in terms of resulting BPND value and the inter-/intra-subject 

variability of BPND, these bi-linear regression methods were not assessed in the 

occupancy study. 

Table 3.2 Test and retest striatal BPND (mean ± SD) values obtained from different models and 
reference regions (n = 5). 

Reference region 
SRTM RLogan 

*
SUVr –1 

Test Retest Test Retest Test Retest 

Midbrain 5.81 ± 0.85 5.49 ± 0.94 5.96 ± 0.90 5.50 ± 1.04 6.37 ± 0.93 5.79 ± 1.10 

Hippocampus 5.38 ± 0.38 5.02 ± 0.67 5.46 ± 0.39 5.10 ± 0.68 5.64 ± 0.42 5.34 ± 0.67 

Cerebellum 5.72 ± 1.23 5.38 ± 1.15 5.87 ± 1.30 5.55 ± 1.16 6.37 ± 0.93 5.94 ± 1.40 

Occipital cortex 5.69 ± 1.01 5.39 ± 0.89 5.79 ± 1.09 5.44 ± 0.94 6.05 ± 1.22 5.68 ± 1.24 

*	�L��	 � �L����?;�M:/�L���N���OP� 

Supplementary table 3.6 Test-retest variability (TRV) (%) and intra-class coefficient (ICC) for 
striatal BPND obtained from different models and reference regions (n = 5). 

Reference region 
SRTM RLogan MRTM MRTM2 

a
SUVr –1 

b
TRV (%) 

c
ICC TRV (%) ICC TRV (%) ICC TRV (%) ICC TRV (%) ICC 

Midbrain 5.8 0.92 6.1 0.88 10.5 0.89 8.1 0.91 10.2 0.83 

Hippocampus 8.8 0.38 8.8 0.41 8.6 0.43 8.7 0.41 8.7 0.41 

Cerebellum 6.4 0.89 8.5 0.91 7.3 0.90 7.3 0.90 5.7 0.94 

Occipital cortex 5.1 0.93 6.0 0.92 6.7 0.91 4.6 0.93 6.4 0.94 
a�L��	 = �L����?;�M:/�L���N���OP�

 

b�� = 2 × I��(����,���� − ����,������)/(����,���� + ����,������)
 

c��� = (��� − ���)/(��� + ���), where BMS is the mean sum of squares between subjects, 

and WMS is the mean sum of squares within subjects. 
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Figure 3.3 Representative PET images of the coronal view of the rat brain (summed from 30 to 90 
min) (A) and corresponding TACs in striatum (B) at baseline (open circle) and after i.p. injection of 
KW-6002 at 0.03 (triangle), 0.06 (cross) and 1 (closed circle) mg/kg (occupancy of 37%, 67% and 
98%, respectively). The PET images were merged onto the MRI template. Striatum at baseline were 
outlined by dots.  

A2AR occupancy 

Pretreatment of KW-6002 at 15-25 min before administration of [11C]preladenant 

decreased the tracer uptake in striatum in a dose-dependent manner (Figure 3.3). 

BPND in striatum was determined by SRTM, RLogan, and (m)SUVr – 1 with a 

static scan duration of 35 min, starting at 25 min post injection, using midbrain, 

cerebellum or occipital cortex as the reference region. The correlation between 

striatal BPND obtained from 90-min acquisition and from 60-min acquisition was 

studied using Deming linear regression. The BPND values at 60 min were plotted 

against BPND values at 90 min (Figures 3.4A and B). Both SRTM and RLogan 

showed a strong correlation between acquisition times, with slopes close to 1 (1.00-

1.03) and a very small y-intercept of around 0.06. In comparison with the 60-min 

acquisition, the 90-min acquisition estimated marginally smaller (1.8%-3.6%) 

BPND values at baseline. Deming linear regression was also used to assess the 

correlation between SUVr – 1 and BPND derived from pharmacokinetic modeling 

for 60-min acquisition (Figures 3.4C and D). A high agreement was found 

between these methods, indicating that SUVr – 1 is also a robust parameter to 

predict BPND. The striatal BPND can be calculated from SUVr – 1 corrected by the 

following equation: ���� � Q�L�� 	 1 �	 ���L��	– 	1
	– 	'	S&TUV"U$T 	/WXY$U , 

where the y-intercept and slope were obtained from Deming linear regression 

(Figures 3.4C and D). 
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Figure 3.4 Correlation of striatal BPND obtained from 60-min acquisition with BPND obtained from 
90-min acquisition (A and B), and correlation of SUVr – 1 with BPND obtained from 60-min 
acquisition (C and D). (A and C) BPND was predicted by SRTM; (B and D) BPND was predicted by 

RLogan. �L��	 � �L����?;�M:/�L���N���OP� . Mid = midbrain, Cere = cerebellum, Occtx = occipital 

cortex. 
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In order to estimate the ED50 of KW-6002, the dose-occupancy curve was fitted 

with the equation: !""#$%&"'�%
 � 100 × !"":;< × =>?@@�@AB�/(=>?@@�@AB� +
C=DE

>?@@�@AB�). The hillslope was calculated to be approximately 1, indicating the 

binding pattern of monomer one-site binding. Then the hillslope value was fixed to 

1 for all calculations. Occmax (maximum occupancy) was estimated to be ~87-103% 

with a standard error of ~4-6%, and a 95% confidence interval of 73-123% for the 

tested reference regions and models. A2AR occupancy as well as ED50 estimates 

were similar between models and scan durations with the same reference regions (< 

10% difference between models and < 5% difference between acquisition times) 

(Figure 3.5). However, larger differences in ED50 estimation were observed 

between reference regions: KW-6002 ED50 estimates for i.p. injection were 0.056 ± 

0.003, 0.062 ± 0.002 and 0.044 ± 0.002 mg/kg for midbrain, cerebellum and 

occipital cortex as the reference region, respectively.  

DISCUSSION 

This study demonstrates that [11C]preladenant is a suitable PET tracer for the 

quantification of available A2AR binding sites in the rat brain. The tracer displayed 

high uptake in striatum and low and homogenous uptake in all extra-striatal 

regions. The regional distribution of [11C]preladenant is in agreement with the 

known A2AR expression in the rat brain 91, as the receptors are predominantly 

expressed in striatum only. An A2AR subtype selective antagonist, KW-6002 (Ki 

value: A2AR = 2.2 nM, A1R = 150 nM 114) significantly reduced the tracer uptake in 

striatum by 80%. However, the VT in striatum was till 40% higher than the values 

in the reference brain regions (Table 3.1). A complete blockade could be achieved 

with higher doses of KW-6002. However, 1 mg/kg was the highest dose without 

adverse effects. Test-retest results indicate that [11C]preladenant PET is highly 

reproducible for the imaging of A2ARs. The A2AR occupancy study reveals that the 

tracer uptake is sensitive to the changes in available A2ARs. The sufficiently large 

dynamic range (BPND ≈ 5.5 at baseline and < 0.5 with complete blockade, 

Supplementary table 3.3) allows [11C]preladenant to estimate A2AR occupancy in 

striatum by KW-6002 as well as other A2AR-targeting molecules with high 

accuracy. Thus [11C]preladenant is a good tool to aid the development of A2AR 

drugs if confirmed in humans. 

Several plasma input-dependent (2TCM and Logan plot) and reference tissue-

based (SRTM, MRTM, MRTM2 and RLogan) modeling methods as well as 

(m)SUVr – 1 were applied to calculate VT and/or BPND. Regarding the BPND 
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estimation, four reference regions have been tested with indirect models. There are 

two purposes to test different reference regions: 1) To find proper reference regions 

with negligible receptor expression which are able to estimate target BPND with 

high value, low standard error, and a high test-retest reproducibility. 2) To have 

suitable alternative reference regions. Because A2ARs are also expressed in glial 

cells that are involved in regulating neuroinflammation, A2AR tracers could also be 

used to study A2AR changes in animal models with neuroinflammation, for 

example, the herpes simplex virus infected rat model. In this case, midbrain and 

cerebellum are not proper reference regions anymore, because these regions are 

affected by the virus and associated with an increased level of A2AR. Then we may 

choose a less infected region (occipital cortex) as the reference region instead.  

VT and BPND predictions with all models and reference regions were in agreement 

with each other, except for the striatal BPND estimation with the direct method, 

which was about 60% larger than the BPND estimated by indirect methods. Indirect 

methods might have underestimated BPND because of: 1) The presence of 

radioactive metabolites in the brain, which contributed ~17% of the total activity in 

the brain at 60 min post injection. The brain metabolites reduced the target-to-

background ratio, leading to an underestimation in BPND when the indirect methods 

were applied. When the VT values were corrected by subtracting the VT 

contribution by 17% radioactive metabolites, the BPND calculated from ���� �

��� 	 ���
/���  became ~8.9, which was comparable with k3/k4 of 9.2. Also 

because of the radioactive metabolites in the brain, when the 2TCM was used to fit 

tracer TACs, a specific distribution volume of 0.6-1.1 was found in reference 

regions which was not affected by KW-6002 blockade. The presence of radioactive 

metabolites could also explain the difference between the direct method and 

indirect methods derived BPND in striatum with KW-6002 pretreatment 

(Supplementary tables 3.2 and 3.3). The brain metabolite could theoretically be a 

problem with this tracer. However it didn’t show much effect on the BPND stability, 

as only ~3% difference was observed in BPND between 90-min and 60-min 

acquisition data. 2) Noise-induced negative bias with graphical analysis 64. For 

Ichise’s multilinear regression, it was shown that a 5% average noise in the TAC 

can result in a 75% underestimation of BPND at a true BPND of 3 115. Such 

underestimation is more pronounced at high noise level and high actual VT and 

BPND. 3) Violations of assumptions with SRTM fit 65. For example, the tracer 

kinetics could be fitted well with the 2TCM, but not with the 1TCM in both target 

and non-target regions. Such violation resulted in an underestimation of BPND. On 

the other hand, the BPND calculated from the direct method might be biased due to 
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the polar radioactive metabolites penetrating the blood-brain-barrier. Reference 

tissue-based BPND values displayed much lower variability (~10% COV) compared 

with the variability of k3/k4 and VT (~18-20% COV) in striatum. This is a well-

known aspect of reference tissue models and is related to the number of fit 

parameters. VT seems to be more variable than BPND, probably due to the 

variability in the plasma sample measurements. Therefore, we consider that BPND 

predicted from indirect methods is more robust than k3/k4 and VT.  

In addition, we compared the striatal BPND values predicted from different 

reference tissue models, using 2TCM as the gold standard. BPND estimated from 

reference tissue-based models correlated well (R2 > 0.99) with 2TCM estimation 

(Supplementary figure 3.1). However, a small (up to 13.2%) negative bias 

(Supplementary table 3.4) was observed with reference tissue-based methods. 

Here we consider that the accuracy in BPND prediction is less important than other 

properties like the robustness of model-parameter values and the model 

complexity. Therefore, BPND derived from reference tissue-based modeling 

methods was used to study the test-retest reproducibility of [11C]preladenant PET 

and to characterize A2AR occupancy.  

The test-retest experiment showed that the striatal BPND values for the retest were 

slightly lower (< 10%) with ~10% larger between-subject variability compared 

with test values. The receptor occupancy by the PET tracer during the test scan was 

estimated to be ~2-7%, provided an A2AR density of 300-953 fmol/mg protein in 

striatum 96,108,116. We assume that the occupancy decreased at least 60% after 24h 
58, then ~1-3% of the receptors were occupied by the unlabeled preladenant. 

However, this number cannot completely explain the underestimation of 4-9% with 

retest. Therefore, we consider that other factors such as anesthesia during the test 

scan may lead to the underestimation of BPND with retest.  

In addition, we compared BPND and ED50 values obtained from the 90-min 

acquisition with the values obtained from the 60-min acquisition in the occupancy 

study. The BPND as well as ED50 predictions were very similar between models and 

acquisition times (Figures 3.4 and 3.5). The slightly (< 3%) higher BPND values at 

baseline obtained from the 60-min acquisition could be explained by the slow 

accumulation of radioactive metabolites in the brain, leading to a reduced BPND 

value for 90-min acquisition. Furthermore, 60-min acquisition showed improved 

precision in BPND prediction, with significantly (p < 0.05) lower COV compared 
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with COV of 90-min acquisition. Therefore, 60-min acquisition provides better 

estimation of BPND in rat brain, compared with 90-min acquisition.  

The kinetic modeling and test-retest experiments showed that all reference tissue-

based models, including SRTM, MRTM, MRTM2 and RLogan with different 

reference brain regions, including midbrain, cerebellum and occipital cortex 

provided comparable results, with a high BPND value in striatum with small 

between-subject variability and high test-retest reliability. However, in comparison 

with midbrain and occipital cortex, cerebellum seems to be less favorable, with a 

slightly higher between-subject and test-retest variability than the other 2 reference 

regions.  

In the A2AR occupancy study, ~30% difference was found in ED50 prediction 

between modeling methods using occipital cortex as the reference region and 

models using midbrain or cerebellum as the reference region. It is difficult to 

determine which value is more reliable and which reference region is better than 

the rest in the A2AR occupancy study, since the 95% confidence interval for ED50 is 

quite wide for all methods, being around 0.02-0.09 mg/kg (Figure 3.5). Taking 

into account factors like the need of blood sampling, complexity of the model, 

intra- and inter-individual variability, and the value of BPND in striatum, we 

consider that SRTM with midbrain or occipital cortex as the reference tissue to be 

the preferable model for striatal A2AR quantification, as SRTM is simpler than 

RLogan and MRTM2 which require a priori k2’ estimation, and SRTM is slightly 

more robust than MRTM (Supplementary table 3.6).  

An interesting finding in this study is the suitability of SUVr to predict striatal 

BPND, in terms of comparable COV and test-retest reliability between SUVr – 1 and 

BPND (Table 3.2 and Supplementary table 3.6), a strong correlation between the 

two parameters (Figures 3.4C and D), and the feasibility of (m)SUVr – 1 to study 

A2AR occupancy (Figures 3.5C and F). In the occupancy study, both mSUVr – 1 

and SUVr – 1 predicted comparable ED50 of KW-6002 with the value obtained 

from BPND with pharmacokinetic modeling, indicating that mSUVr – 1 and SUVr – 

1 are robust parameters to predict BPND and study A2AR occupancy in striatum. 

Therefore, the PET acquisition procedure can be further reduced to a 35-min static 

scan, starting at 25 min post tracer injection. However, we should use (m)SUVr – 1 

with caution especially in pathological conditions. Since the regional perfusion 

might have changed under such conditions and thus might have different effects on 
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SUVr and BPND. The usefulness of (m)SUVr – 1 for striatal A2AR quantification in 

other experimental setups needs to be further explored. 

During the last two decades, many PET tracers have been developed for the 

imaging of A2ARs in the brain. The most promising [18F]MNI-444 was recently 

tested in the rhesus monkeys 58 and human subjects 104. The tracer showed good 

brain penetration, high BPND values in A2AR-rich regions and high test-retest 

reproducibility. However, slow kinetics might be the problem with this tracer. The 

tracer uptake peaked in A2AR-rich regions at around 40-60 min post injection in the 

human and monkey brain. For the monkey study, a 120-min acquisition is required 

to quantify the tracer kinetics, with a 6-9% overestimation of striatal BPND with 

120-min acquisition compared with 180-min acquisition. For the human study, the 

90-min acquisition overestimated striatal BPND by ~9% as compared with 210-min 

acquisition. In our rat study, [11C]preladenant showed faster kinetics, with the 

highest uptake in striatum at 22.5 min post injection. A 60-min acquisition is 

sufficient to estimate BPND, with marginally overestimation of BPND of <3% on 

average as compared with BPND values measured with 90-min acquisition. 

However, the direct comparisons between studies are difficult because of the 

different species and experimental setups in the studies. 

CONCLUSIONS 

This study shows that [11C]preladenant selectively binds to A2ARs in the brain. The 

tracer has a favorable pharmacokinetic profile. The tracer displayed high BPND in 

striatum with excellent test-rest reproducibility and ability to assess the changes of 

available A2ARs in the brain. A 60-min acquisition protocol using the SRTM with 

midbrain or occipital cortex as the reference region for kinetic modeling is the 

preferred method to quantify A2ARs in the brain. The acquisition protocol can be 

further reduced to a 35-min static scan to estimate BPND with high accuracy since 

BPND and SUVr are closely correlated. The results indicate that [11C]preladenant is 

a very promising A2AR tracer that warrants further validation in non-human 

primates and human subjects.  
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ABSTRACT 

Several lines of evidence imply alterations in adenosine signaling in Parkinson’s 

disease (PD). Here, we investigated cerebral changes in adenosine 2A receptor (A2AR) 

availability in 6-hydroxydopamine (6-OHDA)-lesioned rats with and without levodopa 

-induced dyskinesia (LID) using positron-emission tomography (PET) with 

[11C]preladenant. In parallel dopamine type 2 receptor (D2R) imaging with 

[11C]raclopride PET and behavioral tests for motor and cognitive function were 

performed. Methods: Parametric A2AR and D2R binding potential (BPND) images were 

reconstructed using reference tissue models with midbrain and cerebellum as reference 

tissue, respectively. All images were anatomically standardized to Paxinos space and 

analyzed using volume-of-interest (VOI) and voxel-based approaches. The behavioral 

alternations were assessed with the open field test, Y-maze, novel object recognition 

test, cylinder test, and abnormal involuntary movement (AIM) score. In total, 28 

female Wistar rats were included. Results: On the behavioral level, 6-OHDA-lesioned 

rats showed asymmetry in forepaw use and deficits in spatial memory and explorative 

behavior as compared to the sham-operated animals. 15-Days of levodopa (L-DOPA) 

treatment induced dyskinesia but did not alleviate motor deficits in PD rats. Intranigral 

6-OHDA injection significantly increased D2R binding in the lesioned striatum (BPND: 

2.69±0.40 6-OHDA vs. 2.31±0.18 sham, +16.6%; p=0.03), whereas L-DOPA 

treatment did not affect the D2R binding in the ipsilateral striatum of the PD rats. In 

addition, intranigral 6-OHDA injection tended to decrease the A2AR availability in the 

lesioned striatum. The decrease became significant when data were normalized to the 

non-affected side (BPND: 4.32±0.41 6-OHDA vs. 4.58±0.89 sham; NS, ratio: 

0.94±0.03 6-OHDA vs. 1.00±0.02 sham; -6.1%; p=0.01). L-DOPA treatment 

significantly increased A2AR binding in the affected striatum (BPND: 6.02±0.91 L-

DOPA vs. 4.90±0.76 saline; +23.4%; p=0.02). In PD rats with LID, positive 

correlations were found between D2R and A2AR BPND values in the ipsilateral striatum 

(r=0.88, ppeak=8.56.10-4 uncorr), and between AIM score and the D2R BPND in the 

contralateral striatum (r=0.98; ppeak=9.55.10-5 uncorr). Conclusion: PET imaging of 

striatal A2AR availability in drug-naïve and in L-DOPA-treated PD rats indicates that 

A2AR availability changes during the course of PD development and treatment. The 

observed correlations of striatal D2R availability with A2AR availability and with AIM 

score may provide new knowledge on striatal physiology and new possibilities to 

further unravel the functions of these targets in the pathophysiology of PD.  

 

Key words: PET, Parkinson’s disease, dopamine D2 receptor, adenosine 2A 

receptor, [11C]preladenant, 6-OHDA-lesioned rats.  
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INTRODUCTION 

Parkinson’s disease (PD) is a progressive degenerative disorder caused by the 

selective neurodegeneration of dopamine neurons in the substantia nigra pars 

compacta (SNc). This neurodegenerative pattern leads to a striatal deficit in 

dopamine that underlies motor symptoms of PD, such as resting tremor, rigidity 

and bradykinesia 117. The current treatment for PD is aimed at restoring the striatal 

dopaminergic signaling using levodopa (L-DOPA) or dopamine receptor agonists. 

However, symptomatic or protective pharmacotherapeutic benefits with minimal 

side effects remain limited, fueling the need for non-dopaminergic approaches. 

 

Adenosine is an important modulator of neuronal activity in the brain. The brain 

adenosine effects are induced by four receptor subtypes: A1, A2A, A2B and A3 
118. 

Of these, adenosine 2A receptors (A2ARs) are especially enriched in the basal 

ganglia, of which the striatum contains the highest density on medium-sized spiny 

neurons of the indirect output pathway 119,120. Striatal A2ARs interact with dopamine 

D2 receptors (D2Rs) at the plasma membrane and the second messenger level, thus 

playing a role in the regulation of dopamine transmission 121-125. Therefore, the 

A2AR has been proposed as a potential non-dopaminergic drug target for PD. In PD 

patients, altered A2AR density, functionality and expression have been reported in 

brain sections of basal ganglia nuclei post-mortem 126,127. Especially, dyskinesia 

development upon long-term L-DOPA therapy was reported to be linked with 

increased A2AR expression in the lateral putamen ex vivo 128 and in the striatum of a 

small number of patients in vivo upon positron-emission tomography (PET) 

imaging 51,129. The efficacy of several A2AR antagonists in phase I/II clinical trials, 

however, remains inconclusive 130, necessitating for more detailed understanding of 

the role of A2ARs in PD pathology.  

 

In vivo imaging of the A2AR has recently become feasible using quantitative PET 

due to the development of A2AR selective radioligands, such as [11C]preladenant 
106. So far only Bhattacharjee and coworkers briefly reported on in vivo A2AR 

changes in a PD model 86. They demonstrated increased A2AR-tracer uptake in the 

ipsilateral striatum of hemiparkinsonian rats, but did not assess the effects of 

chronic L-DOPA treatment, nor studied the impact of A2AR changes on 

behavioural outcome. Also the interaction between A2AR and D2R at the different 

stages of PD development and treatment remains unknown.  
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The objective of this study was thus to assess the effects of 6-hydroxydopamine (6-

OHDA)-induced striatal lesions and L-DOPA treatment on striatal A2AR and D2R 

availability, using [11C]preladenant- and [11C]raclopride-PET, respectively. A 

secondary aim was to study the relationship between A2AR and D2R availability 

and their relation to PD symptoms during the course of PD.  

 

MATERIALS AND METHODS 

Animals 

Experiments were performed on 28 female Wistar rats (HsdCpb:WU, 245±20 g at 

the day of PET scanning). All animals were housed in groups in Macrolon cages 

(38 x 26 x 24 cm³) with a 12-h light-on period. Animals had ad libitum access to 

laboratory chow (RMH-B, The Netherlands) and tap water. The research protocol 

was approved by the Animal Care and Use Committee of the University of 

Groningen (DEC6689E) and was performed according to guidelines from the 

European Communities Council (decree 86/609/EEC). The study design is 

schematically presented in Figure 4.1.  

 

Figure 4.1 Study design. Animals from group 1 and 2 were unilaterally injected with either saline 
(group 1) or 6-OHDA in saline containing 0.02% L-ascorbic acid (group 2) in substantia nigra pars 
compacta. After 21 days of recovery, animals underwent behavioral tests followed by PET scans. 
Animals from group 3 and 4 were unilaterally lesioned with 6-OHDA in substantia nigra. After 21 
days of recovery, animals received 15 days of saline (group 3) or L-DOPA (group 4) treatment. The 
behavioral tests were performed on day 35 and 36 post 6-OHDA lesioning. The PET scans were taken 
one day after the behavioral tests. 
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Nigrostriatal 6-OHDA lesion  

Stereotactic lesioning of the SNc was performed under ketamine (60 mg/kg IP) and 

medetomidine (0.4 mg/kg IP) anesthesia. After 7 days of habituation, a stereotactic 

head frame (KOPF®, California, U.S.A) was used to drill a unilateral hole over the 

rats’ right SNc. The 6-OHDA (n=21) and sham (n=7) injections were done using 

24 µg of 6-OHDA dissolved in 4 µl of 0.9% sterile NaCl containing 0.02% 

ascorbic acid or 0.9% sterile NaCl, respectively. The following coordinate was 

used: anterio-posterior -5.3 mm; lateral +2.0 mm and dorsoventral -7.2 mm, 

relative to bregma, as described previously 131. The 6-OHDA and 0.9% sterile NaCl 

solutions were injected over 8 minutes with an infusion rate of 0.5 µL/min, 

followed by 5 minutes of equilibrium before retracting the needle. All rats were 

allowed to a 21-day recovery period, before the start of the experiment. 

Drug treatment 

To investigate the effects of L-DOPA-induced dyskinesia (LID) on A2AR and D2R 

availability, a subset of 6-OHDA rats (n=8) were admitted to drug treatment on day 

21. L-DOPA (L-3,4-dihydroxyphenylalanine) and benserazide-HCl (a peripheral 

DOPA-decarboxylase inhibitor) were purchased from Sigma-Aldrich (Zwijndrecht, 

The Netherlands). Both compounds were dissolved upon sonication 

(BRANSONIC, Shelton, U.S.A) in 0.9% saline and administered IP at 2.0 mL/kg 

body weight. L-DOPA (6 mg/kg) and benserazide-HCl (6 mg/kg) were given twice 

a day for 15 days. Chronic treatment with these doses gradually induces dyskinesia 

in 6-OHDA-lesioned rats 132. Control treatment (n=6) was done with 0.9% sterile 

NaCl (2.0 mL/kg IP). 

Behavioral testing 

Motor and cognitive functions were assessed in all animals 1-2 days prior to PET 

imaging, i.e., at day 21 and 22 for the sham- and 6-OHDA-lesioned rats (group 1 

and 2) and at day 35 and 36 for the 6-OHDA-lesioned rats on saline or L-DOPA 

treatment (group 3 and 4). All rats were tested during the 12h light-on period using 

the cylinder test and open field test for motor assessment, and using the novel 

object recognition test and Y-maze test for assessment of cognitive capability. 

Animals subjected to L-DOPA or saline treatment were tested for LID using 

abnormal involuntary movement (AIM) recording. 
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Open-field test 

The open field test was performed in a circular area of 74 cm diameter. The 

animals were placed at the center of the field and allowed to explore the area for 10 

min. Their locomotion was recorded and analyzed using dedicated tracking 

software (Ethovision, Noldus, Wageningen, The Netherlands). We determined the 

following motor parameters: (1) total distance moved in the whole arena (cm), and 

(2) average velocity (cm/s). To avoid bias on these parameters due to odors of 

previous visiting rats, a 70% ethanol stock solution was used for cleaning after 

each run. 

Novel object recognition test 

Immediately after the open-field test, the novel object recognition task was 

performed as described previously 133. Area-exploration during the 

abovementioned open-field test was considered as the habituation trial for this task. 

The object recognition test required that the rats remembered two familiar objects. 

During the training phase, two identical duplo Lego toys were placed centrally in 

the circular area (26.5 cm apart). Rats were allowed to explore these toys for 10 

min. Ninety min after training, the rats were put in the open field area again to 

explore one familiar (A) and one novel (B) object for 5 min, in order to assess their 

short-term memory. All objects had similar sizes, but differed in shape and color. 

Explorative behavior was defined as sniffing or touching the objects; sitting on the 

objects was not considered as explorative behavior. Exploratory preference was 

used as quantitative outcome parameter and calculated as (100xTB/(TA+TB)), with 

TA = time spent exploring the familiar object A and TB = time spent exploring the 

novel object B. Rats’ long-term memory was assessed 24 h after training by 

replacing object B with object C. Time ranges for testing short- and long-term 

memory were defined as described previously 134. All behavioral sessions were 

videotaped.  

Cylinder test 

The cylinder test was performed to quantify asymmetry in forelimb use during 

explorative behavior in a transparent cylinder (19.8 cm diameter and 40.5 cm 

height) 135. A mirror was placed behind the explorative area to allow recording 

forelimb movements in all directions. The animals were not habituated to the 

cylinder prior to filming. All video recordings were analyzed in slow motion. The 

observer was blinded to the animal’s identity. The number of independent forepaw 
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contacts was defined for each paw separately and counted up to a maximum of 20 

contacts per rat. Only full contacts with all digits involved were included. The 

percent of the paw contacts with the affected forelimb relative to the total number 

of contacts (%I) was used a quantitative outcome parameter.  

Y-maze 

Spatial working memory was evaluated by quantifying the spontaneous alternation 

behavior in the Y-maze task 136. The Y-maze consisted of three arms (98.5 cm 

long, 20 cm high and 16.5 cm wide), connected to each other via a central 

triangular platform and with intra-maze visual cues. The rat was left to freely move 

through the maze for 8 min, starting at the central area. An arm entry was defined 

as all paws within the arm. The spontaneous alternation pattern was defined as 

entering all arms one after the other. The percent spontaneous alternation was 

quantified as follows: ((actual alternations / maximum alternations) x 100) with 

maximum alternations equal to the total number of arm entries minus 2.   

AIM recording 

For AIMs quantification, rats were individually checked for 1 min at 0, 20, 40, 60, 

80, 100, 120, 140, 160 and 180 min after L-DOPA or saline treatment at day 15. As 

described previously 137, four subtypes of rat AIMs were identified: (i) axial AIMs, 

i.e., choreiform turning of the upper body and neck towards the contralateral side 

and dystonic posturing; (ii) limb AIMs, i.e., abnormal involuntary movements of 

the contralateral forelimb including digits; (iii) orolingual AIMs, i.e., empty jaw 

movements and protrusion of the tongue towards the contralateral side; and (iv) 

locomotive AIMs, i.e., increased behavior with bias towards the contralateral body 

side. Each AIM subtype was scored as follows: 0, not present; 1, present during 

less than fifty percent of the time; 2, present during more than fifty percent of the 

time; and 3, continuously present (note that no sensory threatening stimuli was 

performed to discriminate score 3 any further). The maximum score that in theory 

could be achieved is 108 per animal, i.e., the maximum observation score, 12, 

multiplied with the number of sessions, 9.  

Radiotracer preparation and PET imaging 

One day after behavioral testing, animals were subjected to PET imaging. Brain 

A2AR imaging was done using the high affinity radioligand [11C]preladenant (2-(2-

furanyl) -7- [2- [4- [4- (2- [11C] methoxyethoxy) phenyl]-1-piperazinyl] ethyl] 7H-
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pyrazolo [4,3-e] [1,2,4] triazolo [1,5-c] pyrimidine-5-amine; rat Ki=2.5 nM) 88. 

Radiolabeling was done by methylation of the O-desmethyl-preladenant (in-house 

prepared precursor) with [11C]methyl iodide, as previously described 106. Brain D2R 

imaging was performed using the radioligand [11C]raclopride (Ki=1.9 nM) 138. 

Radiolabeling was done by alkylation of S-(+)-O-demethylraclopride (ABX, 

Radeberg, Germany) using [11C]methyl iodide. The radiochemical purity of both 

radioligands was >98%; specific activity at the end of synthesis ranged 64 – 637 

GBq/µmol. 

Prior to PET imaging, anesthesia was induced to all rats with isoflurane in medical 

air (induction: 5%, maintenance: 1.5-2.5%). All rats were kept on electronic 

heating pads to maintain their body temperature during the study. Their tail veins 

were catheterized for injection of one of the radioligands ([11C]preladenant 

48.2±26.6 MBq (2.6±1.3 nmol/kg) and [11C]raclopride 32.5±17.7 MBq (0.8±0.6 

nmol/kg); total volume approximately 0.5 ml). [11C]Preladenant and 

[11C]raclopride PET data were acquired on the same day with an alternating order 

(~ 4-h interval between 1st and 2nd scan). Animals were allowed to wake up after 

the first scan. PET imaging was done on a Focus220 tomograph (Preclinical 

Solutions, Siemens Healthcare Molecular Imaging, U.S.A Inc.), which has a 

maximum transaxial resolution of 1.5 mm. All acquisitions were obtained 

dynamically for 60 min. The scan was started at the moment the tracer entered the 

body. A 515 s transmission acquisition with a rotating 57-Co source was taken to 

generate an attenuation map. 

Image processing and data analysis 

For quantification, list mode emission data were separated in 21 time frames (6x10, 

4x30, 2x60, 1x120, 1x180, 4x300 and 3x600 seconds). PET scans were iteratively 

reconstructed using an attenuation-weighted two-dimensional ordered-subset 

expectation maximization algorithm (4 iterations and 16 subsets), with a voxel size 

of 0.48 mm x 0.48 mm x 0.8 mm. PET data sets were corrected for random 

coincidences, scatter, decay and attenuation.  

After reconstruction, individual PET data were spatially normalized using affine 

transformations to a tracer-specific rat brain PET template in Paxinos space 139. 

This methodology allows the use of a predefined volume-of-interest (VOI) map 

and the reporting of results in Paxinos stereotactic coordinates for the rat brain. For 

A2AR quantification, voxel-wise parametric binding potential (BPND) images were 

constructed using the simplified reference tissue model (SRTM) with midbrain as 
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reference tissue, as previously validated by us 140. Parametric D2R BPND images 

were constructed using the Ichise’s multi-linear reference tissue model 2 (MRTM2) 

module with the cerebellum as reference tissue, as previously validated 141-143 (with 

t* of 0, and k2’ of 0.13 min-1). A predefined VOI map was subsequently loaded on 

all BPND images to calculate average values for right and left striatum, as well as 

the ratio between the striata (PMOD, version 3.6; PMOD Inc., Zurich, 

Switzerland). Also a voxel-wise analysis was performed without a priori 

knowledge of the target region using SPM12 (Statistical Parametric Mapping, 

Wellcome Department of Cognitive Neurology, London, UK). 

For SPM analysis, all spatially normalized images were smoothed with 1.2 realistic 

mm filter and masked for extracerebral signals. SPM analysis of A2AR and D2R BPND 

data was performed with a 80% relative analysis threshold in a disease vs. condition 

(i.e., categorical) design. T-map thresholds were set at 0.005 uncorrected for the peak 

voxel level and >200 voxels for the cluster size (kE). Only clusters that reached 

significance at pcluster<0.05 corrected were retained 144,145. All p-values were chosen to 

ensure a family-wise error below 5% via AlphaSim simulation (AFNI, 

http://afni.nimh.nih.gov/afni). Exceptions on pcluster were made for neurobiologically 

likely clusters that were relevant for other findings of this study. 

We also performed a voxel-based correlation analysis between (1) A2AR binding, 

(2) D2R binding and (3) behavioral outcomes within the drug-naïve 6-OHDA 

group and within the 6-OHDA group with LID.  

Conventional statistics 

Values in this manuscript are reported as mean±SD. All reported data were 

analyzed for statistical significance using Graphpad Prism 5.1 (Graphpad Software, 

LaJolla, CA, U.S.A). All behavioral outcomes with exception of the cylinder test 

were analyzed using non-parametric Mann-Whitney U tests. Cylinder test data 

were subjected to Kruskal-Wallis test followed by Dunn's Multiple comparison 

test. L-DOPA time-effect data were subjected to two-way analysis of variance 

(ANOVA) with post hoc Bonferroni correction for multiple comparison. The 

Spearman's rank coefficient (rho) was used for the correlative tests. A p-value 

below 0.05 was considered significant. A p-value of 0.05<p<0.1 was considered as 

a trend towards significance. 
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RESULTS 

Behavioral outcome  

All 6-OHDA-lesioned rats, both drug-naïve (saline-treated) and L-DOPA-treated, 

showed a significant asymmetry in limb-use during cylinder test performance as 

compared to the sham-treated animals (%left forepaw use 23±11 vs. 46±4, 

respectively; p<0.05 post hoc; Figure 4.2A and Figure 4.3A).  

Lesioning of the SNc with 6-OHDA also resulted in short-term spatial memory 

deficits, as shown by a significant decrease (compared to sham-operated rats) in the 

Y-maze spontaneous alternations (spontaneous alternations 21±7% vs. 35±13%; 

p=0.01; Figure 4.2B). This effect could not be ascribed to differences in motor 

activity, as the number of arm entries were comparable for both groups (17.1±2.8 

vs. 15.1±5.7, NS).   

Spontaneous locomotor activity evaluated by the open-field test confirmed the 

absence of significant differences in motor behavior between sham- and 6-OHDA-

lesioned rats, as both the total distance travelled (3309±633 cm vs. 2704±766 cm; 

NS; Figure 4.2C) and the velocity (13.0±6.1 cm/s vs. 10.7±4.3 cm/s; NS; Figure 

4.2D) was not significantly affected.  

In the short-memory novel object recognition test, explorative behavior was 

significantly different between sham-operated and 6-OHDA-lesioned rats (time 

spent exploring the novel object 64±16% vs. 24±11%; p<0.001; Figure 4.2E). 

Sham-operated animals tended to spent more time exploring the novel object, 

whereas 6-OHDA-lesioned animals showed a preference for exploring the familiar 

one (Wilcoxon-signed rank test to 50%, p= 0.08 and p=0.03, respectively). Sham-

operated and 6-OHDA-lesioned rats showed similar explorative activities in the 

long-memory test at 24-h after familiarization/training (time spent exploring the 

novel object 50±15% vs. 50±19%; NS; Figure 4.2F). 

15-Days of L-DOPA administration to 6-OHDA-lesioned rats did not induce any 

significant change in the abovementioned behavioral outcomes as compared to 

saline treatment (i.e., forelimb-use asymmetry, spontaneous alterations, total 

distance traveled, velocity and short- and long-term novel object recognition). 

However, chronic intermittent L-DOPA treatment resulted in dyskinetic behavior. 

As can be seen from Figure 4.3B, the AIM scores evoked by L-DOPA treatment 

reached a peak 40-min post injection and declined to zero at 140-min. The average 
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total AIM score of 6-OHDA-lesioned rats upon L-DOPA administration was 

23.9±10.0. Saline-treated rats had an average AIM value of 0 at all time points. 

Consequently, AIM scores in L-DOPA-treated rats were significantly greater than 

scores from saline-treated rats between 20 and 80 minutes after L-DOPA 

administration.  

 

Figure 4.2 (A) Cylinder test comparing limb-use asymmetry of 6-OHDA-lesioned rats to controls. 
(B) Effect of the 6-OHDA-induced lesion on spontaneous alternation in the Y-maze task. Lesioning 
of the substantia nigra with 6-OHDA resulted in deficiencies of short-term spatial memory, as shown 
by a significant decrease of spontaneous alternation. (C-D) Explorative behavior in the open-field 
test. During free investigation of a circular area, 6-OHDA-lesioned rats exhibited explorative 
behavior comparable to their controls with respect to total distance travelled (C) and velocity (D). 
(E-F) Novel object recognition test. The ability to retain and manipulate the memonic information to 
guide ongoing behavior was evaluated in short-term (E) and long-term (F) retention test trials. Short-
term memory was significantly different between sham-operated and 6-OHDA-lesioned rats 90 min 
after training, whereas no effect was observed 24h later (long-term memory). **, p<0.005; *, 
p<0.05; Mann-Whitney U test. n=7/group. Data are shown as mean±SD. 
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Figure 4.3 (A): Cylinder test comparing limb-use asymmetry of saline (n=6) and L-DOPA-treated 
(n=8) 6-OHDA rats to controls (shams) (n=7). (***, p<0.001; *, p<0.05; Kruskal-Wallis test with 
Dunn's Multiple comparison test). (B): Time course of AIM scores following L-DOPA administration 
on treatment day 15. 6-OHDA-lesioned rats were treated with 6 mg/kg L-DOPA plus 12.5 mg/kg 
benserazide (squares) or saline (circles). AIM scores reach maximum values 40 min after L-DOPA 
administration. Asterisks indicate times at which the AIM scores are significantly higher for L-
DOPA-treated animals (n=8, ***: p<0.001, two-way analysis of variance (ANOVA) followed by 
Bonferroni post hoc comparison).  

PET  

Mean cross-sectional images of [11C]raclopride and [11C]preladenant in the rat brain 

of controls and 6-OHDA-lesioned rats are shown in Figure 4.4. As expected, both 

radioligands showed a regional distribution in healthy (sham-lesioned) brain that 

corresponds to D2R and A2AR densities ex vivo 90,91,146, i.e., a fairly homogeneous and 

symmetrical uptake in the striata, whereas extrastriatal binding was virtually absent. 

VOI-based BPND values for [11C]raclopride and [11C]preladenant in both lesioned and 

non-lesioned striatum for all groups are listed in Table 4.1. 

Table 4.1 Striatal [11C]preladenant and [11C]raclopride binding potential (BPND) values of dopamine-
depleted rats with and without 15-days of L-DOPA treatment and of appropriate control conditions. 

 

 Striatal [
11

C]preladenant BPND Striatal [
11

C]raclopride BPND 

 Ipsilateral Contralateral Ipsilateral Contralateral 

Sham 4.58±0.89 4.57±0.94 2.31±0.18 2.32±0.20 

6-OHDA 4.32±0.41 4.59±0.45 2.69±0.40* 2.26±0.32 

6-OHDA + saline 4.90±0.76 5.06±0.74 3.15±0.48 2.40±0.66 

6-OHDA + L-DOPA 6.02±0.91* 5.59±0.81 3.79±0.54 2.47±0.26 

Data are reported as mean±SD.  
*Significantly different from the corresponding hemisphere of the appropriate control condition 
(Mann-Whitney U test: p≤0.05)  
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Figure 4.4 Average transversal (top) and coronal (bottom) PET images of [11C]raclopride- and 
[11C]preladenant binding in drug naïve 6-OHDA-lesioned rats (A) and 6-OHDA-lesioned rats with 
dyskinesia (B), in comparison to their appropriate control conditions. The intersection point has been 
set to the mid-striatal level (i.e., (y,z)=(0.0, -5.3) Paxinos coordinates). Color bars indicate binding 
potential (BPND) values for both radioligands. Images are in neurological orientation. 

Neither 6-OHDA nor L-DOPA treatment altered D2R and A2AR availability in non-

lesioned (left) striatum. However, lesioning of the SNc with 6-OHDA resulted in 

increased D2R binding in the affected (right) striatum, with VOI-based BPND values 

for 6-OHDA- and sham-lesioned rats being 2.69±0.40 and 2.31±0.18, respectively 

(+17%; p=0.03; Figure 4.5A). In agreement with the absolute BPND values, the 

BPND ratios between the affected and non-affected striatum were also increased 

(ratio: 1.21±0.17 and 0.99±0.02; +22%; p=0.004; Figure 4.6A). In contrast to D2R 

availability, no differences in striatal A2AR BPND values in the affected striatum 

were observed between 6-OHDA- and sham-lesioned rats with [11C]preladenant 

PET, although the BPND ratio between the affected and non-affected striatum was 

significantly lower for the 6-OHDA-lesioned animals (ratio: 0.94±0.03 vs. 

1.00±0.02; -6%; p=0.01; Figure 4.6A). After treating 6-OHDA-lesioned rats with 

saline or L-DOPA for 15-days, increased D2R binding in the lesioned (right) 

striatum was present in both groups (affected-to-non-affected striatum BPND ratio: 

1.35±0.22 saline vs. 1.54±0.18 L-DOPA; Figure 4.5B and Figure 4.6B), as L-

DOPA treatment did not significantly change D2R availability (Mann-Whitney U 

test; p=0.12). In contrast, A2AR binding in the lesioned striatum of 6-OHDA-treated 

rats was significantly higher after chronic L-DOPA exposure than after saline 

treatment (BPND: 6.02±0.91 vs. 4.90±0.76; +23%; p=0.02, Figure 5B; affected-to-

non-affected ratio: 1.07±0.04 vs. 0.96±0.03; +11%; p=0.002, Figure 4.6B). 
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Figure 4.6 Bar plots showing affected-to-non-affected striatal binding potential (BPND) ratios, 
determined by VOI analysis, for the dopamine D2 receptor (D2R) and adenosine 2A receptor (A2AR) 
of 6-OHDA-lesioned animals in comparison to sham-lesioned ones (A) and of 6-OHDA-lesioned rats 
following L-DOPA treatment in comparison to saline treatment (B). All data are shown as the 
mean±SD. Control conditions are displayed by white bars and experimental conditions by black bars. 
*, p<0.05; **, p<0.005, Mann-Withney U test. 

SPM analysis in Paxinos space confirmed the abovementioned findings of 

increased D2R binding in 6-OHDA-lesioned rats as compared to sham-operated 

Figure 4.5 Bar plots showing binding potential values (BPND), determined by VOI analysis, for the 
dopamine D2 receptor (D2R) and adenosine 2A receptor (A2AR) of 6-OHDA-lesioned animals in 
comparison to sham-lesioned ones (A) and of 6-OHDA-lesioned rats following L-DOPA treatment in 
comparison to saline treatment (B). All data are shown as the mean±SD. Control conditions are 
displayed by white bars and experimental conditions by black bars. *, p<0.05; Mann-Withney U test.  
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controls and increased A2AR binding in 6-OHDA-lesioned rats with L-DOPA 

treatment as compared to rats with saline treatment, albeit that only the dorsal 

regions of the striatum showed significant effects at the applied threshold (Figure 

4.7). Detailed cluster peak locations and p-values of the SPM findings are shown in 

Table 4.2. 

 

Figure 4.7 Transversal brain sections of regions with significantly increased dopamine D2 receptor 
binding potentials (BPND) (A) and adenosine 2A receptor BPND (B) in 6-OHDA-lesioned rats without 
and with LID, respectively (figure given at threshold pheight<0.005). Significant clusters are shown 
using a T-statistic color scale, which corresponds to the level of significance at the voxel level. A 
transverse and sagittal section at the Paxinos coordinate peak max is shown on the right. Images are in 
neurological convention (L=left; R=right).   

Correlation analysis of A2ARs with D2Rs and behavioral testing 

Voxel-based analysis of all rats revealed a positive correlation between BPND 

values of A2AR and D2R within the lesioned (right) striatum (r=0.83; ppeak=1.08.10-7 

uncorrected, pcluster<0.001 corrected; Figures 4.8A-B). This correlation was mainly 

driven by L-DOPA-treated animals (r=0.88, ppeak=8.56.10-4 uncorrected, 

pcluster=0.89 corrected; Figures 4.8C-D), as no significant correlations were 

observed in the sham- or the 6-OHDA-lesioned groups only (data not shown). 

Additionally, the total AIM score of L-DOPA-treated rats was correlated to D2R 

BPND values of the contralateral striatum (r=0.98; ppeak=9.55.10-5 uncorrected, 

pcluter=0.46 corrected; Figures 4.8E-F), but not to those of the ipsilateral striatum, 

suggesting that animals with the highest level of dyskinesia display highest D2R 

availability at the contralateral hemisphere. No other regional correlations of 

behavioral outcomes with A2AR and D2R BPND values were observed in the 6-
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OHDA-lesioned rats, with and without LID. Cluster peak locations and p-values of 

the SPM correlation analysis are shown in Table 4.2. VOI-based analysis 

confirmed voxel-based findings in the dorsal striatum (correlation A2AR with D2R 

in LID: r=0.89, p=0.03; correlation D2R with total AIM: r=0.93, p=0.02), but not in 

the ventral striatum. 

Figure 4.8 (A-C-E): Statistical parametric maps showing overlay of the clusters with increased 
adenosine 2A receptor (A2AR) and dopamine D2 receptor (D2R) in the total population (A) and in 6-
OHDA-lesioned rats with dyskinesia (C) and showing clusters with a high correlation between D2R 
binding potential (BPND) values in 6-OHDA-lesioned rats with dyskinesia with total AIM score (E). 
Significance is shown with a T statistic color scale, which corresponds to the level of significance at 
the voxel-level. Images are in neurological orientation. (B-D): Scatter plot of A2AR BPND values at the 
peak voxel of the lesioned striatum in relation to D2R BPND of the same region in all subjects (B; 
r=0.83) and in 6-OHDA-lesioned rats with dyskinesia (D; r=0.88). (F): Scatter plot of D2R BPND 
values at the peak voxel of the contralateral striatum in relation to total AIM score of 6-OHDA-
lesioned rats with dyskinesia (r=0.98). The data were derived from 6 rats due to misinjection of 2 rats 
with [11C]raclopride. 
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DISCUSSION 

Neurodegenerative diseases such as PD are characterized by selective neuronal 

death that gradually evolves. Toxin-based animal models that produce similar 

neuropathological characteristics may gather important knowledge to further 

unravel its etiology and evaluate pharmacotherapeutic approaches. In PD, the 

adenosine system has recently gained interest, as changes in A2AR receptor 

signaling might be related to dyskinesia or be involved in the pathophysiology 
122,128,147.  

In our study, we have established a PD rat model by unilateral injection of 6-

OHDA. These PD rats developed forepaw use asymmetry, but 6-OHDA lesioning 

did not affect the animals’ motor activity in the open field test, which is in line with 

literature data 148 showing that 6-OHDA rats rarely develop akinesia. 6-OHDA-

lesioned rats, however, displayed reduced explorative behavior and deficits in 

spatial memory in comparison to sham controls, as indicated by the NOR and Y-

maze tests. This loss of memory is not surprising, as intranigral 6-OHDA 

administration is also known to deplete dopaminergic neurons projecting to the 

hippocampus and frontal cortex 149. These brain regions are associated with 

memory and learning and dopamine functions as a key regulator of neuronal 

activity in these brain structures.  

Treating the 6-OHDA-lesioned rats with L-DOPA for 15-days did not induce any 

significant change in cognitive function at the behavioral level, nor did it improve 

forepaw use asymmetry or motor activity. We have explicitly set the aim in the 

present study to assess the effects of chronic dyskinesia on A2AR and D2R binding, 

rather than the direct pharmacological action of L-DOPA on receptor availability 

or behavior. In line with this, all behavioral tests, except AIM measurements, were 

performed with a minimum of 10 h after the last L-DOPA administration. The lack 

of improvement in motor performance after L-DOPA treatment is therefore in line 

with previously published work 150.  

The primary aim of this study was to simultaneously characterize A2AR and D2R 

alterations in vivo in PD rats with and without LID. A2AR PET imaging was done 

using the novel in-house developed A2AR antagonist [11C]preladenant, which 

displays excellent binding properties and pharmacokinetic profiles for preclinical 

use 140. Drug-naïve 6-OHDA rats showed, in comparison to sham controls, a trend 

towards decreased [11C]preladenant binding in the ipsilateral striatum. This 

decrease in tracer binding only reached significance when the affected-to-non-
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affected striatum ratio was used as outcome parameter. Previous reports relating 

changes in A2AR signaling to PD (without LID) have been inconsistent, with some 

studies demonstrating normal 51,129 and other increased A2AR density 86,151 and 

expression 152. Mishina and coworkers reported no in vivo A2AR difference between 

drug-naïve PD patients and age-matched healthy controls, but noticed also – in 

agreement with our findings – that A2AR availability was significantly lower on the 

most affected side of drug-naïve PD brains when normalized to values in the 

contralateral hemisphere 51. Moreover, compared to sham controls and saline-

treated PD rats, 6-OHDA-lesioned rats with LID showed an increase in A2AR 

binding in the lesioned striatum in vivo. Up-regulation of A2AR levels in this region 

are in line with imaging studies in dyskinetic patients and with histopathological 

and autoradiographic work on postmortem human brains and ex vivo experimental 

PD models, reporting elevated levels of striatal A2AR protein and A2AR mRNA 
51,128,153,154. Our observation was also indirectly supported by a monkey study, 

demonstrating that the A2AR is a key player in dyskinesia priming mechanisms 155. 

The increased A2AR binding in dyskinetic 6-OHDA-lesioned rats likely reflects 

adaptive changes to the L-DOPA treatment regimen that could result in increased 

inhibition of the striatal-external globus pallidus pathway and an increased 

inhibitory effect on the thalamocortical loop.  

We also showed that unilateral lesioning of the SNc with 6-OHDA resulted in 

increased D2R BPND values in the ipsilateral striatum as measured with 

[11C]raclopride PET. In PD patients and 6-OHDA-lesioned rats, postsynaptic D2R 

up-regulation has been reported before, particularly in the putamen nucleus 156-159. 

Explanations that are generally accepted are changes in receptor affinity (Kd) or in 

receptor density (Bmax) due to the massive dopaminergic denervation 153,154,156,160. 

Also, decreased levels of endogenous dopamine have been proposed to increase the 

binding of [11C]raclopride to D2Rs in PD patients, as both raclopride and dopamine 

have similar D2R affinities and thus compete for the binding site of the receptor 
161,162. However, the latter hypothesis has not been confirmed in animal studies, as 

large fluctuations of the dopamine concentrations in the brain of 6-OHDA-lesioned 

rats did not lead to changes in [11C]raclopride binding 156. This suggests that 

increased [11C]raclopride binding would reflect ‘true’ receptor up-regulation. Most 

PET studies on D2R imaging in 6-OHDA-lesioned rats reported - similar to us - 

unchanged levels of D2Rs binding in the contralateral hemisphere 156,163. To the 

best of our knowledge, Nikolaus et al. were the only ones to report time-dependent 

increases in [11C]raclopride binding in both striata of 6-OHDA-lesioned rats, with 

the effect in the lesioned striatum being more pronounced 160. Spillover effects due 
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to the low resolution of the PET camera may (partly) account for this discrepancy. 

In line with the latter, also Ferré and Fuxe observed ex vivo a 20% contralateral 

D2R increase at 5 months post unilaterally lesioning with 6-OHDA using 

[3H]raclopride 164. The results might be explained by time-dependent long-lasting 

compensatory overexpression of D2R in the contralateral hemisphere. 

Chronic treatment of L-DOPA for 15 days did not significantly increase D2R 

availability as compared with saline-treated animals. Other 6-OHDA rat studies 

suggested that L-DOPA treatment either (i) had no effect on D2R availability 157,165, 

or (ii) induced a further increase in D2R availability or function 166,167, or (iii) an 

attenuation of the 6-OHDA-induced D2R up-regulation 168,169. The latter was most 

frequently accepted as the main outcome of L-DOPA therapy. Discrepancies 

between these experiments may be caused by differences in the 6-OHDA dosage 

and in the timing of L-DOPA treatment (e.g., 14 days vs. 30 days, 12 h interval vs. 

48 h interval), suggesting dynamic time-dependent changes in D2R availability. PD 

patients with long-term dopaminergic therapy are likewise characterized by 

temporal changes in D2R availability, including an initial increase, followed by a 

reduction in density 170. We did not detect any D2R down-regulation due to L-

DOPA treatment in this study. This may probably be related to the short duration 

of treatment before PET scanning (15 days), indicating that the dopaminergic 

system had not yet adapted itself to the treatment.  

Despite the relatively constant level of D2R in the contralateral striatum, we 

observed a positive correlation between AIM score and D2R BPND values in dorsal 

striatum at the contralateral side of L-DOPA-treated PD rats. This observation 

suggests that those animals with the lowest D2R binding had better functional 

outcome. Though this correlation did not reach significance upon correction for 

multiple comparisons at cluster level, VOI-based analysis clearly did. No 

correlation between AIM score and D2R BPND values of the ventral striatum was 

observed. The latter could be explained by the different functions of the striatum: 

the ventral part is mostly involved in dopamine reward circuit, whereas the dorsal 

striatum mainly controls motor functions. In situ hybridization histochemistry and 

autoradiographic studies have demonstrated before that AIM scores could strongly 

correlate with postsynaptic striatal makers 171,172, such as striatal prodynorphin. 

However, until now, no such correlation was suggested between dyskinesia and 

striatal D2R binding. Moreover, none of these previous studies even suggested 

correlations between dyskinesia and striatal markers in the contralateral 

hemisphere. An observed higher level of D2R in animals with more severe 
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dyskinesia symptoms might be explained by (i) the positive coupling of D2R 

density to the chronic L-DOPA exposure induced loss of striatal long-term 

depotentiation which determines the degree of dyskinesia 173, or by (ii) changes of 

D2R availability following L-DOPA/dopamine modulation or following an 

adaptive approach of the nigrostriatal system to the dopamine fluctuation that 

relates to AIM severity, albeit the D2R availability after L-DOPA treatment was not 

significant different for the D2R availability in saline-treated animals. The positive 

correlation between AIM score and contralateral D2R availability open the way for 

a new research approach targeting the unaffected/least affected striatum for 

(predictive) biomarkers of dopaminergic therapy induced dyskinesia. This could 

also imply that the unaffected hemisphere needs to be taken into account in studies 

that aim to unravel the underlying mechanisms, as most studies only focused on 

ipsilateral side so far. This could be of special interest as detecting biomarkers at 

the lesioned side is hampered by the disturbed microenvironment due to the loss of 

dopamine innervation and presynaptic receptors, and the depletion of endogenous 

dopamine.  

With respect to the A2AR/D2R interplay, we revealed among all subjects, a positive 

correlation between A2AR and D2R BPND values of the dorsal striatum at the 

lesioned side. This correlation was also observed within 6-OHDA-lesioned rats 

with LID, albeit only upon VOI-based analysis and did not reach significance at 

corrected voxel level for voxel-based analysis. The latter correlation might 

consequently indicate that primarily in response to chronic L-DOPA exposure a co-

upregulation of both striatal A2AR and D2R occur involving an adaptive strategy. 

Translational studies in dyskinetic PD patients with PET imaging are warranted to 

further demonstrate the clinical relevance of this finding. 

In conclusion, our findings show (i) increased D2R densities in the 6-OHDA-

lesioned striatum, irrespective of the LID status, and (ii) elevated levels of the 

A2AR in the affected striatum of lesioned rats with LID, as compared to rats 

without LID. The results also reveal a positive relationship between A2AR and D2R 

binding in the dorsal ipsilateral striatum and between AIM score and dorsal 

contralateral D2R binding in PD and PD with LID. These results may contribute to 

our understanding of the function of A2AR and D2R in PD and in PD with LID 

respectively. This may contribute to our understanding of the function of A2AR and 

D2R in PD and in PD with LID, and warrants further translational investigation.  
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ABSTRACT 

[11C]Preladenant was developed as a novel PET ligand for the adenosine A2A 

receptors (A2ARs). The present study aims to evaluate the suitability of 

[11C]preladenant-PET for the quantification of striatal A2ARs and the assessment of 

A2AR occupancy in the conscious monkey brain.  

Methods: [11C]Preladenant was i.v. injected into conscious monkeys (n=4, 18 PET 

scans) and a 91-min dynamic scan was started. Arterial blood samples in 

combination with metabolite analysis were obtained during the scan to provide the 

input function for kinetic modelling. The distribution volume (VT) was obtained by 

kinetic modeling with a 2-tissue compartment model (2TCM). The simplified 

reference tissue model (SRTM) with selected reference regions (cerebellum, 

cingulate, parietal cortex, and occipital cortex) was tested to estimate the binding 

potential (BPND) in A2AR-rich regions. BPND obtained from the SRTMs was 

compared with distribution volume ratio (DVR)-1. The effects of blood volume, 

blood delay, and scan duration on BPND and DVR-1 were investigated. VT and BPND 

were also obtained after preblocking with unlabeled preladenant (1 mg/kg), A2AR-

selective KW-6002 (0.5-1 mg/kg) and non-selective adenosine receptor antagonist 

caffeine (2.5-10 mg/kg). A2AR occupancy was studied with caffeine blockade. 

Results: Regional uptake of [11C]preladenant was consistent with the distribution 

of A2ARs in the monkey brain, with the highest uptake in putamen, followed by 

caudate, and the lowest uptake in cerebellum. Tracer kinetics was well described 

by the 2TCM with a lower constraint on k4 to stabilize fits. Highest VT was 

observed in A2AR-rich regions (~5.8-7.4) and lowest value in cerebellum (~1.3). 

BPND values estimated from the SRTM with different scan durations were 

comparable, and were in agreement with DVR-1 (~4.3-5.3 in A2AR-rich regions). 

Preladenant preinjection decreased the tracer uptake in A2AR-rich regions to the 

level of the reference regions. Caffeine pretreatment reduced the tracer uptake in 

striatum in a dose-dependent manner.  

Conclusion: [11C]Preladenant PET is suitable for non-invasive quantification of 

A2ARs and assessment of A2AR occupancy in A2AR-rich regions in the monkey 

brain. SRTM using cerebellum as the reference tissue is the applicable model for 

A2AR quantification. 

Key words: adenosine A2A receptors, PET, [11C]preladenant, pharmacokinetic 

modeling, monkey. 
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INTRODUCTION 

The adenosine A2A receptor (A2AR) has drawn much attention in the past decades, 

because it has been implicated in brain disorders such as depression 15, 

Huntington’s disease (HD) 14, Alzheimer’s disease (AD) 34, and Parkinson’s 

disease (PD) 10. A2AR inhibition could alleviate Parkinson’s symptoms without 

exacerbating levodopa-induced dyskinesia 174. Furthermore, A2AR blockade was 

found to be neuroprotective in animal models of AD 21 and HD 175. Consequently, 

the A2AR has been studied as a potential target for CNS disorders, although the 

mechanism by which the receptor is involved in these diseases is still largely 

unknown. Several A2AR antagonists are tested in clinical trials as anti-parkinsonism 

drugs 27. 

Positron emission tomography (PET) with a suitable A2AR radioligand provides a 

unique opportunity to study A2AR availability and function in vivo. This is 

exemplified by the in vivo imaging studies of the PD brain with A2AR radioligands 

[11C]SCH442416 176 and [11C]TMSX 177. In addition, A2AR availability was 

assessed with [11C]TMSX in secondary progressive multiple sclerosis (SPMS) 57. 

Differences were found in striatum between the drug naïve and levodopa treated 

PD patients, and in normal appearing white matter between SPMS patients and 

healthy volunteers. However, due to the unfavorable properties of the radioligands, 

such as low target-to-non-target ratio and high uptake in brain regions with 

negligible levels of A2ARs 55,176,177, the results were difficult to interpret, and 

therefore the usefulness of PET imaging with A2AR radioligands is still to be 

proven.  

We have recently synthesized [11C]preladenant 106, an A2AR antagonist with high 

affinity (Ki=1.1 nM for human A2AR) and selectivity (>1000 fold selective for 

A2ARs over other adenosine receptors) towards A2AR 88. PET imaging in rats 

showed a high uptake of [11C]preladenant in striatum and low uptake in extra-

striatal regions, which was in agreement with cerebral A2AR distribution 2,106,178.  

Based on the encouraging results from the rodent studies, here we further evaluated 

[11C]preladenant in conscious monkeys as a prelude towards first-in-human PET-

studies. We characterized the pharmacokinetic properties of the tracer with kinetic 

modeling. Furthermore, we studied the striatal A2AR occupancy by the non-

selective adenosine receptor antagonist caffeine. 
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MATERIALS AND METHODS 

Materials 

Lithium aluminum hydride (1.0 M in tetrahydrofuran (THF)) was purchased from 

ABX advanced biochemical compounds (Radeberg, Germany). Dimethyl sulfoxide 

(DMSO) and polyethylene glycol 400 (PEG400) were obtained from Aldrich 

(Milwaukee, WI, USA). N,N-dimethylacetamide (DMAA) was purchased from 

Nacalai Tesque (Kyoto, Japan) and Tween 80 from Wako Pure Chemical Industries 

(Osaka, Japan). (E)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-methyl-3,7-dhydro-1H-

purine-2,6-dione (KW-6002) was purchased from Axon Medchem BV (Groningen, 

The Netherlands). Caffeine was purchased from Sigma (St. Louis, MI, USA). 2-(2-

Furanyl)-7-[2- [4- [4- (2-methoxyethoxy)phenyl]-1-piperazinyl]ethyl] 7H-pyrazolo 

[4,3-e][1,2,4]triazolo[1,5-c]pyrimidine-5-amine (preladenant) was purchased from 

Chemscene, LLC (Monmouth Junction, NJ, USA). Sterile saline was from Otsuka 

Pharmaceutical (Tokyo, Japan). 

Blocking agents preparation 

A preladenant solution with a concentration of 2 mg/mL was prepared as follows: 

2070 µL of DMSO and 230 µL of Tween 80 were added to a vial containing 23 mg 

preladenant, and this solution was diluted 4 fold with sterile saline. 

A KW-6002 solution with a concentration of 0.5 mg/mL was prepared as follows: 

50 µL of DMAA and 525 µL of PEG400 were added to a vial containing 0.5 mg 

KW-6002, vortexed for 1 min, mixed with 425 µL of sterile saline, and then 

sonicated for 30 min. 

Caffeine solutions with concentration of 2.5, 5.0, and 10 mg/mL were prepared by 

dissolving 25, 50, and 100 mg of caffeine in 10 mL of sterile saline. 

Synthesis of [
11

C]preladenant 

Carbon-11 (11C) was produced by proton bombardment (18 MeV, 20 µA) of N2 

using a cyclotron (HM-18, Sumitomo Heavy Industry, Tokyo, Japan) at 

Hamamatsu Photonics PET center and obtained as [11C]O2. [
11C]O2 was transferred 

under N2 flow (400 mL/min) from a target chamber into the reaction vessel 

containing 0.5 mL of 0.1 M lithium aluminum hydride/ THF solution cooled at -15 

°C with a compressed air blower. Immediately after carboxylation, the reaction 

vessel was heated to evaporate THF at 120 °C under a N2 flow of 400 mL/min. 
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After removal of THF, 0.5 mL of hydroiodic acid was added. The solution was 

heated at 120 °C for 1-2 min under N2 flow to transfer the [11C]methyl iodide 

through a Ascarite II and diphosphorus pentoxide column into the another reaction 

vessel containing 1 mg of precursor (O-desmethyl preladenant) and 10 mg of 

potassium hydroxide powder in 0.3 mL DMSO solution at room temperature. After 

[11C]methyl iodide was collected in the precursor solution, the reaction vessel was 

heated at 40 °C for 3 min. After the reaction, 0.2 mL of 0.1 N hydrochloric acid 

was added to the vessel, and the reaction mixture was injected into a preparative 

high performance liquid chromatography (HPLC) system. The HPLC column was 

YMC-Pack C18Pro, 10 mm in inner diameter x 250 mm in length (YMC, Kyoto, 

Japan). The product was eluted with acetonitrile/30 mM ammonium acetate (4/6) at 

a flow rate of 6 mL/min and the radioactive peak corresponding to the retention 

time of the product was collected into an evaporation flask. The eluent was 

evaporated and the residue was re-dissolved with 5 mL of saline containing 0.1% 

Tween 80, and the solution was filtered through a 0.22 µm filter for injection. The 

total synthesis time was 25-29 min. 

Chemical and radiochemical analysis of [11C]preladenant were performed by HPLC 

in a system consisting of a Finepak SIL C18-S column (4.6 mm in inner diameter x 

150 mm in length, Jasco, Tokyo, Japan), using acetonitrile/30 mM ammonium 

acetate/acetic acid (500/500/2) as a mobile phase at a flow rate of 2 mL/min. 

Animals  

Animals were maintained and handled in accordance with the recommendations of 

the US National Institutes of Health and the guidelines of the Central Research 

Laboratory, Hamamatsu Photonics. All experiments were approved by the Ethical 

Committee of the Central Research Laboratory, Hamamatsu Photonics (HPK-

2014-12). Four young male rhesus monkeys (Macaca mulatta) weighing from 5.0 

to 8.5 kg were used for the PET measurements (baseline n=7; pretreatment with 

caffeine n=3; pretreatment with 1 mg/kg preladenant n=3; pretreatment with 0.5 

mg/kg KW-6002 n=4 (2 without blood sampling); pretreatment with 1 mg/kg KW-

6002 n=1) in a conscious state. Each blocker was intravenously injected 30 min 

before injection of [11C]preladenant. T1-weighted magnetic resonance images 

(MRI) of the monkeys were obtained with a 3.0 T MR imager (Signa sExcite HDxt 

3.0 T, GE Healthcare Japan, Tokyo, Japan). MR images were reconstructed into a 

256x256x178 matrix, with a voxel size of 0.4x0.4x0.7 mm. 
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PET measurements  

After overnight fasting, a venous cannula for PET ligand and/or blocker injection 

was inserted in one inferior limb and an arterial cannula for blood sampling was 

inserted in the other inferior limb. The PET scan was performed using an animal 

PET scanner (SHR-7700, Hamamatsu Photonics, Hamamatsu, Japan) 179. After a 

transmission scan using a [68Ge]-[68Ga] rotation rod source, a 91-min dynamic 

acquisition was started at the time of [11C]preladenant (~1 GBq) injection. Arterial 

blood samples were obtained manually over the acquisition. Blood and plasma 

were separated by centrifugation. The radioactivity in blood and plasma samples 

was measured using a well-counter (1480 WIZARD, Perkin Elmer, Waltham, MA, 

USA). For metabolite analysis, ethanol was added to plasma samples at 16 and 40 

s, and 1, 6, 10, 30, 45, 60, 75, and 90 min post injection (sample/ethanol=1/2, v/v). 

The samples were centrifuged and the obtained supernatants were developed on the 

thin-layer chromatography (TLC) plates (TLC Silica gel 60 F254, Merck, 

Darmstadt, Germany) with a mobile phase of chloroform/methanol (9/1, v/v). At 

each sampling time point, the ratio of radioactivity in the unmetabolized fraction to 

that in total plasma (metabolites plus intact tracer) was determined using a 

phosphoimaging plate (FLA-7000, Fuji Film, Tokyo, Japan). The metabolite 

corrected plasma curves were used as input function for tracer quantification.  

PET data analysis 

Dynamic PET data were histogrammed into 49 frames (6×10, 6×30, 12×60, and 

25×180 s). The frames were reconstructed by filtered back projection with a 

Hanning filter of 4.5 mm full width at half maximum and corrected for attenuation, 

scatter, and random coincidences. All images contained 100x100x20 voxels with a 

voxel size of 1.2x1.2x3.6 mm. Individual PET and MRI were co-registered. 

Volumes of interest (VOIs) were drawn manually on the individual MR images, 

using regional information from BrainMaps.org 180 as anatomical reference. MRI 

derived VOIs were superimposed on the co-registered PET images to extract time-

activity curves (TACs) for kinetic analysis. TACs were normalized to body weight 

and injected activity to yield standardized uptake values (SUVs). 

Tracer kinetic modeling 

Tracer kinetics were quantified with PMOD software (version 3.5, PMOD 

Technologies, Zürich, Switzerland). The fractional blood volume (VB) in the brain 

was either fixed to 0%, 3%, or 5% or used as a fit parameter to assess the effect of 
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blood volume on kinetic parameters. The blood delay was either fixed to 0, or used 

as fit parameter. In addition, to stabilize kinetic model fits we explored both fitting or 

fixing k4 for several reference regions (i.e., regions showing no or minimal specific 

binding). In case of fixing, k4 was set to 0, 0.005, 0.011, 0.02, or 0.04 min-1.  

A mono-exponential function was fitted to the intact tracer fraction over time. A 

standard 2-parameter (K1, k2) 1-tissue compartment model (1TCM) and a 4-

parameter (K1, K1/k2, k3, k4) 2-tissue compartment model (2TCM) with and without 

VB using a metabolite corrected plasma input function were used to fit TACs. The 

effects of variation in VB, blood delay, reference region, k4, and scan duration on 

model fits were judged by Akaike information criterion (AIC) and by the observed 

kinetic parameters (i.e., distribution volume (VT), non-displaceable distribution 

volume (VND), distribution volume ratio (DVR)-1, and non-displaceable binding 

potential (BPND)). BPND in striatum was obtained by =� 	 1	(= ��/��� − 1) 59 

as well as the non-invasive simplified reference tissue model (SRTM). The 

invasive- and non-invasive model-derived BPND values were compared, using 

DVR-1 with full scan length of 91-min as the gold standard. Cerebellum, cingulate, 

parietal cortex, and occipital cortex were tested as reference regions. Striatum was 

used as the target region in all data analyses. The test-retest variability (TRV) was 

compared between models and reference regions. TRV was calculated as �� =
2 × �����,���� − ����,�������/(����,���� + ����,������)  or �� = 2 ×
���,���� − ��,�������/(��,���� + ��,������). 

A2AR occupancy by caffeine 

Three PET scans after administration of 2.5, 5, and 10 mg/kg of caffeine were 

performed with blood sampling as described above, whereas blood sampling 

was not acquired for scans with caffeine doses of 5 and 10 mg/kg. Receptor 

occupancy was calculated from SRTM derived BPND as !""$%&"' =
()*+,,-./012/3()*+,,0456127

()*+,,-./012/
× 100%. 

Statistics 

The Wilcoxon signed rank test was used to assess the difference in plasma activity 

and intact tracer fraction between baseline and A2AR-blocker pretreatment, the 

effects of A2AR-blocker pretreatment on VT, and the difference in AIC between 

1TCM and 2TCM. A Bland-Altman plot (difference (∆) vs. mean) was used to 

judge the agreement in BPND and DVR-1. ∆ (%) was computed as ∆		= 2 × 100 ×
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����� 	 �=� 	 1

/����� � �=� 	 1

. A probability value (p)< 0.05 was 

considered to be statistically significant.  

RESULTS 

Kinetics of [
11

C]preladenant in plasma 

Figure 5.1 shows the plasma clearance and metabolic radioactivity profile of 

[11C]preladenant during the 91-min scan. KW-6002 and preladenant pretreatment 

did not significantly alter tracer metabolic rate (Figure 5.1B), but significant 

(p<0.05) effects of these compounds were observed on plasma clearance, resulting 

in significantly higher plasma radioactive levels between 24 and 40 seconds post 

injection than at baseline (Figure 5.1A). The tracer metabolic pattern could be 

fitted with a mono-exponential function with 32±7% of radioactivity in plasma 

consisting of intact tracer at 90 min post injection. The metabolite-corrected plasma 

curve at baseline was well described with a bi-exponential function, with a t1/2α of 

0.15±0.03 min, and t1/2β of 6.86±2.19 min. 

 

Figure 5.1 Kinetics of [11C]preladenant in monkey plasma. (A) Time course the total activity in 
plasma at baseline and after blocker pretreatment. The insert shows the first 3 min of the plasma 
kinetics. (B) Parent fraction in plasma at baseline and after blocker pretreatment. Error bars indicate 
standard deviation. *p<0.05. 

Tracer kinetic modeling 

The 2TCM fitted the data better than the 1TCM, with significantly (p<0.001) lower 

(~2-19%) AIC values for all VOIs and visually better agreement between the fitted 

curves and the experimental data (for clarity, only 2TCM fits are shown in Figure 

5.2A). Therefore, the 2TCM was used to quantify tracer kinetics. Variation in the 

VB, blood delay, and k4 value in reference regions did not substantially affect AIC 

values, as only 0-9% difference was found between various fits. Still, best fits 

(smaller AIC) were obtained when VB was either fixed to 5% or included as fit 
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parameter, blood delay was included as fit parameter, and the reference region k4 

was either fixed to 0.011 min-1 or included as fit parameter.  

 

Figure 5.2 (A) Representative time activity curves (TACs) and 2TCM fits of striatum, putamen, 
caudate, and cerebellum at baseline. (B) TACs of striatum and cerebellum after preladenant (1 mg/kg) 
pretreatment. 

The non-displaceable distribution volume (VND) was estimated from the total 

distribution volume (VT) of a reference region (i.e., cerebellum) at baseline and a 

target region (i.e., striatum) with A2AR binding sites completely blocked with 

preladenant. The effect of different VB and k4 values on estimated VND was 

analyzed. The VB has little effect on both VND and VT as <10% difference was 

found with various VB values. The effect of k4 on VND is shown in Figure 5.3. The 

range of fit values for k4 was chosen based on an average cerebellar k4 value of 

0.011 min-1 (17% coefficient of variation (COV)) estimated by 2TCM from 5 out 

of 7 baseline scans. The excluded 2 cases provided very low estimates on K4 

(0.0031 and 0.0056 min-1), resulting in upward biased VND values of 3.1 and 2.6, 

respectively, which were considered outliers (as shown by the boxplots in 

Supplementary figure 5.1).  

Indeed, when k4 was small (0.005 min-1) or without constraint, VND seems to be 

overestimated in 1 or 2 cases at baseline. 2TCM with k4 between 0.011 and 0.04 

min-1 estimated VND values within an acceptable range (i.e., 0<VND<2), whereas 

larger fixed k4 values resulted in somewhat lower VND. 
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  Next, we compared the impact of 2TCM parameters, such as VB (fixing to 5% or 

as fit parameter), blood delay (no delay or as fit parameter), and k4 constraints 

(k4=0.011 and 0.02 min-1, k4≥0.01 min-1, or as fit parameter), on striatal specific 

binding values using DVR-1 derived from VT, striatum/VND, cerebellum-1 (Figure 5.4A). 

The results show that the data points were more scattered with unconstrained k4, 

whereas a lower degree of dispersion was observed when k4≥0.01 min-1. As k4 

negatively correlated to VND (Figure 5.3), DVR-1 calculated with k4 fixed to 0.02 

min-1 was ~35% larger than DVR-1 calculated with k4 fixed to 0.011 min-1 (k4=0.02 

min-1 5.7±1.4 vs. k4=0.011 min-1 4.2±1.2). Other factors like blood delay and VB 

showed small impact on DVR-1 estimates (Figure 5.4A). Therefore, VT and VND at 

baseline and under receptor saturation conditions were estimated by fitting VB and 

blood delay to allow for variation in delay and VB between animals and 

experiments, but with k4 being constrained ≥0.01 min-1 to stabilize the fits. The 

results are presented in Figures 5.4B and C. VT values were 5.8-7.4 in A2AR-rich 

regions and 1.3-1.6 in reference regions at baseline.  

Preladenant pretreatment significantly (p<0.001) reduced the VT in A2AR-rich 

regions to ~1.1, which was comparable with VT in reference regions (~1.0). 

However, the pretreatment with blockers also reduced the VT in reference regions 

by 27-33% (Figure 5.4C), albeit the difference didn’t reach statistical significance. 

Due to the animal welfare issues, KW-6002 pretreatment was unable to achieve 

complete A2AR-blockade (Figure 5.4C). A dose of 1 mg/kg i.v. KW-6002 resulted 

in adverse effects (the monkey lost its consciousness for a while) and therefore 

higher doses were not tested. In addition to cerebellum, we evaluated cingulate, 

Figure 5.3 Effect of k4 on VND. VND was obtained 
as VT in cerebellum from 7 baseline scans and as 
VT in striatum from 3 scans with preladenant 
preblocking. Horizontal lines represent the mean of 
10 scans. MK = monkey. 

Supplementary figure 5.1 Tukey’s 
boxplots of the effect of k4 on VND. VND 
was obtained as VT in cerebellum from 7 
baseline scans and as VT in striatum from 3 
scans with preladenant preblocking. 
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occipital cortex, and parietal cortex as reference regions to predict striatal BPND, for 

the reason that VT values in these regions are comparatively low and stable (Figure 

5.4B). 

 

Figure 5.4 (A) Effect of blood volume, blood delay, and cerebellar k4 on DVR-1; and a comparison in 
BPND between SRTM with different scan durations. The values were obtained using cerebellum as the 
reference region. (B) VT in striatum and reference regions at baseline. Horizontal lines represent the mean of 
7 baseline scans. (C) VT in striatum and reference regions after blocker pretreatment. Solid horizontal lines 
represent the mean of 3 preladenant preblocking scans (blue), and 3 KW-6002 preblocking scans (red, 
reference regions only). Dotted horizontal lines represent the mean of 7 baseline scans (reference regions 
only). MK = monkey, ParietalCtx = parietal cortex, OccCtx = occipital cortex. 

BPND values obtained from the non-invasive SRTM with various reference regions 

as input were in agreement with DVR-1 in general (Figure 5.4A and Figure 5.5), 

with a positive bias of 20 ± 17% when k4 was constrained to above 0.01 min-1. 

Models with cerebellum as the reference region displayed the highest BPND in 

A2AR-rich regions, being ~5.3 (23% COV) in putamen, and ~4.3 (25% COV) in 

caudate. In comparison with cerebellum, parietal cortex as the reference region 
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estimated slightly lower (8%) BPND but higher test-retest reproducibility, showing a 

TRV value of 22% whereas 29% was calculated using cerebellum as the reference 

region. Other reference regions estimated low BPND values with low test-retest 

reproducibility, therefore, these regions are less optimal reference regions to 

quantify tracer kinetics in striatum. The between-subject variability for VT and 

BPND was comparable, being 11-30% COV. TRV was larger for VT and DVR-1 

calculated with the 2TCM, being 31-43%, in comparison with 22-29% TRV for 

BPND determined with the SRTM. 1 mg/kg preladenant preinjection reduced the 

BPND values in target regions to ~0, indicating a complete blockade. Pretreatment 

with KW-6002 resulted in decreased tracer uptake in striatum in all cases, with 

BPND values of 1.0 at 1 mg/kg (n=1), and 2.0 ± 0.7 at 0.5 mg/kg (n=3). In 1 case, 

no effect of 0.5 mg/kg KW-6002 was observed, as the BPND in this animal was 7.4.  

 

Figure 5.5 (A) Striatal BPND estimates from DVR-1 (2TCM) and SRTM, using cerebellum, cingulate, 
parietal cortex and occipital cortex as the reference regions. The values were obtained from 7 baseline 
scans. Horizontal lines represent median with interquartile range. (B) Same data sets as (A) but 
presented as Bland-Altman plot of the difference (∆) between BPND and DVR-1 against the means of 
BPND and DVR-1. The area between the dotted lines represents the 95% confidence interval. 
∆	�%
 	� 2 � 100 � ����� 	 �=� 	 1

/����� � �=� 	 1

 . ParietalCtx = parietal cortex, 
OccCtx = occipital cortex. Avg = average. 

Furthermore, we investigated whether BPND is still robust with 61-min analysis by 

correlating DVR-1 and BPND obtained from 91-min scans with BPND obtained from 

the first 61-min analysis of the same scans (Figure 5.6). Despite the positive bias 

of BPND related to DVR-1, a good correlation was found between the parameters. 

Moreover, there was no difference in BPND estimation between 91-min and 61-min 

analysis, as the linear regression line (slope=1.0, y-intercept=0.17) is almost 

identical to the line of identity. 
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Figure 5.6 (A) Deming linear regression of BPND on DVR-1. (B) Deming linear regression of BPND 
obtained from 91-min and 61-min analysis. BPND and DVR-1 were derived by reference to cerebellum. 

A2AR occupancy by caffeine 

Caffeine pretreatment reduced tracer uptake in A2AR-rich regions in a dose-

dependent manner (Figure 5.7). Sixty one-min and 91-min analysis estimated 

comparable A2AR-occupancy, with a maximum difference of 1%, when the values 

were derived from BPND with cerebellum as reference region. The BPND and A2AR 

occupancy in striatum after 2.5, 5.0, and 10.0 mg/kg caffeine i.v. injection were 

~2.3, 1.5, 0.8, and 64%, 74%, 81%, respectively. Parietal cortex as the reference 

region failed to estimate striatal BPND at the lowest dose of 2.5 mg/kg. 

 
Figure 5.7 PET images of the transverse view of the monkey brain over 91-min scan (A) and 
corresponding TACs in striatum (B) at baseline (open circle) and after i.v. injection of caffeine at 2.5 
(triangle), 5.0 (cross) and 10.0 (closed circle) mg/kg (BPND of 6.48, 2.45, 1.80, and 1.01, respectively). 
The table shows the estimated A2AR occupancy (%) in A2AR-rich regions at the corresponding caffeine 
doses based on 91-min and 61-min analysis. The BPND for occupancy calculation was obtained from 

SRTM with cerebellum as the reference region. !""#$%&"' �
()*+,,-./012/3()*+,,0456127

()*+,,-./012/
� 100%.  
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DISCUSSION 

We report the quantification of [11C]preladenant uptake for the imaging of A2ARs 

in the conscious monkey brain. The tracer displayed a regional uptake that is in 

agreement with the known distribution of the tracer in the brain, with highest 

uptake in putamen and caudate, and lowest uptake in cerebellum.  

The tracer kinetics can be quantified with the 2TCM in all brain regions. Regions 

devoid of receptor expression might be better fitted with 2TCM than 1TCM, 

because a small third (non-selective/metabolic) tissue compartment might exist in 

the brain which is overwhelmed by the specific compartment in receptor-rich 

regions, but not in receptor-poor regions. When the specific binding sites are 

blocked (Figure 5.2B) or in regions without receptor expression, the specific 

binding compartment disappears and the influence of this small third tissue 

compartment on tracer kinetics emerges. The presence of a small (and slow) third 

tissue compartment resulted in difficulty in estimating k4 in reference regions. In 

reference regions, the slow third tissue compartment causes TACs to level off at 

later times, leading to very small k4 values. Consequently, a 91-min acquisition 

might not be adequate and thus a longer scan might be necessary to have a better 

estimate of k4 in reference regions. In our study, cerebellar k4 could not be properly 

estimated in 2 out of 7 baseline scans and in 1 scan with complete receptor 

blockade. As the accuracy in VND estimate is essential to determine how much 

activity in total distribution volume (VT) is due to specific binding, and VND 

appeared sensitive to k4, we have studied the effect of fixing or constraining k4 on 

both VND in cerebellum and in striatum with complete receptor blockade. We found 

that a small k4 resulted in very high VND values. Therefore, we recommend to use 

the plasma input 2TCM with k4 constrained above 0.01 min-1, resulting in more 

comparable VND estimates across studies (Figure 5.3). 

With VND stabilized by restraining k4, we further estimated the specific binding in 

target regions using DVR-1, and examined the agreement between DVR-1 and 

BPND obtained from the SRTM (Figure 5.4A). The two measures correlated well 

with each other, with an average bias of +20% for BPND. However, BPND is 

favorable to DVR-1 in terms of smaller dispersion and TRV. Next, we investigated 

if BPND is still robust with a 61-min acquisition. An excellent agreement was found 

in BPND between 61- and 91-min analysis. A good positive correlation was also 

observed between 61-min BPND and 91-min DVR-1 (Figure 5.6), although the 

correlation became worse at small BPND (i.e., BPND≤1.5 (Figure 5.6A)), because 
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both methods lose the robustness of measuring specific binding in regions lacking 

specific binding sites. Taken together, our findings suggest that striatal BPND can 

be reliably quantified with a 61-min dynamic PET acquisition. A 61-min scan 

protocol was also adequate to study the A2AR-occupancy by caffeine, as a high 

degree of consistency was observed across 61- and 91-min analysis (Figure 5.7).  

Pretreatment with a blocker decreased the VT values in the reference regions by 

~30% (Figure 5.4C, for clarity, caffeine data are not presented). A reduction in VT 

in reference regions after blocker treatment was also found with 18F-labeled 

preladenant (18F-MNI-444) in a monkey study 58, but not in a rat study with 

[11C]preladenant 140. We have observed a higher plasma parent activity 

concentration after pretreatment with a blocker than at baseline. Albeit the 

difference was not statistically significant, this might still contribute to a decrease 

in VT in blocking experiments as the TACs in reference regions at baseline and in 

blocking studies are similar. Moreover, the presence of the blocking agents might 

also influence the plasma free fraction or the permeability of the blood-brain-

barrier. The former is positively correlated to VND and VT 59, the latter regulates the 

amount of intact tracer/radioactive metabolites entering the brain. The decrease in 

VT in reference regions after blocker treatment might cause a bias in BPND 

calculations in receptor occupancy studies. Further studies are needed to find out if 

such effect is species-specific, and if the reduction in VT is actually significant (it is 

not significant in our case). Amongst all investigated reference regions, cerebellum 

is favored over others in terms of low VT and robustness of BPND estimation.  

A potential pitfall in our study might be the non-negligible impact of injected mass 

of preladenant on BPND and VT, as a mass-dependent decrease in BPND was 

observed at baseline (Supplementary figure 5.2), due to variable specific activity 

of the tracer. Differences in SA between test and retest scans could account for the 

relatively high TRV (22-29%) in this study, in comparison with our rat study (TRV 

6%), in which A2AR occupancy was always <5% 140. Injection of non-negligible 

amounts of unlabeled preladenant might theoretically also have affected the A2AR 

occupancy estimation by caffeine. However, such a bias does not appear to be 

critical, as the dynamic range (BPND 0-4.5) of [11C]preladenant in striatum still 

allowed caffeine to compete with the tracer for the A2AR-binding sites in a dose-

dependent fashion. As no in vivo A2AR Bmax value is available for rhesus monkeys, 

we are unable to estimate the A2AR occupancy of preladenant at injected masses of 

3-10 nmol/kg. Regardless of possible non-negligible receptor occupancy by 

preladenant, our study demonstrates that [11C]preladenant has suitable binding 
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properties and pharmacokinetic 

profile, which warrants its 

translation to human studies. In 

human studies, issues regarding the 

injected mass dose of the tracer are 

less likely to occur, because humans 

have a 10-15 fold higher 

bodyweight than the monkeys in this 

study and modern clinical PET 

cameras require a 2-3 fold lower 

injected [11C]preladenant dose for 

proper counting statistics than the 

animal scanner applied here.  

 

CONCLUSION 

[11C]preladenant showed a regional uptake in the conscious monkey brain that is in 

accordance with the known A2AR distribution, with high uptake in striatum, and low 

uptake in cerebellum. The tracer kinetics in striatum can be well described with the 

2TCM and SRTM. A 61-min dynamic acquisition is sufficient for adequate 

assessment of BPND, whereas a scan duration of more than 91-min might be 

necessary to have a robust estimation on k4 in reference regions. Pretreatment with 

caffeine reduced the tracer uptake in A2AR-rich regions in a dose-dependent manner, 

indicating that [11C]preladenant PET is suitable to study A2AR occupancy with A2AR-

targeting molecules.  
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ABSTRACT 

Purpose: [11C]Preladenant was developed as a novel adenosine A2A receptor PET 

radioligand. The aim of this study was to determine the radiation dosimetry of 

[11C]preladenant and to investigate whether dosimetry estimation based on organ 

harvesting can be replaced by positron emission tomography (PET)/computed 

tomography (CT) imaging in rats.  

Procedures: Male Wistar rats (n = 35) were i.v. injected with [11C]preladenant. 

The tracer biodistribution was determined by organ harvesting at 1, 5, 15, 30, 60, 

and 90 min post injection. Hollow organs including stomach, intestines, and 

urinary bladder were harvested with contents. In 10 rats, a 90-min dynamic 

PET/CT scan of the torso was acquired. Twenty volumes of interest (VOIs) were 

manually drawn on the PET image using the CT image of the same animal as 

anatomical reference. The dynamic time-activity curves were used to calculate 

organ residence times (RTs). Human radiation dosimetry estimates, derived from 

rat data, were calculated with OLINDA/EXM 1.1.  

Results: PET-imaging and organ-harvesting estimated comparable organ RTs, 

with differences of 6-27%, except for lungs, pancreas, and urinary bladder, with 

differences of 48%, 53%, and 60%, respectively. The critical organ was the small 

intestine with a dose of 25 µSv/MBq. The effective doses (EDs) calculated from 

imaging-based and organ-harvesting-derived data were 5.5 and 5.6 µSv/MBq, 

respectively, using the International Commission on Radiological Protection 60 

tissue weighting factors. 

Conclusions: The ED of [11C]preladenant (2E03 µSv for a 370 MBq injected dose) 

is comparable with other 11C-labeled PET tracers. Estimation of the radiation 

dosimetry of [11C]preladenant by PET/CT imaging in rats is feasible and gives 

comparable results to organ harvesting, provided that small VOIs are used and the 

content of hollow organs is taken into account. Dosimetry by PET imaging can 

strongly reduce the number of laboratory animals required.  

Key words: radiation dosimetry, [11C]preladenant, small-animal PET/CT, 

adenosine A2A receptor, rat. 
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INTRODUCTION 

The adenosine A2A receptor (A2AR) has been studied as a potential therapeutic 

target in peripheral inflammatory diseases 181
 and in brain disorders, such as 

depression 24, drug addiction 182, Alzheimer’s disease 21, and Parkinson’s disease 
183. We have recently synthesized [11C]preladenant, a novel positron emission 

tomography (PET) radioligand for the imaging of A2AR in the central nervous 

system 106. The tracer displayed excellent target-to-non-target ratios as well as 

favourable pharmacokinetic profiles, which warrants its translation to studies in 

human subjects. 

Before performing a clinical study, a radiation dosimetry estimation is necessary 

to determine the dose limit of a new radiopharmaceutical 184. Experimental 

animals have been used to estimate the radiation burden of a new tracer in 

humans. Preclinical radiation dosimetry measurements are often performed in 

non-human primates with PET imaging, and in rodents with organ harvesting at 

several time points post injection 185-187. Due to the influence of the animal rights 

movement, studies in non-human primates are subject of discussion, while 

conventional ex vivo organ dissection in rodents requires a large number of 

animals (i.e., 24 animals for a typical ex-vivo biodistribution study) to obtain the 

dynamic biodistribution data of radiopharmaceuticals required for dosimetry 

calculations. With the improvement of spatial resolution of the PET camera, 

small-animal PET imaging emerges as a promising alternative to study tracer 

distribution in vivo 
188-191. Dynamic PET-imaging enables studying tracer 

biodistribution over time using a single animal with much higher time resolution 

compared with organ-harvesting. The first dosimetry study with PET imaging in 

rodents was reported by Palm et al. 192, using 86Y-Trastuzumab to estimate the 

absorbed doses of 90Y-Trastuzumab in tumor and several organs in tumor bearing 

nude mice. Absorbed doses in mice were calculated following the Medical 

Internal Radiation Dose (MIRD) method, using the murine-specific S factors. 

However, dynamic PET imaging data from previous studies showed significant 

deviation from organ harvesting in multiple organs, probably due to the small 

organ sizes comparative to the low spatial resolution of the PET camera, resulting 

in a severe partial volume effect (PVE)/spillover effect on imaging data. 

Moreover, due to loss of contents of hollow organs during the organ dissection, 

large discrepancies were found in the measurements of hollow organ activities 

between the two methods, as PET-imaging gives a measure of organ walls and 
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contents while the organ-harvesting usually ignores the contribution of the organ 

contents.  

In the present study, we determined the maximum injected dose of 

[11C]preladenant for humans based on whole-body PET imaging and ex vivo 

biodistribution in rats. In order to minimize the PVE/spillover effects, high-

resolution small-animal computed tomography (CT) was applied to aid with organ 

delineation. Furthermore, spherical volumes of interest (VOIs) were drawn at the 

center of the organs to further reduce PVE/spillover effect. Finally, all hollow 

organs were dissected with contents, therefore the negative bias on activity 

estimates in hollow organs due to loss of contents was avoided. 

MATERIALS AND METHODS 

Radiochemistry 

[11C]Preladenant was synthesized as described by Zhou et al. 106. The 

radiochemical purity of [11C]preladenant was always greater than 98%. The 

specific activity of the product was 122±28 GBq/µmol (n=11). [11C]Preladenant 

was formulated in phosphate buffered saline (pH=7.4) to give the final product 

ready for injection. 

Animals  

Adult male Wistar rats (Hsd/Cpb:WU, Harlan, the Netherlands, 291±18 g, n=35) 

were housed in groups at a 12 h light/12 h dark circle. The animals were fed with 

standard laboratory chow (RMH-B, The Netherlands) and water ad libitum. After 

arrival, the rats were allowed to acclimatized for at least 7 days. The research 

protocols were approved by the Institutional Animal Care and Use Committee of 

the University of Groningen (DEC 6689H). 

Ex vivo biodistribution 

[11C]Preladenant (18±10 MBq (0.15±0.09 nmol) for organ-harvesting only, 54±20 

MBq (0.48±0.12 nmol) for organ harvesting combined with 90-min PET-imaging) 

was i.v. administered to rats (n=5 per time point for time points 1-60 min, n=10 for 

time point 90 min) via tail vein under isoflurane anesthesia (isoflurane in oxygen at 

a flow rate of 0.8 l/min, 5% isoflurane for induction, 1.5-2.5% isoflurane for 

maintenance). At 1, 5, 15, 30, 60, and 90 min post injection, animals were 

sacrificed by extirpation of the heart. Major tissues (brain, heart, lungs, liver, 
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stomach, spleen, pancreas, kidney, small intestine, large intestine, testes, and 

bladder) were harvested, weighted, and the activity was measured using a 

calibrated well counter (2480 Wizard2, PerkinElmer, Waltham, MA, USA). The 

hollow organs (i.e., heart, intestines, stomach, and urinary bladder) were dissected 

with contents. Activity in stomach and intestines was corrected for geometry 

effects due to the large volumes of 

these organs (with contents), using 

the correction factors presented in 

Supplementary figure 6.1. The data 

was expressed as Becquerel per gram 

tissue (Bq/g) and then normalized to 

body weight and injected dose to 

obtain standardized uptake values 

(SUVs) or converted to percent inject 

dose per tissue (%ID). The data were 

corrected for radioactive decay to the 

time of injection.  

PET/CT acquisition  

During the PET/CT scan, animals were anesthetized with isoflurane in oxygen at a 

flow rate of 0.8 l/min (5% isoflurane for induction, 1.5-2.5% isoflurane for 

maintenance) and kept on electronic heating pads to avoid hypothermia. Small-

animal PET/CT imaging was performed with a dedicated small animal PET/CT 

scanner (Inveon®, Siemens Preclinical Solutions, Knoxville, TN). Two bed 

positions were acquired for CT and single bed position for PET to have an axial 

field of view (FOV, ~10 cm) covering all major organs. The brain and neck were 

outside the FOV. A 18-min CT scan was carried out prior to the PET scan. 

Following the CT scan, a 90-min dynamic PET acquisition was started at the time 

of i.v. injection of [11C]preladenant (54±20 MBq, n=10). The emission sinograms 

were corrected for attenuation, scatter, and decay. The acquisition data was divided 

in 24 frames (6×10, 4×30, 2×60, 1×120, 1×180, 4×300, and 6×600 s). The data 

were reconstructed per time frame using an ordered set expectation maximization-

3D/maximum a posteriori (OSEM3D/MAP) algorithm, with a voxel size of 

0.39×0.39×0.80 mm3 and matrix of 256. Immediately after the PET scan, animals 

were terminated by extirpation of the heart. Organs were harvested and measured 

with a well counter.  

 

Supplementary figure 6.1 %Relative countrate 
against sample volume measured with the 
PerkinElmer well counter. 
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Volumes of interest  

In order to minimize the resolution-related PVE and spillover effects, spherical 

VOIs with diameters of 2.9-5.7 mm were placed at the center of the heart, lungs, 

liver, stomach content, spleen, pancreas, kidney contents, and testes on the PET-CT 

fusion images by a single observer, using Inveon Research Workplace (Siemens 

Medical Solutions, Knoxville, TN). For paired tissues such as lungs, kidney 

contents and testes, two VOIs were placed: one on the right and one on the left 

side. For the liver, VOIs were placed in two separate lobes. For the stomach wall, 

kidney wall, and intestines, VOIs were drawn well inside the boundary of the 

organs. The small intestine showed different tracer concentration at duodenum 

(first 8% section of small intestine) and the rest of small intestine. Therefore, the 

two sections were delineated separately. Then the total activity in the small 

intestine was calculated as total activity=8%*activity in duodenum+92%*activity 

in rest of small intestine. The urinary bladder was delineated based on the PET 

image. Examples of PET-CT co-registered images with manually defined VOIs are 

shown in Figure 6.1 and Supplementary figure 6.2. The time-activity curves 

(TACs) were extracted from all VOIs, expressed as Becquerel per volume (Bq/ml) 

vs. time. Then the Becquerel per volume was converted to Becquerel per mass 

(Bq/g), assuming organ density to be 1 g/ml for all organs except for lungs with a 

density of 0.33 g/ml 193.  

 

Figure 6.1 Coronal (a), saggital (b) and transversal (c) view of a representative PET/CT scan 
with the manually defined volumes of interest. 



  Radiation Dosimetry of [11C]Preladenant 

109 

Organ activity  

The activity in heart, lungs, liver, spleen, pancreas, and testes was calculated as 

activity concentration (Bq/g) multiplied by the mass of the organs (Table 6.1). The 

activity in kidney and stomach was the activity in organ walls plus the activity in 

organ contents. The masses of organ and organ contents were derived from a 300 g 

standard rat, based on the ex vivo biodistribution data of a group of 22 rats from a 

previous study (Hsd/Cpb:WU, Harlan, the Netherlands, 310±20 g), by scaling their 

organ weights and the ratios of organ weight to body weight to that of an animal of 

300 g (Table 6.1). The activity in intestines was obtained from the activity 

concentration (Bq/g)*mass of organ walls and contents, as the walls were 

indistinguishable from the contents. The activity in urinary bladder was computed 

as activity concentration (Bq/g)*mass of urinary bladder, where the mass was 

derived from the PET image (mass (g) = volume of bladder VOI (ml)*1g/ml), with 

an average value of 0.29 g (Supplementray figure 6.2).  

  

 

Supplementary figure 6.2 Coronal (a), saggital (b) and transversal (c) view of urinary bladder 
VOI on a representative PET/CT image. 
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Table 6.1 Organ masses (mean±SD) and organ-to-body mass ratios (O/B) of a 300 g standard male 
Wistar rat. 

Organ Mass (g) O/B (%) 

Brain 1.95±0.08 0.63 

Heart 0.92±0.09 0.31 

Lung 1.25±0.11 0.42 

Liver 12.88±0.92 4.29 

Spleen 0.55±0.05 0.18 

Pancreas 0.98±0.11 0.33 

Kidneys 2.35±0.13 0.76 

Urinary bladder 0.07±0.02 0.02 

Testes 2.92±0.19 0.97 

Small intestine wall 1.95±0.11 0.65 

Colon wall 0.67±0.23 0.22 

Caecum wall 0.33±0.06 0.11 

Stomach wall 1.20±0.21 0.40 

Small intestine content 5.23±2.00 1.74 

Colon content 2.70±1.20 0.90 

Caecum content 3.17±0.65 1.06 

Stomach content 2.45±1.36 0.82 

*Kidney content 0.37±0.03 0.12 

*The mass was calculated (1g=1ml) from the volume (0.374 ml) delineated on the PET/CT image 
(n=3).  

 

Global correction factor (GCF) 

The GCFs were generated to correct for PET imaging-derived activity in lungs, 

urinary bladder and pancreas for spillover effects. The GCF was calculated by 

dividing the harvesting-based activity at 90 min post injection by the mean activity of 

the last frame (80-90 min) of PET imaging of the same animal. The PET imaging-

derived TACs were corrected by multiplication with the GCF for all time points.   

Residence time calculation 

The decay-corrected TACs were converted into TACs without decay correction, 
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using the following formula: A=A0*2^[(t0-t)/T1/2], where A0 is the decay-corrected 

activity at time t, t0 is the time of injection. T1/2 is the half-life of 11C (=0.34 h). The 

residence time (RT) in each organ was computed by integration of the area under 

the TAC (%ID vs. time). Area under the curve (AUC) between the start and the end 

of scan was calculated using trapezoidal numerical integration of AUC. The 

integral between the end of scan to the infinity was calculated as Aend*0.49 h, 

where Aend is the activity at the end of scan, normalized to 1 MBq injected. The 

activity in tissues other than listed in Table 6.1 was grouped together as remainder. 

The remainder of the body was assumed to have a homogenous distribution of 

activity. The RT for the remainder was calculated by subtracting the RTs of all 

source organs from the theoretical total body RT of 0.49 h (=0.34 h/ln2), assuming 

no excretion of activity. The RTs for humans (RTh) were extrapolated from rat RTs 

(RTr) based on the difference of tissue-to-body mass ratio (Eq. 6.1), where 

Oh=human organ weight, Or=rat organ weight, Bh=human body weight, Br=rat 

body weight 194.  
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Dosimetry estimates 

The dose calculations were in accordance with MIRD pamphlet No. 21 195. 

OLINDA/EXM 1.1 software 196 was applied to estimate organ-absorbed doses and 

the effective dose (ED) of a 70-kg reference adult phantom 197. The doses were 

obtained without GCF correction. Equation 6.2 shows the absorbed dose 

(µSv/MBq) calculation of target organ i. The RT(j) is the RT in organ j (source 

organ), S (j,i) is the phantom-specific dose factor (S value) between the source 

organ j and target organ i. The EDs were computed based on tissue weighting 

factors from International Commission on Radiological Protection (ICRP) 60 198 

and ICRP 103 199. Ex vivo biodistribution data were calculated for average doses as 

well as maximum/minimum doses to assess worst/best case scenarios. The RTs 

used for obtaining maximum and minimum doses were computed from AUCs, 

where the maximum AUC was cumulative activity+95% confidence interval, and 

the minimum value was cumulative activity-95% confidence interval.  

 =YWU (S) = ∑ �(^)_ × �(^, S)                                        (6.2) 
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RESULTS 

Accumulation of [11C]preladenant in the stomach wall, liver, kidney, small 

intestine and urinary bladder was clearly visual on the PET images (Figures 6.1 

and 6.2, Supplementary figure 6.2). The highest tracer concentration was found in 

the duodenum and stomach wall, showing maximum SUVs of 28.4±7.9 and 

18.9±3.1 (imaging data), respectively, at 90 min post injection. PET-imaging and 

organ-harvesting gave comparable SUVs, as is shown in Figure 6.3. Figure 6.4 

illustrates the dynamic distribution of [11C]preladenant in multiple rat organs 

derived from PET-imaging and organ-harvesting. The activity was corrected for 

decay to the time of injection. The highest total organ tracer uptake was found in 

the liver, with a peak of 39.2±4.3% injected activity at 8.5 min post injection for 

PET-imaging data, and 28.6±9.5% injected activity at 5 min post injection for ex 

vivo biodistribution data. The brain, kidneys, heart, lungs, spleen, and pancreas 

displayed rapid tracer clearance, with a peak uptake within 1 min. The small 

intestine, large intestine, stomach, and urinary bladder exhibited continuously 

increasing uptake for the total scan duration of 90 min.  

 

Figure 6.2 Representative coronal PET images of the distribution of [11C]preladenant in the rat 
body at different times post injection (PI). 
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Figure 6.3 (a) Correlation between the tracer uptake in multiple organs (SUVs) derived from the last 
frame (80-90 min post injection) of PET-imaging and the tracer uptake obtained from organ 
harvesting of the same animals at 90 min post injection. (b) Bland-Altman analysis on the same set of 
data. The solid line shows an average bias of +27%, the dashed lines represent the 95% confidence 

intervals. 	Avg	SUV � 	 �SUVfghijki � SUVlhmnopqjki
/2  , ∆	� 2 � 100 � rSUVfghijki 	
SUVlhmnopqjkis/�SUVfghijki � SUVlhmnopqjki
. (n=10, data from heart, liver, spleen, pancreas, kidney, 

testes, intestines, and stomach were used for comparison). 

 

 

 

Figure 6.4 (a) Decay-corrected mean time-activity curves for [11C]preladenant in multiple rat organs 
obtained from PET imaging (a and c) and organ harvesting (b and d). 
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Table 6.2 Human residence times (RTs, in Becquerel-hour per Becquerel injected) and percent 
inject dose (%ID) estimates for [11C]preladenant based on PET-imaging and average organ-harvesting 
RTs from rats. 

 RT_Imaging (Mean±SD) %ID_Imaging RT_Harvesting %ID_Harvesting 

Testes 1.13E-04±0.30E-04 0.02 1.49E-04 0.03 

Pancreas 2.09E-03±0.50E-03 0.43 1.22E-03 0.25 

Spleen 2.25E-03±0.56E-03 0.46 2.07E-03 0.42 

Heart 2.58E-03±0.45E-03 0.53 2.43E-03 0.49 

Urinary bladder 3.15E-03±1.78E-03 0.64 5.88E-03 1.20 

Lower large intestine wall 3.43E-03±0.99E-03 0.70 4.31E-03 0.88 

Upper large intestine wall 4.52E-03±1.30E-03 0.92 5.67E-03 1.16 

Kidneys 7.15E-03±0.89E-03 1.28 5.94E-03 1.21 

Stomach 1.18E-02±0.19E-02 2.40 1.41E-02 2.87 

Lungs 1.76E-02±0.28E-02 3.58 1.07E-02 2.19 

Small intestine 7.03E-02±1.95E-02 14.34 7.64E-02 15.58 

Liver 9.43E-02±0.63E-02 19.23 7.26E-02 14.79 

Brain NA NA 6.84E-03 1.39 

Remainder 2.72E-01±0.25E-01 55.48 2.82E-01 57.53 

 

The residence times and the percentage of injected dose for the human adult model 

derived from rat organ activity are listed in Table 6.2. The highest cumulative 

activity was found in liver and small intestine, with RTs of 9.43E-02±0.63E-02 h 

and 7.03E-02±1.95E-02 h for imaging-based data, and 7.26E-02 h and 7.64E-02 h 

for organ harvesting-based liver and small intestine data, respectively. The data 

indicated that the tracer was mainly excreted by the hepatobiliary system, as this 

accounted for the excretion of >30% of activity, whereas merely <1.2% activity 

was found in the urinary bladder (no voiding). The imaging-based RTs were in 

agreement with organ harvesting-based values in general, with a mean difference 

of 24% (range 6-27%, except for lungs, pancreas, and urinary bladder, with 

differences of 48%, 53%, and 60%, respectively). When the GCFs were applied to 

imaging-derived TACs of lungs, pancreas, and urinary bladder, the resulting RT 

values for lungs and pancreas became comparable with organ-harvesting-derived 

RTs, with differences below 17%. However, this method was not valid for urinary 

bladder, as the difference between methods increased to 80% after correction 

(Supplementary table 6.2).  
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Supplementary table 6.2 Comparison of residence times (in Becquerel-hour per Becquerel 
injected) of [11C]preladenant in pancreas, urinary bladder and lungs between PET imaging, PET 
imaging with global factor correction, and ex vivo biodistribution. 

  Imaging (mean±SD) Imaging with correction (mean±SD) Harvesting 

Pancreas 2.09E-03±0.50E-03 1.09E-03±0.4.8E-03 1.22E-03 

Urinary bladder 3.15E-03±1.78E-03 1.39E-02±0.90E-02 5.88E-03 

Lungs 1.76E-02±0.28E-02 9.04E-03±1.65E-03 1.07E-02 

 

The highest organ dose was received by small intestine (Imaging: 23.2 µSv/MBq, 

Harvesting: 25.1 µSv/MBq), and followed by liver (Imaging: 16.8 µSv/MBq, 

Harvesting: 15.1 µSv/MBq), stomach wall (Imaging: 8.9 µSv/MBq, Harvesting: 

12.5 µSv/MBq), and kidneys (Imaging: 8.4 µSv/MBq, Harvesting: 7.2 µSv/MBq) 

(Supplementary table 6.2). ED estimates were similar between PET-imaging and 

organ-harvesting methods, being 5.1±0.3 µSv/MBq for PET-imaging, and 5.1 

µSv/MBq for organ-harvesting, with a range between 4.4 and 5.8 µSv/MBq (ICRP 

103). When the weighting factors from ICRP 60 were used in the calculation, the 

resulting EDs were 5.5±0.4 µSv/MBq for PET-imaging, and 5.6 µSv/MBq for 

organ-harvesting. When the source organs listed in Table 6.2 were reduced to 

organs with uptake visually higher than the background on the PET image 

(stomach, liver, kidney, small intestine, urinary bladder, lungs (lungs were not 

visible on the PET image, however the activity concentration in lungs was 3.3 

times higher than presented on the image. Therefore, lung was also included as a 

source organ); Figures 6.1 and 6.2), the EDs based on RT values of lungs and 

visible source organs only were 4.7±0.2 µSv/MBq for PET-imaging, and 4.6 

µSv/MBq for organ-harvesting, based on ICRP 103, and was 5.1 µSv/MBq for 

both PET-imaging and organ-harvesting, based on ICRP 60.  

DISCUSSION 

Preclinical radiation dosimetry is a common approach to estimate the activity that 

would be absorbed by humans in a clinical study. Our study has shown that the ED 

of [11C]preladenant (5.5 µSv/MBq, ICRP 60) projected from the rat biodistribution 

data is within the same range as other 11C-labeled PET tracers (3.0-16.0 µSv/MBq, 

mean 5.1 µSv/MBq) 200. The dose limiting organ for [11C]preladenant 

administration is the small intestine. A PET study with [11C]preladenant can be 

performed in human subjects using a maximum injection dose of 2.0 GBq based on 

the dose limit (50 mGy) to the small intestine (Radioactive Drug Research 
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Committee criteria). When the maximum ED of 1E04 µSv is taken into account 201, 

the maximum administered dose will be 1.8 GBq.  

The conventional organ-harvesting method for radiation dosimetry estimates has 

disadvantages such as laborious sampling procedure, limited information obtained 

from single animals, and low time resolution of the dynamic data, resulting in 

experimental measured organ doses that deviate from the true values. Small-animal 

PET imaging could overcome these problems and serve as an alternative to organ 

harvesting to study in vivo tracer biodistribution, provided PVE and spillover 

effects are minimal. Our study used a high-resolution small-animal PET camera 

with a spatial resolution of 1.35 mm at the center of the FOV. Furthermore, PET 

imaging was performed on rats, which have larger organ sizes than mice. 

Therefore, it is possible to define VOIs containing a sufficient number of voxels 

well inside the boundary of organs to ensure sufficient counting statistics. In 

addition, high-resolution CT images were co-registered with PET images of the 

same animal that could serve as anatomical references for organ delineation 

(Figure 6.1). Taken together, these approaches could substantially reduce 

PVE/spillover effects due to the limited spatial resolution of the PET camera. Thus, 

the reliability of PET-imaging data can be greatly improved. Indeed, when we 

compared the PET-imaging-derived activity uptake with activity uptake obtained 

from organ-harvesting, a high degree of concordance was found between the two 

measures (Figure 6.3a). A good correlation was observed by a linear regression 

model, with a slope equal to 1.0, and a correlation (r2) of 0.89 (n=10).  

Our PET-imaging results, albeit superior to other published data in terms of high 

agreement with organ-harvesting measurements 189-191, still showed a small 

deviation from organ-harvesting data. As is shown in Figure 6.3b, a positive bias 

was observed for PET-imaging, especially in regions with low uptake. We assume 

that the overestimation of activity in several organs with low uptake, such as the 

spleen, pancreas, lungs, and kidneys, is due to spillover effects, as these organs are 

adjacent to regions with high uptake, like the stomach wall, liver and duodenum. 

Therefore, one can easily imagine that pancreas would be the most affected organ, 

since it has a small volume, and is situated between organs with the highest 

activity. Activity in lungs measured by PET-imaging also deviated substantially 

from activity uptake obtained from organ-harvesting. Spillover of activity from 

liver would be one explanation. This spillover effect was further enhanced by the 

0.33g/ml conversion factor that was used to calculate the activity concentration in 

lungs. Thus, the spillover effect was tripled during the calculation. Organs with 
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high uptake seem to be less affected by PVE, as the PET-imaging and organ-

harvesting estimated comparable values. Interestingly, we found that the activity in 

liver was higher measured with PET-imaging than organ-harvesting. It is unlikely 

that the activity measurement with PET was affected by spillover effect, as the 

VOIs in liver were far away from surrounding tissues (Figure 6.1). Here we 

consider that the activity in liver is more reliable with PET-imaging than organ-

harvesting, because the body fluid loss in liver during the ex vivo biodistribution 

process might lead to an underestimation of activity with organ-harvesting. As 

discussed above, the activity was most concentrated in stomach wall and 

duodenum, therefore, the hepatic portal vein (75% of liver blood supply) and 

intrahepatic fluid may contain high levels of activity, maybe even higher than the 

activity in hepatocytes. When the heart was extirpated, the blood, which makes up 

30% of total volume in the liver, is drained way from the liver. The intrahepatic 

activity may also be taken away along with blood loss. Therefore, the activity 

measured with ex vivo biodistribution could be underestimated.  

Despite the overestimation of activity with PET-imaging in several organs with 

low activity uptake, an average bias of +27% is quite acceptable, because organs 

with low activity uptake do not contribute much to the radiation dose estimation. 

The bias is much smaller in organs with high activity uptake, which are more 

important source organs for dose estimation (Figure 6.3). Furthermore, the 

cumulative activity (AUC) estimates by both methods were similar, with the 

exceptions of pancreas, lungs and urinary bladder, as is shown in Table 6.2. The 

results suggest that the spillover effect is the major factor leading to an 

overestimation of activity with PET-imaging. However, such deviations with PET-

imaging were small and have been greatly reduced by the strategies discussed 

above, in particular by drawing small VOIs with regular shapes well inside the 

boundary of organs and by dissecting hollow organs with contents.   

The activity in urinary bladder was substantially underestimated by 47% with PET-

imaging (Table 6.2). The organ mass of the urinary bladder (0.29 g on average) 

calculated from the volume of this organ on the PET images was different from 

either the mass of urinary wall (0.07 g) or the urinary wall with urine (0.5-4.5 g) 

measured with organ-harvesting. The volume of the urinary bladder cannot be 

properly estimated by PET because of the low activity in urine. The activity might 

have a higher concentration around the ureter, where the urine was delivered from 

the kidneys, making the small area visible from the background. However, a large 

portion of urinary bladder and urine was not visible, resulting in an 
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underestimation of activity as only the visible portion was considered in the 

calculation. However, since the activity was low in urinary bladder, the inaccurate 

measurement with PET-imaging would not significantly impair the dose 

estimation, as the urinary bladder was neither a source organ, nor a critical organ in 

this case.  

In order to reduce PET resolution-associated PVE and spillover effect, several 

methodologies have been applied to improve data accuracy, such as region-based 

PVE correction reported by Lehnert et al. 93, and the use of GCFs based on ex-vivo 

biodistribution data, as was suggested by Kesner et al. 190. The former technique is 

robust and resulted in good recovery of activity in small VOIs. However it requires 

accurate anatomic information. Since not all structures are identifiable with CT 

imaging, and the shapes of the organs can be different between scans, it becomes 

very complicated or even impossible to apply this methodology to the whole-body 

scan. A simpler method is the GCF correction which was tested in our study. The 

major limitation of this method is that it does not change the shape of the TACs in 

organs after correction, whereas the PVE/spillover effect has a dynamic impact on 

TACs, as it is affected by the activity kinetics in adjacent tissues. The global 

correction failed to correct the activity in urinary bladder, since the mismatch of 

activity in this organ with PET-imaging was not due to PVE. Since the uptake in 

pancreas and lungs was affected by spillover from the liver, GCF correction 

substantially improved the results in these organs. Other organs showed 

comparable results between PET-imaging and organ-harvesting, indicating that the 

PVE was small. Considering the disadvantages of global correction, which may 

introduce a bias and impair the PET-imaging results, and considering the reliability 

of organ-harvesting data, especially in liver, global correction was not used in the 

dose calculations. Even without global correction the ED and critical organ dose 

estimates were similar between PET-imaging and organ-harvesting, indicating that 

the PVE correction is not crucial in our dosimetry study. Therefore, ex vivo 

biodistribution after PET scanning can be omitted. 

In our study, the head and neck regions were not scanned because 1) head and neck 

were not expected to show relevantly high uptake (based on ex vivo biodistribution 

and our previous studies), thus tracer uptake in these regions had very small 

contribution to the dose calculation. 2) Technical hurdles. The PET/CT modality 

requires manual positioning of animals on both PET and CT sides when whole-

body PET scan is performed, resulting in difficulty in coregistration of PET and CT 

images. Furthermore, PET scanning with continuous bed motion leads to dynamic 
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images with low time-resolution and low statistical quality. In our particular case 

the impact on dosimetry of including the head and neck region was deemed too 

small to justify its cumbersomeness and reduced image quality. In case of brain and 

neck as possibly critical organs, PET imaging of these regions is necessary and is 

best possible with our PET/CT system by scanning each animal twice with one 

scan on the head+upper torso and the other on the lower part of the body.  

CONCLUSIONS 

The ED of [11C]preladenant is comparable with other 11C-labeled PET tracers. A 

single injection dose of 370 MBq (10 mCi) should be easily allowed for the first 

PET study in humans. Estimation of the radiation dosimetry of [11C]preladenant by 

PET/CT imaging in rats is feasible and gives comparable results as organ 

harvesting, provided that small VOIs with regular shapes are used and the content 

of hollow organs is taken into account. Dosimetry by PET-imaging can thus 

strongly reduce the number of laboratory animals required.  
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Adenosine acts as an important modulator on neuronal activity. Adenosine 

signaling via adenosine A2A receptors (A2ARs) regulates dopaminergic and 

glutamatergic neuronal transmission in the central nervous system. Nowadays, 

A2AR attracts a lot of attention as a potential pharmacological target in brain 

disorders associated with disturbed dopaminergic/glutamatergic pathways, such as 

Parkinson’s disease (PD), Alzheimer’s disease, Huntington’s disease, drug 

addiction, and schizophrenia, because changes of A2AR expression were found in 

post-mortem brain of patients with these diseases. Moreover, biochemical 

techniques revealed alterations in A2AR-related signaling in brain disease models, 

linking abnormal receptor expression with clinical symptoms. These findings 

support the importance of A2AR in brain functioning, justifying comprehensive 

investigation on A2AR function in various pathological conditions.  

Positron-emission tomography (PET) with a suitable radioligand enables in vivo 

mapping and quantification of A2AR. This technique could be applied to study the 

changes in the availability and distribution of A2AR during the course of diseases 

and in response to drug intervention. PET could also help to establish 

pharmacokinetic-pharmacodynamic models to identify the key properties of A2AR-

targeting drugs in vivo. These applications offer opportunities to unravel the role of 

A2AR in both physiological and pathological conditions and to explore the potential 

of A2AR as therapeutic and diagnostic target in various brain disorders. 

The use of currently available PET radiopharmaceuticals for imaging of A2AR is 

limited because of several unsatisfactory properties of these tracers, such as low 

target-to-non-target ratio and slow kinetics, resulting in troublesome quantification 

of tracer uptake. Therefore, our work aimed at the development of a suitable 

radiopharmaceutical for A2AR and at the validation of this tracer in translational 

preclinical studies to enable human PET imaging of this receptor. This validation 

of the new radiopharmaceutical included a study to explore the feasibility of 

monitoring A2AR availability during disease progression in an animal model of PD 

using PET.  

The thesis starts with an overview of the biochemical properties of A2AR and the 

potential of this receptor as a therapeutic and diagnostic biomarker in several brain 

diseases (Chapter 1). In addition, the basics of PET imaging and the requirements 

for radiopharmaceutical development were briefly introduced. Finally, the 

principles of tracer uptake quantification, which is an important aspect in brain 

PET imaging studies, were discussed.  
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In Chapter 2, we reported the synthesis of a novel A2AR-radioligand, 

[11C]preladenant, together with the in vitro/in vivo evaluation of this tracer in rats. 

This study demonstrated that [11C]preladenant can be easily produced with high 

chemical/radiochemical purity. In vitro and in vivo evaluation point to favourable 

properties of our novel tracer in terms of high target-to-background ratio 

(maximum striatum-to-cerebellum ratio of 6.5, PET imaging), high receptor 

mediated binding to A2AR (determined by blocking experiments with A2AR specific 

antagonist KW-6002), and favourable pharmacokinetics (tracer uptake peaked at 

22.5 min post injection, striatum-to-cerebellum ratio stabilized at 45 min post 

injection). These results imply that [11C]preladenant potentially has suitable 

properties for the quantification of A2AR in vivo with PET.  

Encouraged by the promising results from the first in vivo study, we further studied 

the kinetics of [11C]preladenant in the rat brain (Chapter 3), using pharmacokinetic 

modeling. Dynamic PET imaging for 60-min with arterial blood sampling or for 

90-min without blood sampling was performed. We found that the tracer kinetics 

were well described by both the 2-tissue compartment model (2TCM) and Logan 

graphical analysis with 60-min acquisition. Total distribution volume (VT) in target 

region (i.e., striatum) as well as non-displaceable distribution volume (VND) in 

regions devoid of A2AR binding sites (e.g., cerebellum, midbrain, occipital cortex) 

can be reliably estimated by both methods. Midbrain and occipital cortex proved to 

be the best reference regions for quantification of A2AR with the simplified 

reference tissue model (SRTM). Striatal binding potential (BPND) estimated from 

the SRTM was ~5.5, which was comparable with distribution volume ratio (DVR)-

1 (VT, striatum/VND, reference-1) derived from the 2TCM. The SRTM yielded robust BPND 

(10% coefficient of variation) with a low test-retest variability of ~5.5%, 

suggesting that an acquisition procedure without blood sampling can be used for 

quantification of BPND.  

In A2AR-occupancy experiments, pretreatment with the A2AR specific antagonist 

KW-6002 decreased tracer uptake in striatum in a dose-dependent manner. BPND 

obtained from SRTM was used to calculate ED50 of KW-6002. We found that BPND 

and ED50 values derived from analysis of the first 60 min or the full 90 min of the 

acquisition data were comparable, indicating that a 60-min acquisition is sufficient 

to quantify tracer kinetics with BPND in rats.  

Furthermore, an excellent correlation between the relative standardized uptake 

value of striatum compared to a reference region and the striatal BPND obtained 
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from kinetic modeling was observed, suggesting that the scan procedure may be 

further simplified to a static scan in rats.  

The results from the tracer quantification study suggest that [11C]preladenant-PET 

is suitable to quantify A2ARs and assess A2AR occupancy in striatum. To further 

explore the feasibility of [11C]preladenant-PET, we continued our studies with this 

tracer in a Parkinson’s rat model to investigate the feasibility of our tracer to detect 

changes of A2AR availability during the course of disease (Chapter 4), as previous 

studies have shown an elevated level of A2AR in post-mortem brains of patients 

with PD. In this study, dynamic [11C]preladenant-PET imaging for 60 min was 

done in rats with a unilateral lesion induced by injection of 6-hydroxydopamine 

(PD rats) or saline (shame operated rats) in the substantia nigra. In addition, PD 

rats with and without levodopa-induced dyskinesia (LID) were compared. BPND 

was used as the pharmacokinetic outcome parameter. In parallel, dopamine type 2 

receptor (D2R) imaging with [11C]raclopride was also performed, because the D2R 

interplays with A2AR in PD. In addition, behavioral testing for motor and cognitive 

function was performed.  

At the behavioral level, the PD rats developed forepaw akinesia contralateral to the 

lesioned hemisphere of the brain. These rats also showed decreased spatial memory 

and explorative behavior. Besides these behavioral alterations, PD rats showed an 

increase in D2R availability and a tendency towards a decrease in A2AR availability 

in the ipsilateral striatum as compared with sham operated control rats. When the 

PD rats were treated with levodopa for 15 days, they exhibited increased A2AR 

availability compared with saline treated PD rats. We also observed positive 

correlations between D2R and A2AR BPND values in the ipsilateral striatum, and 

between the abnormal involuntary movement (AIM) score and the D2R BPND in the 

contralateral striatum. These results suggest that A2AR availability is dependent on 

the stage of PD progression, as A2AR level changed adversely in drug naïve and in 

dyskinetic PD rats. Furthermore, the observed correlations between A2AR and AIM 

score with striatal D2R availability may provide new possibilities to further unravel 

the functions of these targets in the pathophysiology of LID. 

Our rat experiments have shown the suitability of [11C]preladenant-PET to quantify 

A2AR in striatum and to monitor changes of A2AR availability in pathological 

conditions. In order to apply our new tracer in human studies, in Chapter 5, we 

took the next step to validate our tracer in a species closer to humans. In 

collaboration with our Japanese partners, 18 dynamic [11C] preladenant-PET scans 
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with scan duration of 91 min were performed on 4 rhesus monkeys in a conscious 

state. This study shows that the regional uptake of [11C]preladenant was consistent 

with the distribution of A2ARs in the monkey brain, with the highest uptake in 

putamen, followed by caudate, and the lowest uptake in cerebellum. Tracer kinetics 

in the monkey brain was well described by the 2TCM. However, a constraint on k4 

was necessary to stabilize fits in regions with negligible A2AR binding sites. The 

plasma to tissue rate constant (K1) was much smaller in the monkey brain than in 

the rat brain (0.19 ± 0.06 mL/cm3/min vs. ~1 mL/cm3/min), resulting in slower 

tissue kinetics in monkeys. Unlike rats, in which a satisfactory estimate of VND can 

be obtained within 60-min acquisition, a scan duration of 91 min was still not 

sufficient to reliably estimate VND in the monkey brain. We think that the difficulty 

in VND estimation might be due to the presence of a small and slow third 

compartment with very small k4 values (or k6 for 3TCM). This compartment is 

masked by the big specific compartment in regions with high A2AR density. 

However, in regions lacking specific binding sites or when the binding sites are 

substantially blocked, this third compartment is no longer obscured by the specific 

compartment. We found that small k4 values (e.g., k4≤0.005 min-1) tended to result 

in unrealistically high VND. Therefore, k4 was constrained to above 0.01 min-1 to 

provide more comparable VND across scans.  

With stabilized VND (~1.3) by constraining k4, we calculated BPND in the target 

region, striatum, obtained from the SRTM and compared it with DVR-1 (=VT, 

striatum/VND, cerebellum-1, ~4.3-5.3 in A2AR-rich regions). A good correlation was found 

between DVR-1 and BPND in striatum using either 61-min or 91-min acquisition 

for analysis, suggesting that striatal BPND can be quantified with SRTM with 61-

min acquisition. 

Furthermore, we found that caffeine pretreatment resulted in dose-dependent A2AR-

occupancy in striatum. Similar to the rat study, 61- and 91-min acquisition for 

analysis provided comparable A2AR-occupancy values in the target region, with a 

difference between methods of only 1%. These results confirm that a 61-min 

acquisition is sufficient to obtain BPND in striatum with SRTM and thus to calculate 

striatal A2AR-occupancy in the monkey brain. The kinetics of our tracer is faster 

than a recently reported 18F-labeled preladenant analogue [18F]MNI-444, as a 120 

min acquisition is necessary for quantification of [18F]MNI-444 in the monkey 

brain 58. 
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Taken together, our tracer displayed excellent target-to-background ratios as well 

as favourable pharmacokinetic profiles in both rats and monkeys. Furthermore, 

[11C]preladenant-PET was able to show the changes of A2AR availability in both 

disease and drug occupancy-induced conditions, justifying the application of our 

novel tracer in human studies.  

In case of [11C]preladenant, toxicity studies are not required because phase I/II 

clinical studies conducted by Merck have already shown that unlabeled preladenant 

can be applied safely in humans. Before starting a clinical trial, however, a 

radiation dosimetry estimation is required to determine the dose limit of a new 

radiopharmaceutical (EMA Guideline for radiopharmaceuticals in early phase 

clinical trials in the EU). Therefore, in Chapter 6, we performed a radiation 

dosimetry study in rats to estimate the dose limit of [11C]preladenant for human 

subjects. In this study, dynamic PET/computed tomography (CT) imaging was 

performed to determine the activity distribution in various organs. The PET/CT 

imaging was compared with ex vivo biodistribution, using the latter as the gold 

standard. The aim of this study was thus to determine the radiation dosimetry of 

[11C]preladenant and to investigate whether dosimetry estimation based on 

conventional organ harvesting can be replaced by PET/CT in rats. Our data show 

that PET-imaging and organ-harvesting estimated comparable tissue activity 

concentrations provided that the volumes of interest were delineated well inside the 

organs on PET/CT images and the content of hollow organs was taken into 

account. Here we proved that estimation of radiation dosimetry in rats with 

PET/CT imaging is feasible. Therefore, the number of laboratory animals required 

in dosimetry studies can be greatly reduced. Furthermore, an effective dose (ED) of 

5.5 µSv/MBq was calculated for [11C]preladenant in a standard human. This value 

is comparable with the ED of other 11C-labeled radiopharmaceuticals, indicating 

that [11C]preladenant can be safely administered to human subjects at a standard 

dose of 370 MBq (10 mCi).  

Taken together, the studies described in this thesis indicate that [11C]preladenant is 

a suitable tracer for in vivo measuring A2AR in striatum by PET and provide the 

data required for translation of this PET tracer to applications in humans. First in-

human studies with [11C]preladenant have just been started by our Japanese 

collaborators. 
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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 
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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 
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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.   
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Adenosine is een belangrijke modulator voor neuronale activiteit. Adenosine 

signaal overdracht via adenosine A2A receptoren (A2ARs) reguleert dopaminerge en 

glutamaterge neuronale transmission in het centrale zenuw stelsel. Momenteel trekt 

A2AR veel aandacht als een mogelijk farmacologisch target bij afwijkingen in de 

hersenen die te maken hebben met verstoorde dopaminerge/glutamaterge 

mechanismen, zoals de ziekte van Parkinson (PD), ziekte van Alzheimer, ziekte 

van Huntington, drug verslaving, en schizofrenie, omdat veranderingen in A2AR 

expressie zijn gevonden in post-mortem hersenen van patiënten met deze ziektes. 

Daar komt nog bij dat biochemische technieken veranderingen hebben aangetoond 

in A2AR-gerelateerde signaaltransductie in hersenziekte modellen, waarbij 

abnormale receptor expressie werd gekoppeld aan klinische symptomen. Deze 

bevindingen ondersteunen het belang van A2AR voor het functioneren van de 

hersenen. Het grondig bestuderen van A2AR functie in verschillende pathologische 

condities is daarom van groot belang.  

Positron emissie tomografie (PET) in combinatie met een geschikt radioligand 

maakt het mogelijk om A2AR in vivo af te beelden en te kwantificeren. Deze 

techniek kan worden toegepast om veranderingen in de beschikbaarheid en 

verdeling van A2AR te meten gedurende het verloop van de ziektes en als reactie op 

behandeling met medicijnen. PET kan ook helpen om farmacokinetische en 

farmacodynamische modellen op te zetten om belangrijke eigenschappen van 

A2AR-gerichte medicijnen in vivo te identificeren. Deze toepassingen bieden 

mogelijkheden om de rol A2AR te ontrafelen in zowel fysiologische als 

pathologische omstandigheden en om te onderzoeken wat de mogelijkheden zijn 

van A2AR als therapeutisch en diagnostisch target in verschillende hersenziektes. 

De PET radiofarmaca die momenteel ontwikkeld zijn, zijn niet erg geschikt voor 

het afbeelden van A2AR, omdat deze PET-radiofarmaca ongunstige eigenschappen 

bezitten zoals een lage doelwit-achtergrond verhouding en een langzame kinetiek 

hetgeen resulteert in een lastige kwantificering van de opname van de PET-tracer. 

Om deze reden hebben wij gewerkt aan de ontwikkeling van een geschikt 

radiofarmacon voor A2AR en aan de validatie van deze tracer in translationele 

preklinische studies om uiteindelijk PET beeldvorming van deze receptor in de 

mens mogelijk te maken. Een onderdeel van deze validatie was een studie om te 

kijken of de beschikbaarheid van A2AR gemeten kon worden gedurende de 

voortgang van de ziekte van Parkinson in een diermodel met PET.  

Het proefschrift begint met een overzicht van de biochemische eigenschappen van 
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A2AR en de mogelijkheden van deze receptor als therapeutische en diagnostische 

biomarker in verschillende hersenziektes (Hoofdstuk 1). Daarnaast worden de 

basisaspecten van PET-beeldvorming en de randvoorwaarden voor het ontwikkelen 

van radiofarmaca kort beschreven. Tot slot worden de principes van de 

kwantificeringmethodes van radiofarmaca opname uitgelegd.  

In Hoofdstuk 2 wordt de synthese van een nieuw A2AR-radioligand, 

[11C]preladenant beschreven inclusief de in vitro/in vivo evaluatie van deze tracer 

in ratten. Deze studie liet zien dat [11C]preladenant eenvoudig geproduceerd kan 

worden in hoge chemische en radiochemische zuiverheid. De In vitro en in vivo 

evaluatie wijzen op gunstige eigenschappen van onze nieuwe  tracer zoals blijkt uit 

de hoge doelwit-tot-achtergrond verhouding (maximum striatum-tot-cerebellum 

verhouding is 6,5 verkregen met PET imaging), de hoge receptor gemedieerde 

binding aan A2AR (bepaald door blokkeringsexperimenten met een A2AR specifieke 

antagonist KW-6002), en gunstige farmacokinetiek (maximum tracer opname op 

22,5 min na injectie, striatum-tot-cerebellum verhouding stabiel op 45 min na 

injectie). Deze resultaten geven aan dat [11C]preladenant gunstige eigenschappen 

bezit voor de kwantificatie van A2AR in vivo met PET.  

Aangemoedigd door de veelbelovende resultaten van de eerste in vivo studie, 

gingen we verder met het bestuderen van de kinetiek van [11C]preladenant in het 

ratte brein (Hoofdstuk 3), met behulp van  farmacokinetische modellering. 

Dynamische PET beeldvorming gedurende 60 min met arteriële bloed 

bemonstering of gedurende 90 min zonder bloed bemonstering werd hiertoe 

uitgevoerd. Wij vonden dat de tracer kinetiek goed kon worden beschreven door 

zowel een 2-weefsel compartimenten model (2TCM) als een Logan grafische 

analyse methode met een 60-min meettijd. Het totale distributie volume (VT) in het 

doelwit hersengebied (i.e., striatum) evenals het niet-verdringbare distributie 

volume (VND) in gebieden zonder A2AR bindingsplaatsen (bijv. cerebellum, 

middenhersenen, occipitale cortex) konden op een betrouwbare manier worden 

bepaald met beide methoden. De middenhersenen en de occipitale cortex bleken de 

beste referentie gebieden te zijn om A2AR te kwantificeren met het vereenvoudigde 

referentie weefsel model (SRTM). De striatale bindingspotentiaal (BPND) berekend 

met de SRTM was ~5,5, en was vergelijkbaar met de distributie volume 

verhouding (DVR)-1 (VT, striatum/VND, reference-1) afgeleid vanuit de 2TCM. De SRTM 

leverde een robuuste BPND op (10% variatie coëfficiënt) met een lage test-hertest 

variabiliteit van ~5,5%, hetgeen suggereert dat een meetprocedure zonder bloed 

bemonstering kan worden gebruikt voor de kwantificatie van BPND.  
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In experimenten ter bepaling van de A2AR-bezettingsgraad resulteerde 

voorbehandeling met de A2AR specifieke antagonist KW-6002 in een verlaagde 

tracer opname in het striatum in een dosis-afhankelijk verband. De BPND verkregen 

met de SRTM werd gebruikt om de ED50 van KW-6002 te berekenen. Wij vonden 

dat de BPND en ED50  waarden afgeleid uit de analyse van de eerste 60 min of de 

volledige 90 min meettijd vergelijkbaar waren, hetgeen aangeeft dat 60 min 

voldoende is om de tracer kinetiek met BPND in ratten te kwantificeren.  

Verder kan vermeld worden dat er een uitmuntende correlatie werd gevonden 

tussen de relatieve gestandaardiseerde opname waarde van het striatum in 

vergelijking met het referentie gebied en de striatale BPND verkregen met 

kinetische modellering, wat suggereert dat de scan procedure verder kan worden 

vereenvoudigd tot een statische scan in ratten.  

De resultaten van de tracer kwantificatie studie suggereren dat [11C]preladenant-

PET geschikt is om A2ARs te kwantificeren en A2AR bezettingsgraad in het striatum 

te bepalen. Om de verdere mogelijkheden van [11C]preladenant-PET te 

onderzoeken, vervolgden wij ons onderzoek met deze tracer in een Parkinson’s rat 

model. Hierbij wilden wij kijken of we met de tracer veranderingen A2AR 

beschikbaarheid konden meten gedurende het verloop van de ziekte (Hoofdstuk 

4). Eerdere studies toonden een verhoogd aantal A2AR in post-mortem hersenen 

van PD patiënten aan. In deze studie, werden dynamische [11C]preladenant-PET 

scans uitgevoerd gedurende 60 min in ratten met een unilaterale lesie veroorzaakt 

door injectie van 6-hydroxydopamine (PD ratten) of fysiologisch zout (sham-

geopereerde ratten) in de substantia nigra. Daarnaast werden PD ratten met en 

zonder levodopa-geïnduceerde dyskinesie (LID) vergeleken. De BPND werd 

gebruikt als de farmacokinetische uitkomst parameter. Verder werd ook dopamine 

type 2 receptor (D2R) beeldvorming gedaan [11C]raclopride omdat de D2R en A2AR 

elkaar in PD beïnvloeden. Ter ondersteuning van de PET-metingen werden 

gedragstesten uitgevoerd om de beweging- en cognitieve functie te testen.  

Op gedragsniveau ontwikkelden de PD rats akinesie aan de voorpoot contralateraal 

aan de hersenhelft met de lesie. Deze ratten lieten ook een verminderd ruimtelijk 

geheugen en verkennend gedrag zien. Naast deze gedragsveranderingen 

vertoonden de PD-ratten een toename in D2R beschikbaarheid zien en een tendens 

tot verminderde beschikbaarheid van A2AR in het ipsilaterale striatum in 

vergelijking met de sham-geopereerde controle ratten. Wanneer de PD ratten 15 

dagen werden behandeld met levodopa, vertoonden zij een toegenomen A2AR 
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beschikbaarheid in vergelijking met PD ratten die waren behandeld met 

fysiologisch zout. Wij zagen ook positieve correlaties tussen D2R en A2AR BPND 

waarden in het ipsilaterale striatum, en tussen de abnormale onvrijwillige 

bewegings (AIM) score en de D2R BPND in het contralaterale striatum. De 

resultaten suggereren dat de beschikbaarheid van A2AR afhankelijk is van het 

stadium van PD. Het A2AR niveau ging omlaag bij onbehandelde ratten en in 

dyskinetische PD ratten. De waargenomen correlaties tussen A2AR en de AIM 

score met de striatale D2R beschikbaarheid kunnen nieuwe mogelijkheden geven 

om de functies van deze targets in de pathofysiologie van LID te ontrafelen.  

Onze experimenten in ratten hebben laten zien dat [11C]preladenant-PET zeer 

geschikt is om A2AR in het striatum te kwantificeren en om veranderingen in A2AR 

beschikbaarheid te meten bij  pathologische omstandigheden. Om deze tracer in 

humane studies te kunnen gebruiken, hebben wij er voor gekozen om onze tracer te 

valideren in een diersoort die dichter bij de mens staat (Hoofdstuk 5). In 

samenwerking met onze japanse partners, werden 18 dynamische [11C]preladenant-

PET scans gedaan met een scantijd van 91 min bij 4 wakkere rhesusapen. Deze 

studie liet zien dat de opname van [11C]preladenant in de verschillende 

hersengebieden goed overeen kwam met de verdeling van A2ARs in het apenbrein 

met de hoogste opname in putamen, gevolgd door caudate, en de laagste opname in 

cerebellum. De kinetiek van de tracer in het apenbrein werd goed beschreven door 

het 2TCM. Echter er was wel een beperking op de k4 nodig om de fits in de 

hersengebieden met een lage hoeveelheid A2AR bindingsplaatsen te stabiliseren. De 

snelheidsconstante van plasma naar weefsel (K1) was veel kleiner in de hersenen 

van de aap ten opzichte in die van de rat (0,19 ± 0,06 mL/cm3/min vs. ~1 

mL/cm3/min), hetgeen resulteerde in een langzamere weefsel kinetiek bij apen. In 

tegenstelling tot ratten, waar een goede afschatting van de VND kan worden 

verkregen met een 60-min scanprotocol, was een scantijd van 91 min nog niet 

voldoende om op betrouwbare manier de VND in het apenbrein te bepalen. Wij 

denken dat het moeilijk is om de VND te bepalen vanwege het feit dat er een klein 

en langzaam derde compartiment is met hele kleine k4 waarden (of k6 voor 3TCM). 

Dit compartiment wordt gemaskeerd door het grote specifieke compartiment in 

gebieden met een hoge A2AR dichtheid. Echter in gebieden zonder 

bindingsplaatsen of wanneer de bindingsplaatsen grotendeels geblokkeerd zijn, is 

dit derde compartiment niet langer te verwaarlozen. Wij vonden dat kleine k4 

waarden (e.g., k4≤0,005 min-1) dreigden te resulteren in een hoge VND. Daarom 

moest k4 tot waarden boven 0,01 min-1 beperkt worden om beter vergelijkbare VND 

te kregen tussen verschillende scans.  
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Met een gestabiliseerde VND (~1,3) door het beperken van k4, berekenden wij de 

BPND in striatum, verkregen met SRTM en vergeleken die met DVR-1 (=VT, 

striatum/VND, cerebellum-1, ~4,3-5,3 in A2AR-rijke gebieden). Er werd een goede 

correlatie gevonden tussen DVR-1 en BPND in het striatum bij zowel de 61-min als 

91-min PET-scan wat suggereert dat de striatale BPND kan worden gekwantificeerd 

met SRTM gebruik makend van 61-min meettijd. 

Verder vonden wij dat voorbehandeling met cafeïne resulteerde in dosis-

afhankelijke A2AR-bezettingsgraad in het striatum. Zoals ook in de rattestudie, 

gaven de 61- en 91-min scantijd vergelijkbare A2AR-bezettingsgraad waarden in 

het doelwitgebied met een verschil tussen de twee methoden van slechts 1%. Deze 

resultaten bevestigen dat een 61-min scanprotocol voldoende is om een BPND te 

krijgen in het striatum met behulp van SRTM en ook op deze manier de A2AR-

bezettingsgraad in het apenbrein te berekenen. De kinetiek van onze tracer is 

sneller dan die van een recent gepubliceerde 18F-gelabelde preladenant analoog 

[18F]MNI-444, waar een 120 min scanprotocol nodig was van de kwantificering 

van [18F]MNI-444 in het apenbrein 58. 

Samenvattend kan gesteld worden dat onze tracer zeer goede doelwit-tot-

achtergrond contrasten oplevert en ook gunstige farmacokinetische eigenschappen 

in zowel ratten als apen. Verder liet [11C]preladenant-PET ook zien dat 

veranderingen in A2AR beschikbaarheid goed gemeten konden worden in PD ratten 

en omstandigheden waarbij de receptor bezetting veranderd is. Daarom is het 

gerechtvaardigd om onze nieuwe tracer in studies bij de mens te gebruiken.  

In het geval van [11C]preladenant zijn geen toxiciteitsstudies nodig omdat bij fase 

I/II klinische studies uitgevoerd door Merck al is aangetoond dat ongelabeled 

preladenant veilig kan worden gebruikt bij mensen. Voordat echter een klinische 

studie kan worden gestart is nog een stralingsdosimetrie schatting vereist om te 

bepalen wat de dosis limiet is van het nieuwe radiofarmacon (EMA richtlijn voor 

radiofarmaca in vroege fase klinische studies in de EU). Daarom hebben we in 

Hoofdstuk 6 een stralingsdosimetrie studie in ratten gedaan om te bepalen wat de 

dosis limiet is voor [11C]preladenant bij de mens. In deze studie zijn dynamische 

PET/CT scans gemaakt om de verdeling van de radioactiviteit in verschillende 

organen te bepalen. De PET/CT Beeldvorming werd vergeleken met ex vivo 

biodistributie als gouden standaard. Het doel van deze studie was zo om de 

stralingsdosimetrie te bepalen en om te onderzoeken of de dosimetrie meting 

gebaseerd op conventionele biodistributie van organen kon worden vervangen door 
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PET/CT. Onze resultaten lieten zien dat PET-beeldvorming and orgaan 

verdelingsstudies vergelijkbare waarden gaven wat betreft de radioactiviteit 

concentraties in organen. Hierbij moet wel worden opgemerkt dat de gemeten 

volumes van interesse goed moesten worden afgebakend binnen de grenzen van de 

organen op de PET/CT beelden en dat de inhoud van lege organen mee werd 

genomen in de berekening. Er is aangetoond dat de bepaling van de 

stralingsdosimetrie goed kan worden uitgevoerd in ratten met PET/CT. Hierdoor 

kan ook het aantal benodigde proefdieren in dosimetrie studies sterk worden 

teruggebracht. Een effectieve dosis (ED) van 5,5 µSv/MBq werd berekend voor 

[11C]preladenant in een gemiddelde mens. Deze waarde is te vergelijken met de ED 

van andere 11C-gelabelde radiofarmaca, hetgeen betekent dat [11C]preladenant 

veilig kan worden toegediend aan mensen met een standaard dosis van 370 MBq 

(10 mCi).  

Concluderend kan worden gezegd dat de studies beschreven in dit proefschrift 

aangeven dat [11C]preladenant een geschikte tracer is voor het in vivo meten van 

A2AR in het striatum met PET en dat de resultaten het toelaten om deze PET tracer 

toe te passen in klinische studies. De eerste PET-studies in gezonde vrijwilligers 

zijn gestart door onze japanse collega’s.  
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