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GENERAL INTRODUCTION

denosine, an endogenous signaling substance, is a purine

ribonucleoside composed of adenine (purine base) and

ribose (sugar molecule).! It functions as cytoprotectant and

neuromodulator in response to stress to an organ or tissue
under both physiological and pathological conditions.? In the brain,
adenosine plays an important role in the regulation of both neuronal
and glial cell functions. Furthermore, it counteracts glutamate
excitotoxicity and cytokine-induced apoptosis.3 Its actions are
mediated through activation of four subtypes of G-protein coupled
adenosine receptors (ARs) namely A1, Aza, Azg and Az ?

Adenosine A; receptors (AiRs) and adenosine Az receptors (AszRs)
are G-protein coupled binding sites for adenosine which inhibit
adenylyl cyclase, whereas adenosine A;a receptors (A:2aRs) and
adenosine Azp receptors (AzsRs) stimulate adenylyl cyclase via Gs
proteins and hence the formation of the second messenger, cyclic
adenosine monophosphate (cAMP).4 The subtypes differ in size (A4,
Aza, Az and Az consist of 326, 409, 328 and 318 amino acids,
respectively) and they exhibit unique tissue distributions.s

In the last 30 years, the most extensively studied AR subtypes are
the biochemically and pharmacologically well-characterized high
affinity Ai1Rs and A2aRs. Adenosine activates these receptors in
nanomolar concentrations.2 AiRs are widely distributed in the
human brain, the highest densities being found in the hippocampus,
cerebral cortex, thalamic nuclei and dorsal horn of spinal cord;
whereas A2aRs are highly expressed in the dopamine-rich regions of
the brain and highest levels of expression occur in the striatum
(caudate-putamen, nucleus accumbens and olfactory tubercle),
globus pallidus and substantia nigra.t-? Lower levels of Az2aRs occur
in the hippocampus, cerebral cortex, amygdala, cerebellum,
brainstem and hypothalamus.10-13

AR is strongly neuromodulatory and may initiate the
neuroprotective effects of ischemic preconditioning. AiR activation
results in protection of neurons and myocardial cells during periods

11




GENERAL INTRODUCTION

of hypoxic and cerebral (and cardiac) ischemia. A;R agonists are
neuroprotective in an animal model of Parkinson's disease (PD,
MPTP mice) where they attenuate neuroinflammation and dopamine
neurodegeneration.!* Activation of ARs (i.e, by AiR agonists)
increases sleep, inhibits seizures, reduces anxiety and promotes
neuroprotection. On the other hand, AiR antagonists are anxiolytics,
beneficial in the treatment of cognitive disorders, cardiac
arrhythmia, asthma or other respiratory disorders and are
therapeutic drugs for kidney protection.!5 A;aR agonists are
implicated in tissue repair which involves a series of coordinated
and overlapping phases like inflammation, wound healing,
angiogenesis and tissue reorganization.'¢-18 The vasodilating effect
of A2aR agonists (adenosine, regadenoson) has been fully validated
(see Figure 1). In clinical practice, adenosine is used for the
treatment of paroxysmal supraventricular tachycardia and as a
pharmacological stressor in (radionuclide) myocardial perfusion
imaging. In addition, regadenoson (Brand name: Rapiscan), is
currently also marketed for use as a pharmacologic stress agent in
(radionuclide) myocardial perfusion imaging.1® Regadenoson has a
relatively low affinity (Kix1.3 uM) for the A2aRs.3.20

A2aR antagonists can be used for the treatment of motor
dysfunctions and impede the neurodegenerative process in
disorders such as PD. AzaR antagonists may also be beneficial in the
treatment of ischemic stroke and as anti-fibrotic agents.2! Caffeine
and theophylline (xanthine analogs, Figure 1) are the prototypical
antagonists of ARs.3

12
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Figure 1. Structures of some AR agonists and antagonists

Sources and Fate of Extracellular Adenosine

Figure 2 shows the pathways for formation and removal of extra-
and intracellular adenosine. It displays key enzymes involved in
adenosine metabolism, besides receptors and transduction
mechanisms involved in adenosinergic signaling. Extracellular
adenosine may arise from either intracellular adenosine, which can
pass the cell membrane via equilibrative nucleotide transporters
(ENT) or from the breakdown of cytosolic or released adenine
nucleotides, such as adenosine triphosphate (ATP), adenosine
diphosphate (ADP), adenosine monophosphate (AMP) and to a
lesser extent cyclic AMP.15

Several enzymes like ectonucleoside triphosphate

diphosphohydrolase family (E-NTPDases), phosphodiesterase

(PDE), ecto-5"-nucleotidase (CD73) and alkaline phosphatases

(ALPs) are involved in the formation of extracellular adenosine.

Purine nucleotides (ATP and ADP) are dephosphorylated to 5’-AMP
13




GENERAL INTRODUCTION

by E-NTPDases. Further dephosphorylation of 5-AMP by CD73 and
ALPs results in extracellular adenosine.22 The critical and rate-
limiting step is the conversion of AMP to adenosine, carried out by
CD73 (Figure 2). Overexpression of CD73 has been proposed to
protect organs and tissues under stress by the formation of
adenosine.3

Intracellular adenosine formation occurs mainly by AMP
dephosphorylation. This reaction is catalyzed by cytosolic-5-
nucleotidases. Another source of intracellular adenosine is the
hydrolysis of S-adenosylhomocysteine (SAH) by the enzyme SAH
hydrolase (Figure 2).22

In response to stress, hypoxia, cellular death, inflammatory stimuli
and increased alkaline phosphatase activity, adenine nucleotides are
rapidly dephosphorylated by the combined actions of adenylate
cyclase (AC), PDE, ALPs, ecto- and cytosolic nucleotidases resulting
in formation of intra- and extracellular adenosine (Figure 2).23 24

Metabolism of extracellular adenosine to inosine is mediated by
adenosine deaminase (ADA). Inosine is converted to hypoxanthine
by the action of purine nucleoside phosphorylase (PNP).
Hypoxanthine can then enter the xanthine oxidase (XO) pathway to
form xanthine and uric acid.?2! (Figure 2). In the brain, the SAH
pathway of adenosine inactivation is negligible. Under normal
physiological conditions, the major route of adenosine metabolism is
phosphorylation of adenosine to AMP by adenosine kinase (AK).1s

Extracellular adenosine can interact with adenosine receptors (AR)
that are coupled to G-proteins resulting in multiple physiological
effects via the second messenger, cAMP (Figure 2).24

14
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Figure 2. Metabolic scheme showing pathways of formation and
removal of extra- and intracellular adenosine along with proteins
involved in adenosine receptor signaling

Regulation

Agonist binding is responsible for both activation and
desensitization of ARs, like other GPCRs. Interaction of activated ARs
with G protein leads to the formation of second messenger, cAMP.
The G-protein-coupled receptor kinases (GRKs) phosphorylate
activated ARs. Phosphorylated ARs are linked to arrestin molecules
that prevent them from binding to G-proteins and hence cause
desensitization. Desensitization is associated with receptor down
regulation, internalization and degradation. Compared to other AR
subtypes, the slowest down regulation was seen after AzaR
activation.3
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Positron Emission Tomography

Positron Emission Tomography (PET) is a noninvasive nuclear
medicine imaging technique capable of measuring metabolic and
functional processes in vivo in a quantitative manner.2> A cyclotron
produces positron-emitting radionuclides that are incorporated into
a biologically interesting molecule with desired physiological
properties. Upon administration of very small amounts (in pico- or
nanomole) of the resulting radiotracer to the subject (patient,
volunteer or experimental animal) it distributes throughout the
body.26 The radioactive nuclides of the radiotracer undergo decay
and emit positrons. A positron (3+) is the anti-particle of an electron
i.e., the positron has the same mass as the electron but opposite
charge, and both particles interact. This interaction results in
annihilation of both particles under the emission of two photons.
During this process, the mass of both particles is converted to energy
(E) according to the formula E = mc?, where c is the speed of light.
The emitted photons have energy of 511 keV and move in opposite
directions from the annihilation site (i.e., 180° opposite).2” The
emitted photons are detected simultaneously by the
photomultiplier-scintillator combinations positioned on opposite
sides of the subject (coincidence detection).228 The data from the
detectors are analyzed, integrated and reconstructed by means of a
computer to create a 3D image of the radioactivity distribution in the
body (Figure 3).26

Radionuclides used in PET scanning are typically isotopes with short
half-lives such as carbon-11 (~20 min), nitrogenl3 (~10 min),
oxygen-15 (~2 min), fluorine-18 (~110 min) or rubidium-82 (~1.27
min).22 Nowadays, other isotopes such as gallium-68 (68 min),
zirconium-89 (78.41 h), scandium-44(3.97 h), terbium-152 (17.5 h)
and copper-64 (12.7 h) are applied as well.2? Most radionuclides
have been produced on-site using a cyclotron.?® PET displays several
unique properties such as high sensitivity (by approximately two-to-
three orders of magnitude over SPECT), low radiation dose, the
possibility to correct images for attenuation and scatter of the
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radiation. In addition, biologically active compounds for example
drugs can be radiolabelled which can be used as tracers to monitor
the pharmacokinetics of the nonradioactive compounds.

In addition to a high degree of target selectivity, appropriate
combination of lipophilicity, molecular weight and affinity is
important in the development of PET tracers.3° For a compound to
cross the blood-brain-barrier (BBB), relatively small molecular
weight (400 to 500 Da) and moderate lipophilicity (approximate
range of logP is 2 to 3.5) are optimal.30-32 So, in practice only [!1C]
and [18F] radioisotopes are used in brain studies. High lipophilicity
causes unacceptable binding to plasma proteins thereby decreasing
the free drug concentration available to pass the BBB or binding to
lipid bilayers resulting in high levels of nonspecific binding in
brain.30 Low lipophilicity decreases the penetration of PET agents
across the BBB. In addition, the tracer’s affinity must balance the
opposing goals of tight binding and fast washout from the brain.
With tight binding tracers (for example [!8F] haloperidol- as
dopamine D;/Ds; antagonist tracer) washout rate cannot be
determined within the time frame of a PET study and hence critical
kinetic data (off rate) are unavailable to calculate receptor densities
in the brain.3° Furthermore, easy and quick (within 3 half-lives)
incorporation of radionuclides into appropriate precursor molecules
is necessary because of the rapid decay of the radioisotopes.2”
Finally, formation of lipophilic radioactive metabolites should be
negligible for an ideal brain PET tracer because the presence of
radiometabolites in the target tissue would impede quantification of
PET data with kinetic models.3% 33 Careful selection of the most
appropriate position of the radionuclide in a molecule is very
important to avoid formation of possible interfering
radiometabolites.33 PET can be used to assess changes of regional AR
densities in living subjects and the dose-dependent occupancy of the
receptor population by therapeutic drugs.1s
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Figure 3. Principle of Positron Emission of Tomography (PET)34

Radioligands for A;R Imaging

Several PET ligands for A;R imaging have been developed and
evaluated in both experimental animals and humans. All these
compounds (xanthine and nonxanthine A:R antagonists and
agonists) bind with nanomolar affinity to A:R (Table 1).15 The widely
used tracers, [11C]MPDX and ['8F]CPFPX are applied for quantitative
measurement of cerebral A;R in humans. Because of the relatively
long physical half-life, [8F]CPFPX can be distributed to remote
imaging centers distant from the cyclotrons which synthesized the
radionuclide. However, the radiation burden of [18F]CPFPX (300
MBq) is greater than that of [11C][MPDX (300 MBq): 5.3 mSv vs 1.05
mSyv, respectively.[35Ishiwata’s unpublished data] Thus, repeated
PET studies in the same subject within a short time frame are only
possible with [11C]MPDX. Another advantage of [1!C]MPDX over
[18F]CPFPX is it’s in vivo stability (89 % vs 25 % at 10 min).

18
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The nonxanthine structures were proposed to address xanthine
tracer problems like nonspecific binding and poor water solubility.
However, the first reported nonxanthine tracer, [1C]FR194921, did
not produce better results in experimental animals than [11C]MPDX

or [18F]CPFPX.36

Table 1. Development of Radioligands for PET Imaging of AR

Ligand AiR Studies Findings
affinity | performed
Xanthines
[11C]KF15372 3.0 nM | Biodistribution About 57% specific
(8- (Ki) study in mice binding (to AiR not
Dicyclopropylme A2R)
thyl- Tracer distribution in
3- brain reflects regional
propylxanthine) A1R density
Ex vivo | Decreased binding in
autoradiography | superior colliculus after
(ARG) in | unilateral eye removal
mice/rats
PET study in | Tracer distribution in
anesthetized brain reflects regional
monkeys A1R density
About 50% reduction
in uptake after
treatment with “cold”
KF15372
[11C]EPDX 1.7 nM | Biodistribution About 50% specific
(2-Ethyl-8- (Ki) study in mice binding (to AiR not
dicyclopropyl- A2R)
methyl-3-
propylxanthine)
[11C]MPDX 4.2 nM | Biodistribution Initial brain uptake
(8- (Ki) study in mice higher than EPDX and
Dicyclopropylme KF15372 but faster
thyl- washout
1-methyl-3- Dosimetry data
propylxanthine) indicate acceptable
radiation  dose in
human studies
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Metabolite
analysis in mice

Metabolites appear in
plasma  but  brain
activity is  mainly
parent at 30 min

Ex vivo ARG

(rats)

Decreased binding in
superior colliculus after
unilateral eye removal
About 55% specific
binding (to AiR not
A2R)

In animal model of
dystonia, tracer binding
in  hippocampus is
decreased

Radiochemical
synthesis
improved

PET study in
anesthetized
cats

Distribution volume of
tracer in brain reflects
regional AR density
Bound tracer can be
displaced by an excess
of cold AR antagonist
In a cat model of stroke,
losses of AiR can be
detected in ischemic
areas

The magnitude of these
losses indicates
severity of the insult
and predicts
subsequent
complications
(including mortality)

PET study in
anesthetized
monkey

Good Dbrain uptake,
distribution reflects
regional AR density

Human PET
study (healthy
volunteers)

Tracer distribution in
brain reflects regional
A1R density

Pattern differs from
that of a flow tracer or
a glucose analog

Distribution volume
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(Logan plot) or binding

potential
(compartment model
analysis) can be used
for quantification
purposes
[8F]CPFPX 0.6-1.4 | Biodistribution Distribution in brain
(8-Cyclopentyl- nM study in mice reflects regional AR
3-[3- (K4 density
fluoropropyl]-1- | mouse, Metabolite Metabolites appear in
propyl- pig, analysis in mice plasma but brain
xanthine) human) activity is  mainly
44 nM parent at 60 min
(Kaq Ex vivo ARG | About 70% of brain
Rat) (rats) uptake is specific (to
A1R) and reversible
Animal PET | Tracer distribution in

study in rats

brain reflects regional

AR density (>90%
specific)
Brain well-visualized,

bound tracer can be
displaced by  AiR
antagonist

Human PET
study
(healthy

volunteers)

Tracer distribution in
brain reflects regional
A1R density

Tracer  kinetics in
human brain is
appropriate for
quantitative imaging
Distribution volume
(Logan plot) or binding
potential
(compartment model
analysis) can be used
for quantification
purposes

Simplified study
protocols are possible
(venous rather than
arterial blood sampling,
bolus-infusion or single
bolus administration of
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the tracer)

Short scanning
protocols (60 min) are
possible in humans
Bound tracer can be
displaced by cold
CPFPX in all brain
regions

Noninvasive procedure
(reference tissue
model) is suitable for
quantification of AsR in
human brain

Metabolite study | Tracer is metabolized
(liver by cytochrome CYP1A2
microsomes) Its metabolism can be
inhibited by
therapeutic drugs like
fluvoxamine

[131]CPIPX @ (8- | 0.8-7.9 | Ex vivo ARG | Tracer  binding s
Cyclopentyl-3- nM (rats) largely nonspecific
[(E)-3- (Kq rat, Thus, this ligand is not
iodoprop-2-en- pig suitable for imaging
1-yl]-1- cortex) purposes
propylxanthine) lodine radiolabeling
results also in loss of
selectivity for the A1R

Nonxanthines

[11C]FR194921 29nM (Ki) | Ex vivo ARG | Tracer
(2-(1-methyl-4-piperidinyl)- (rats) distribution
6-(2-phenylpyrazolo[1,5-a]- in brain
pyridin-3-y1)-3(2H)- reflects
pyridazinone) regional AiR
density.
About 50%
specific
binding (to
AR not
AzR).
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PET study in | Brain well-
conscious visualized,
monkeys tracer
accumulates
in cortex,
striatum and
thalamus.
Agonists
5-0- 0.9 nM (Kj) Radiochemical No in vivo
(methyl[75Se]seleno)- (pig cortex) synthesis data
N6-cyclopentyladenosine described reported
5’-N-(2-[8F]fluoroethyl)- | Nanomolar Radiochemical No in vivo
carboxamidoadenosine range synthesis data
described reported
May bind
not only
to AR but
also to
other AR
subtypes

aThis compound was prepared for Single Photon Emission Computed
Tomography (SPECT) rather than PET imaging. This table is adapted from
Paul et al, Curr Med Chem. 2011;18(31):4820-4235.

Radioligands for A2aR Imaging

The adenosine Aza receptor (A:aR) is highly concentrated in the
striatum, and a potential therapeutic target for neurological
disorders like PD, Alzheimer’s and Huntington’s disease. High
affinity and selective radiolabeled AzaR antagonists can be important
research and diagnostic tools for PD. Chapter 2 presents an
overview of current PET tracers for A;aR and their biological
evaluation in rodents, nonhuman primates and humans. Several
A2aR antagonists (both xanthine and nonxanthine derivatives) have
been evaluated in many studies in experimental animals and in some
studies in humans. Besides KF17837 and several related xanthine
analogs, nonxanthine SCH442416 and its fluorinated derivative have
been radiolabelled with positron emitters. [11C]TMSX (a xanthine
tracer) and ['1C]SCH442416 have been employed for studies in
humans.?

23
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All xanthine tracers suffer from several disadvantages like
photoisomerization, extrastriatal binding, low selectivity over other
AR subtypes. To overcome the problems associated with xanthine-
like structures, nonxanthine compounds were proposed. Initial
results indicated that [!1C]SCH442416 and its [!8F]fluoroethyl
SCH442416 are promising tracers for mapping cerebral A:aRs.
However, more studies in rodents and humans are needed to
determine their usefulness.z Please refer to chapter 2 for a detailed
discussion of A2aR imaging.

Summary

Adenosine is released to either reduce the energy demand or
increase the energy supply to an organ or tissue which is damaged
or stressed and thereby elicits cytoprotective effects.3 ARs are
ubiquitous in the body and play a central role in tissue protection
and regeneration.3” The development of high affinity and subtype
selective synthetic agonists and antagonists of ARs has been the
subject of medicinal chemistry for more than 35 years. The
nonradioactive adenosine agonist, regadenoson, has been approved
for myocardial perfusion imaging and positron-emitting adenosine
antagonists are in development for diagnostic use.3 PET using the
AR tracers [11C]MPDX and [!8F]CPFPX could be applied to evaluate
changes of adenosine receptor (A;R) availability in humans with
neurological and psychiatric disorders.25 Further characterization of
[11C]SCH442416 and its derivative [!8F]fluoroethylSCH442416 in
animal models of human diseases and in humans is required.
However, continued efforts for seeking high-affinity and selective
ligands in medicinal chemistry may yield better radioligands for
AzaR visualization and quantification in the near future.?

Aim of the Thesis and Survey of Its Contents

Because of the clinical importance of AiRs and AzaRs, the

development of high affinity and subtype selective radioligands for

mapping AR density is urgently needed. This thesis has dual

objectives. The first objective is to develop AzaR tracers with a good
24
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kinetic profile and larger target-to-nontarget ratios than existing
radiotracers such as [11C]SCH442416 (striatum/cerebellum ratio 4.6
at the time of its maximum uptake), higher absolute brain uptake
values (SUV) in experimental animals. Second objective of the thesis
is further in vivo characterization of positron-emitting radioligands
for AR under several physiological conditions or during
pharmacological challenges.

Chapter 1 is a general introduction with literature review
concerning PET imaging of AiR and A2aRs and their role in health
and disease.

Chapter 2 reviews current radioligands for PET imaging of AzaR. In
addition, potential drug candidates for radiolabeling and molecular
imaging of A2aR expression are discussed.

In Chapter 3, development of high affinity and selective SCH442416
analogs as in vivo probes for AzaR using PET is described. Our aim
was to optimize the length of the fluoroalkyl chain which could affect
both A24R affinity and selectivity. We have prepared the 18F-labeled
fluoropropyl derivative of SCH442416 (['8F]FPSCH) and compared
its kinetics and biodistribution in healthy rats with those of
[18F]FESCH and [11C]SCH442416.

Our continued search for more pronounced AzaR-selectivity resulted
in the development of a novel high affinity AzaR ligand,
[11C]SCH420814 (!'Preladenant). Radiosynthesis, in vitro ARG
experiments, in vitro stability test in saline, PBS, rat and human
plasma, metabolite analysis and a validation study in healthy rats
were carried out. The results of these experiments are discussed in
chapter 4.

Chapter 5 aimed to answer the question whether transient opening
of the blood-brain barrier (BBB) after treatment of animals with
adenosine receptor agonists can be detected with hydrophilic
radiotracers and PET. Such tracers do not pass the intact barrier, but
may pass after BBB opening. An A:R agonist (Ne-
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Cyclopentyladenosine, CPA) and an A2sR agonist (regadenoson or
CVT-3146, brand name Rapiscan) were applied to study their effect
on BBB permeability. The hydrophilic tracer [11C]CH3-AMD3465
(CXCR4 ligand) was tried as PET tracer. Moreover, the outcome of
the PET assay was compared with results of a widely used and
generally accepted assay for BBB permeability, the Evans Blue assay.

The aim of the study described in chapter 6 was to determine
whether competition between adenosine and [11C]MPDX for binding
to AiR could be assessed with PET. We have investigated the effect of
extracellular adenosine (levels raised with ethanol and the
adenosine kinase inhibitor ABT-702) on the cerebral binding of
[11C]MPDX.

Chapter 7 summarizes the findings reported in this thesis and
chapter 8 is a description of future perspectives.
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ADENOSINE AZAR ANTAGONISTS AS PET TRACERS

Abstract

The adenosine Aza receptor (AzaR) is highly
concentrated in the striatum, and a therapeutic target
for Parkinson’s disorder (PD) and Huntington’s disease.
High affinity and selective radiolabeled A24R antagonists
can be important research and diagnostic tools for PD.
Positron Emission Tomography (PET) can play an
important role by measuring radiolabeled Aza
antagonists noninvasively in the brain. However, till
date no complete review on AzaR PET ligands is
available. The present article has been therefore focused
on available PET tracers for A2aR and their detailed
biological evaluation in rodents, nonhuman primates
and humans. Drug design and development by
molecular modeling is discussed including new lead
structures that are potential candidates for
radiolabeling and mapping of cerebral AzaRs is
discussed in the present article. A brief overview of
functions of adenosine in health and disease, including
the relevance of AzaR for PD has also been presented.
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Introduction

denosine, an endogenous ligand, functions as a

cytoprotective and neuromodulator in response to stress to

an organ or tissue under both physiological and

pathophysiological conditions. It elicits intracellular signaling
cascades through four subtypes of G-protein coupled adenosine
receptors (ARs) namely A1, Aza, Az and Az (AR A2aR, A2sR and AzR,
respectively).1-4

Cytoprotective mechanisms may be indicated by increased blood
supply (vasodilatation or angiogenesis), cerebral and cardiac
preconditioning and / or suppression of inflammation.> Adenosine is
believed to play an important role in promoting sleep and
suppressing arousal, cognition and memory, neuronal damage and
degeneration as well as neuronal maturation.> ¢ Furthermore,
adenosine is a local modulator for several neurotransmitters and
counteracts glutamate excitatory effects. As a result, ARs are
promising targets for investigation and treatment of cerebral and
cardiac diseases, ischemic renal injury, endocrine, pain and sleep
disorders, immune and inflammatory disorders and cancers.6-10

In the last two decades, the most extensively studied adenosine
receptor (AR) subtypes are high affinity adenosine A: receptors
(A1Rs) and adenosine A;a receptors (AzaRs), because adenosine
activates these receptors in nanomolar concentrations. These
subtypes are well-characterized biochemically and
pharmacologically.1?. 12 The high affinity A;a subtype, when coupled
with G-proteins, exhibits a lower affinity to adenosine. Activation of
A2sR assists neuronal function of neurotropic receptors like
tropomyosin-related kinase B (TrkB) receptors and enhances
neuronal communication.13 A;aRs stimulate adenylyl cyclase activity
via Gs proteins.!* They can also activate potassium channels but
inactivate CaZ*channels, modulate the activities of phospholipases C,
D, and A and upregulate mitogen-activated protein kinases and
inflammatory cytokines like IL-1[3.14
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The regional distribution of AzaR within the human brain is more
restricted than that of AiRs. A2aRs are abundantly expressed in the
basal ganglia and highest levels of expression occur in the substantia
nigra [striatum maximum receptor density (Bmax) 313 * 10 fmol /
mg protein]!5, nucleus accumbens and olfactory tubercle whereas
AiRs are highly expressed in the cerebral cortex, cerebellum,
hippocampus and dorsal horn of spinal cord.’® Lower densities of
A2aRs occur in the amygdala, cerebellum, brainstem and
hypothalamus.17-19 AsRs are implied in several cerebral diseases
such as Parkinson’s disease (PD), Huntington’s disease, Alzheimer’s
disease, attention deficit hyperactivity and panic disorders,
schizophrenia, pain and sleep disorders. Also, A:aRs play an
important role in cardiac diseases, immune and inflammatory
disorders and ischemic kidney injury.7-10.20

Symptomatic dopaminergic replacement strategy using L-3,4-
dihydroxyphenyl alanine (L-DOPA) and dopamine agonists is the
current therapy for PD.21 22 However, with disease progression the
therapy suffers from several limitations like negligible effects on
nonmotor symptoms, reduced effectivity in reverting motor
impairment, unwanted side effects like dyskinesia, motor
fluctuations and neuropsychiatric complications and importantly,
fails to delay disease progression.23-26 A;,Rs are mainly restricted to
the indirect striatal output function [i.e., GABAergic neurons
projecting to the globus pallidus (GP), pars externa] and are
colocalized with dopamine D; receptors (D:Rs) in the striatum.
Along with D;Rs, blockade of A2aRs dampens the hyperactivity of the
indirect dopamine pathway observed during PD, restores correct
movement execution and suppresses the neurodegenerative process
and hence has raised a lot of interest due to unmet medical needs of
PD.2¢6 Colocalization and synergistic interaction between AzaR and
metabotropic glutamate subtype 5 (mGlu5) receptor make AzaRs an
important target for the therapy of PD.27. 28 Heteromeric forms like
A1/Aza, D3/A2a and cannabinoid CB1/A24 have all been observed.29 30
In addition, evidence for heterotrimers like CB1/A2a/D2, A2a/D2/
mGlu5 was also reported.2% 31 Apart from its central location, A2aRs
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present in peripheral organs like heart, kidney, liver, muscle and
lung32 In heart, adenosine is an important mediator in
cardioprotective action.>. 32.Myocardial protection action of
adenosine is mediated mainly through AR and AzaR. Activation of
A2aRs causes coronary vasodilatation,33 increases myocardial
contractibility34, relaxes smooth muscle and inhibits cytokine
production, increases coronary blood flow and inhibits platelet
aggregation.> A;aRs via the action of adenosine help in regulation of
physiological functions of skeletal muscle like glucose uptake, blood
flow and contractile force.35

Positron emission tomography (PET) can contribute important
information in drug development resulting in a more rapid
evaluation of novel compounds. High affinity and selective
radiolabeled A2aR antagonists can be used to assess changes of A2aR
density during the progression of disease and the affect of therapy
on such changes. Moreover, A24R ligands can be employed to assess
occupancy of the receptor population by therapeutic drugs in the
human brain, which will allow correlation of receptor occupancy and
therapeutic effects.3¢. 37 PET is a noninvasive technique allowing
studies of physiological processes in the brain of normal individuals
and patients with neurologic illness.3 Furthermore, PET can help to
increase diagnostic specificity for dopamine-deficient parkinsonian
syndromes and justify management decisions at initial stages of
disease. Along with single photon emission computed tomography
(SPECT) and proton magnetic resonance spectroscopy, 18F-DOPA
PET is useful in discriminating atypical parkinsonian disorders
(multiple system atrophy, progressive supranuclear palsy and
corticobasal degeneration) from idiopathic PD with up to 80 %
specificity.38

On the basis of these considerations, several AzaR antagonists (both
xanthine and nonxanthine derivatives) have been produced and
some of them are being tested as treatment for PD in several clinical
trials as well as in preclinical studies.3539-50 Moreover, some of these
chemical structures allow easy incorporation of radionuclides.
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Besides KF17837 and several related xanthine analogs, nonxanthine
SCH442416 and its fluorinated derivative have been evaluated as
PET ligands. In clinical studies, only one xanthine ([!!C]TMSX =
[11C]KF18446) and a nonxanthine derivative ([11C]SCH442416) have
been employed.3

Adenosine antagonists and their PET tracers have been the topic of
many reviews.23.2151-59 These reviews have provided a discussion on
adenosine functions in health and disease, PET tracers for mapping
adenosine receptors (mainly A;R) and the development of potential
novel radioligands. However, to date no comprehensive review on
PET ligands for A:aR is available. The major goals of the current
chapter is three-fold: 1) to present an overview of A2sR antagonists
used as PET tracers, 2) to summarize preclinical and clinical A2aR
imaging data, and 3) to highlight the design and development of new
lead compounds as potential tracers for mapping of A2aRs.

A2AR PET Tracers

A24R antagonist PET tracers (Figure 1) are divided into two classes.
1. Xanthine PET tracers
2. Nonxanthine PET tracers

Xanthine Ligands

All xanthine type radioligands were synthesized either by N- or O-
methylation of the corresponding desmethyl compounds using
primarily [11C]CHsl with sufficient radiochemical yields suitable for
routine uset°-¢4 (Table 1). In one of the radioligand syntheses, the
more reactive methylating agent [!!C]CH30Tf has been used to
achieve high radiochemical yield. However, reaction temperature,
time and specific activity were not mentioned in the literature.és All
xanthine analogues suffer from a serious photoisomerization
problem (Figure 1). The styryl group in the xanthine scaffold is
isomerized to form a stable equilibrium mixture of E-isomer and Z-
isomer in the presence of light. Therefore in experimental and
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clinical studies, all procedures should be carefully carried out under
dim light.3

OCH4 OCHj OCH;

(0] 11/CH3 11CH3
e N OCH; v OCH; AN N OCH
2\ | / /
0 >N~ N ﬁ OCH; N oc,
ﬁ [*1C]KF17837 ‘ [MC]KF19631 [“C]KF18446 = [M¢]TMSX

11CH3 OCH
CH3 OCH, )t 3
w011cﬂ3

[11C]KF21213 ["'CIKW6002
[icjcsc
lch IBF
| " >_/—O
= g\ﬁ y
53 %MQ
N N
Q—Q T/(( N,N _N [“c BS-DMPX : R = Br
N’N N h [*C]IS-DMPX : R =1
NH,
NH [*8F]MRS5425

[*1C]SCH442416

Figure 1. Current PET tracers for the adenosine Az4 receptors
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In Vitro and Preclinical Studies
Researchers earlier emphasized the selectivity of KF17837 towards

A2aR.67 However, in a later study its specificity for AzaR was
questioned because in dilute solution this styrylxanthine undergoes
photoisomerisation to the less active Z-isomer (82 %) ¢8. The Z-
isomer has about 860-fold lower affinity (K; value, 860 = 120 nM) for
the A24R than the E-isomer (1.0 = 0.1 nM).60. 68

Suzuki and coworkers developed the xanthine compound
KF17837¢% 70 and two other groups successfully labeled its
desmethyl precursor with carbon-11 by N-methylation reaction
using [11C]methyl iodide (Table 1). Radiosynthesis was carried out
under dim light in an amber glass vial, which preserved the E-isomer
over the entire period of study.®® 62 Biodistribution studies showed
highest radioactivity uptake [13 % injected dose per gram (% ID /
g)] in the heart at 5 min after injection of [11C]KF17837 in normal
healthy mice but falling gradually thereafter. A high and saturable
uptake of tracer by the mouse heart confirmed its usefulness for
mapping myocardial adenosine receptors.t® Similar results were
observed with a dynamic PET scanning of the heart in rabbits.”?
Regional brain distribution showed a higher uptake in striatum than
in other regions (striatum / cerebellum ratio approximately 2.0 at
60 min). The compound’s affinity for A2aR-rich striatum was
confirmed by carrier KF17837 coinjection and by sequential PET
studies in the same rats using DR ligand [!!C]N-methylspiperone. A
68 % reduction radioactivity in striatum, 30 min after carrier
injection, and accumulation [11C]KF17837 in the same brain regions
as [11C]N-methylspiperone indicate specific binding of [11C]KF17837
in the striatumé°(Table 2).

Later studies were aimed at evaluation of [11C]KF17837 as a central
nervous system (CNS) tracer in rodents and monkey.”2 In vitro
autoradiography (ARG) experiments in rats showed 2.3 - 3.0 times
higher striatal uptake than in other brain regions. On contrary,
results from a regional brain distribution study in mice, an ex vivo
ARG study in rats and a PET study in a monkey suggested only
slightly higher uptake in the striatum than in other brain regions(1.1
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- 1.5 times) (Table 2). Authors hypothesized that the in vivo
receptor binding sites of xanthine type antagonists may be different
from those of nonxanthine type A:4R ligands as in vivo uptake of
[11C]KF17837 was not significantly decreased in a blocking study
using subtype selective nonxanthine analogues such as SCH58621 or
ZM?241385.75 Their data indicated nonspecific binding and the
presence of unknown but specific binding sites for [11C]KF17837 in
the cortex and cerebellum. In this study no clear conclusion was
reached concerning its potential to bind adenosine A2z receptor
(A28R) because at the time of the study there was no subtype
selective A2gR ligand. However, a weak Az antagonist, alloxazine, did
not reduce [11C]KF17837 uptake in the brain.”2

In addition, another group evaluated [!!C]KF17837 in monkey by
PET examination. PET biodistribution studies using 3-D mode of
data acquisition was used to express radioactivity retention in the
striatum, cerebellum, and cerebral cortex (1.1, 1.0, and 0.8,
respectively). Radioactive accumulation was significantly different
from the known relative A2aR densities in these regions73-75 (Table
2). The ligand has limited usefulness for mapping the cerebral A2aR
because of its limited diffusion through the blood-brain-barrier
(BBB) and high nonspecific binding. However, radiotracer uptake in
the heart was rapid (maximum reached at 2 - 4 min post injection).
In a saturation binding experiment, there was an indication of
competition between the labeled and unlabeled drugs for the same
receptor binding sites in heart. Hence, authors suggested further
investigation to establish the specificity of the interaction of this
tracer with myocardial A2aRs and other potent and selective A2aR
antagonists (ZM241385 and SCH58261) could be considered as
ligands for in vivo PET studies.t2 In conclusion, both groups clearly
demonstrated limited suitability of [11C]KF17837 for A2aR
quantification because of its low brain penetration and high degree
of nonspecific binding (Table 2). Apparently, investigated time is not
an ideal point for comparing in vitro and in vivo studies as shown in
Table 2.
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Table 2. Summary of Striatal Uptake of [11C]KF17837

Species Regional brain distribution | Invitro | Exvivo | Ref
ARG® ARG®
(% 1D/ g)
(%ID/ | (%ID/
striatum-to- | striatum- g) g)
cerebellum to- cortex
Mouse 1.1-12 |12-15 - - 60
(15 min)
(15 min)
1.2 1.4 - - 72
(30 min) (30 min)
Rat - - 2.3 - 1.2 - 72
3.0 1.5
(15
min)
Female Rhesus | 1.32 1.38 - - 72
monkey (n=1)
(30 min) (30 min)
Male 1.05-1.1 1.3-1.4 - - 62
Cynomolgus
monkey (20 mln) (20 mm)
(n=2)**

aARG, autoradiography

bRadioactivity uptake was expressed by PET biodistribution study
using 3-D mode acquisition.

A comprehensive comparison of four xanthine PET tracers (carbon-
11 labeled KF17837, KF19631, TMSX and CSC) was made in order to
search for a selective AzaR ligand.6? [11C]CSC had similar
characteristics as [11C]KF17837, but [11C]CSC showed higher uptake
in the lung and small intestine and it was cleared more rapidly.
Another study described in detail optimization of the radiochemical
synthesis of [11C]CSC.63 Also, significant [11C]CSC accumulation in the
lung was detected whereas autoradiographic
indicated uptake in the striatum, consistent with observations by
Ishiwata et al. ¢ Dynamic PET scans in rabbits showed rapid uptake

investigations
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of the radiotracer in the brain in less than 2 min after injection. An in
vivo competition study with cold CSC suggested that [11C]CSC binds
specifically to A2aR in the rabbit brain.t3 However, the tracer’s rapid
clearance, different distribution pattern from other xanthine PET
tracers (i.e., high uptake in small intestine and lungs) and low
affinity made it unsuitable as a PET tracer for AzaR.

Wang and coworkers continued their work in search for AzaR tracers
with high affinity and selectivity and found KF21213 with higher
selectivity for A2aR than KF17837 or KF18446.66 An in vitro study
showed that K; values of KF21213 were 3.0 nM for AR and >10,000
nM for AiR whereas for KF18446 they were 5.9 nM for AR and
1600 nM for AiR (Table 3). In mice, regional brain distribution data
of [11C]KF21213 suggested a high striatal uptake for the first 15 min
followed by a gradual decrease. A very low uptake was seen in the
cortex and cerebellum. As a result of this, high striatum-to-cortex
(8.6 £ 1.6) and striatum-to-cerebellum (10.5 + 2.1) uptake ratios
were found at 60 min post injection. On the other hand, the uptake of
[11C]TMSX was higher in all three regions of brain but decreased
more rapidly with time such that the striatum-to-cortex ratio was
2.8 £ 0.5 and striatum-to-cerebellum ratio was 2.7 + 0.5 at 15 min.
Coinjection of cold KF21213 and three other A;x antagonists
(KF17837, KF18446 and SCH58261), but not the A;R antagonist
KF15372, effectively blocked uptake of [11C]KF21213 especially in
the striatum. However, no significant effect was seen in the cortex
and cerebellum. Ex vivo ARG showed a high uptake in the caudate-
putamen, GP and olfactory tubercle and good uptake ratios of
striatum-to-cortex (4.0 = 0.4) and striatum-to-cerebellum (3.7 = 0.4)
at 15 min post tracer injection. A PET study in rats indicated high
striatal retention of [11C]KF21213 at 5 min followed by a gradual
decrease whereas [!!C]TMSX cleared more rapidly.c¢ However, its
low BBB penetration, signal-to-noise ratio and poor water solubility
made it not a very practical tracer for PET studies of the CNS.

In search for more pronounced AzaR-selectivity, 11C-labeled
iodinated and brominated xanthine analogs were synthesized and
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evaluated for their capability of detecting A2aR changes in brain. In
vitro binding assays showed that both IS-DMPX and BS-DMPX had
high affinity and selectivity for A2aR (Table 3). However, because of
their low in vivo uptake ratios of striatum to other brain regions and
high nonspecific binding they were judged unsuitable for mapping
cerebral A2aRs.76

In another PET study, the xanthine-type radioligand [11C]KW6002
was reported. High striatal uptake [Standard uptake value (SUV) =
3.3] and low uptake in frontal cortex (SUV = 1.7) reflects specific
binding.46 ¢4 In a blocking study, specificity and selectivity of tracer
was confirmed. However, extrastriatal regions like cerebellum and
superior colliculi uptake can be seen where a low AzaR density was
reported.*¢. 64 Saturation binding study with A:R antagonist
KF15372, nonxanthine type A;aR antagonist ZM241385 64 and Azs
selective antagonist MRS1745 46 failed to solve the nature of
extrastriatal binding. In rats, specific in vivo binding of [11C]KW6002
to AzaR could not observed and thus the compound does not appear
to be a good PET tracer. Further study concerning its in vivo
selectivity is warranted. In general, [11C][KW6002 has shown similar
in vivo properties as [11C]KF17837.64 All xanthine A;x antagonists
e.g., [11C]KF17837, [11C]TMSX, [11C]KF21213, [!!C]KF19631 and
[11C]IKW6002 seem to interact with multiple binding sites and
undefined binding sites are responsible for extrastriatal retention of
radioactivity.46. 64, 66,72,77

[11C]TMSX showed more desirable properties for mapping AzaR such
as high retention in the rat brain and especially in the striatum (ratio
of striatum uptake to other brain regions was upto 3.2). Additionally,
[11C]TMSX- PET imaging of monkey brain showed 10 fold higher
striatal uptake at 5-10 min than [11C]KF17837 but indicated a rapid
washout pattern. However, uptake ratios of [11C]TMSX [striatum:
cortex: cerebellum (1.0: 1.56: 1.46, respectively) at 60 min] in the
monkey brain were slightly better than those of [11C]KF17837. An in
vivo saturation binding experiment also suggested superiority of
[11C]TMSX over other KF compounds.6!
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Promising preliminary results stimulated further characterization of
[11C]TMSX by in vitro ARG and in vivo biodistribution experiments.””
The binding characteristics of [11C]TMSX (in vitro ARG) were slightly
better than those of reference standard [3H]CGS21680. Nonspecific
binding of [11C]TMSX in the striatum was less than 10 % of the total
uptake and striatum-to-cortex ratio was 5.0 whereas related values
for [3H]CGS21680 were estimated as 19 % and 4.6. TMSX had a very
low affinity for 13 other neuroreceptors like dopamine D; and Dy;
histamine H; and H, nicotine acetylcholine in binding assays. In vitro
blocking study with various A;aR and A;R antagonists indicated Kg
values for [11C]TMSX of 9.6 nM in the striatum and 16.4 nM in the
cerebral cortex. Also, all antagonists significantly reduced the
binding of [11C]TMSX in the striatum and cortex but stronger effects
were seen in the striatum. The in vitro ARG experiments suggested
that xanthine ligands interact with unknown binding sites in the
cortex and hippocampus that are different from known Az4R binding
sites. Fredholm and coworkers also measured binding sites of an
A2xR radioligand in the hippocampus and cerebral cortex.1?. 73
However, the in vivo results were remarkably different from those
obtained in vitro. In an in vivo blocking study, striatal uptake was
reduced by all four xanthine-type A:s antagonists (KF17837 >
KF19631 > TMSX > CSC), consistent with the in vitro result whereas
nonselective AR antagonists (DMPX and XAC) and an A:R antagonist
(KF15372) did not block tracer uptake in any region of the brain.
However, SCH58621 significantly blocked striatal but not cerebellar
or cortical uptake whereas three other nonxanthine antagonists
(ZM241385, CP-66713, and ZD9255) did not reduce uptake in any
brain region, suggesting that nonxanthine ligands may have other
blocking effects than xanthine ligands.”” Hence, these findings
suggested that ligands can have multiple binding sites and undefined
binding sites may be involved in the cerebral uptake of [11C]TMSX.

GP plays an important role in the pathophysiology of neurologic
disorders like PD and Huntington’s disease. Thus far there are no
tracers for imaging the pallidal terminals projecting from the
striatum. For these reasons, Ishiwata et al. performed ex vivo ARG of
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the GP in the rat brain, using [11C]TMSX.7”8 The highest uptake was
found for [11C]SCH23390 [dopamine D; receptor (D1R)] followed by
[8F]FDG (Fluorodeoxyglucose), [11C]TMSX (A2aR) and
[11C]raclopride (D2R). Receptor-specific uptake in the GP was found
for [11C]TMSX and [!C]SCH23390 but was negligible for
[11C]raclopride. GP-to- striatum uptake ratio is helpful in evaluating
the contrast of the image. These ratios were = 0.6 for [11C]TMSX and
FDG, twice as large as those for [11C]SCH23390. These results
suggested that D;R and D:R receptor ligands are not suitable for
imaging GP. Authors suggested using PET-MRI coregistration or a
high-resolution PET scanner to prove clear visualization of the GP by
these tracers. Intrastriatal injection of quinolinic acid significantly
reduced the uptake of [11C]TMSX in the striatum and GP, suggesting
the degeneration of AzaR-expressing neurons and hence, specific
uptake of [11C]TMSX.78

On the basis of the previous promising results, extensive preclinical
studies (stability test, internal dosimetry data for human organs and
toxicological data) were carried out to establish [11C]TMSX as a
radioligand for imaging human A2sR.7° Theophylline challenge in
mice resulted in a decrease of tracer uptake in the striatum, as
theophylline is a nonsubtype-selective adenosine antagonist. This
suggested that [11C]TMSX-PET scan data should be interpreted with
caution in patients who received theophylline. [11C]TMSX was
metabolically stable as about 80 % and >98 % of radioactivity in
plasma and striatum represented intact tracer at 30 min post
injection. From the mouse data of tissue radioactivity distribution,
absorbed doses of [11C]TMSX for human adults were estimated. The
radiation absorbed doses in the brain (0.09 pGy / MBq) and heart
(0.31 pGy / MBq) were very low. In rodents, neither mortality nor
any other abnormality was found in an acute toxicity study, which
was evaluated after single intraperitoneal administration of TMSX at
a dose of 4.77 mg / kg and after intravenous injection of 3.3 - 3.9 ug
/ kg over a period of 15 days. An Ames test (with 4 strains of
Salmonella typhimurium) suggested absence of mutagenic activity.
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All these findings encouraged the authors to use [11C]TMSX for the
assessment of A2aR in the human brain.”®

Clinical Studies
A first human study with [11C]TMSX was reported concerning

myocardial imaging. The levels of radioactivity in the left ventricular
lateral wall, left ventricular anterior wall and interior ventricular
septum increased during the first 2.5 min post injection and then
gradually decreased with time. Time-activity curves in 3 heart
regions and graphical analysis using Logan plot suggested that
[11C]TMSX was taken up via a receptor-mediated mechanism. During
the 60 min study period, [11C]TMSX was very stable in plasma (more
than 90 % unchanged form). These preliminary findings suggested
that [11C]TMSX-PET may be useful for myocardial imaging in the
diagnosis of ischemia and other myocardial diseases.3° This may be
possible in combination with a pharmacologic stress agent like
regadenoson (an adenosine derivative) or with a flow tracer.

An additional study evaluated [!!C]TMSX for mapping AR of
skeletal muscle and heart in humans using PET. In humans, the heart
was clearly visualized at baseline. Radioactivity in three regions of
the heart was in line with the previous result.3 Theophylline (a
nonsubtype-selective adenosine antagonist, at a dose of 100 mg /
kg) slightly decreased the distribution volume (DV) of [11C]TMSX in
the heart (by 18 - 22 %) and muscle (by 10 %) suggesting some
specific binding of the tracer.40

Using PET, a comparison of AzaR densities in cardiac muscle has
been made in both endurance-trained subjects and untrained men at
resting state.35 In addition, a group from Japan evaluated receptor
functions in the skeletal muscle using PET based on their previous
result*® whereas a Finnish group recorded the myocardial perfusion
effect at rest and during adenosine-induced hyperemia.#! Higher
density of Az2aRs was found in cardiac muscle than in skeletal muscle.
Also, higher levels of A2aR were recorded in cardiac and skeletal
muscle of endurance-trained subjects than in untrained subjects (DV
of [11C]TMSX in heart, 3.6 = 0.3 vs 3.1 + 0.4 mL g triceps brachii
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muscle 1.7 + 0.3 vs 1.2 + 0.2 mL g1, respectively ).35 As a follow-up
the interrelation was studied between A;4R density and myocardial
blood flow (MBF) in both endurance-trained men and untrained
men. Neither difference in A;aR densities between groups nor
affiliation of MBF with AR density and adenosine-induced
hyperemia was found.*!

The effect of age on the distribution of A2sR in the striatum of
healthy human subjects has been studied using [!1C]TMSX-PET [11
young & 6 elder (3 men and women volunteers)]. There was no
significant difference between calculated distribution volume ratio
(DVR) of [11C]TMSX in the striatum of young and elderly subjects
suggesting distribution of AzaR does not change with age. Also, no
gender difference was found in elderly subjects (Females DVR = 1.37
+0.10, males DVR = 1.39 # 0.06).42

Kinetic modeling was carried out to investigate the behavior of
[11C]TMSX in the brain and to examine the usefulness of Logan plot.*
In the study, estimation of binding potential (BP) with the Logan plot
agreed to the three-compartmental model data with or without
metabolite correction and arterial blood sampling. The estimated BP
without metabolite correction was only 5 % lower than the values
acquired with or without arterial blood sampling in different brain
regions.*

The cerebral distribution of [11C]TMSX#*3 was in agreement with the
distribution of A2aR known from post mortem studies in humans,
rodents and primates.3 20. 74 75 A two-tissue, three-compartment
model was used to measure the distribution of A2aR in the brain (n =
5) using metabolite corrected arterial input function. Specific
binding was found to be 62 % in putumen. The BP was largest in the
anterior putamen (1.25), posterior putamen (1.20), caudate nucleus
(1.05) and thalamus (1.03) followed by the cerebellum, brainstem,
posterior cingulate gyrus, occipital, temporal, parietal and frontal
lobes.#3 [11C]TMSX binding in human thalamus was relatively larger
than in the thalamus of other mammals.
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Furthermore, using [!!C]TMSX-PET, differences between A2sR
expression and the dopaminergic system in the striata of drug-naive
PD patients, PD patients with dyskinesia and alterations of these
receptor systems after antiparkinsonian therapy were studied.*> In
order to elucidate the relationship between changes in AzaR density
and dopaminergic system in striatum, authors also used other
dopaminergic system related tracers like [11C]23-carbomethoxy-3[3-
(4-fluorophenyl)tropane ([!!C]CFT), a marker for presynaptic
dopamine transporter and [!!C]raclopride ([!!C]RAC), a marker for
postsynaptic DzR. In an early PD patient with right dominant PD
symptoms, the left-side [11C]CFT binding was more decreased than
the right-side one and the uptake of [!1C]JRAC was increased
bilaterally. In contrast, the [11C]TMSX retention (AzaR density) was
decreased on the left side. These observations suggested that the
changes in A2aR binding measured with [11C]TMSX were coupled
with the asymmetry of the symptoms. The BP of [11C]TMSX was
increased in the putamen of PD patients with mild dyskinesia. The
study also showed that A2aRs were significantly increased in
bilateral putamen of drug-naive patients after antiparkinsonian
therapy.4>

KW6002, a very potent, selective and orally active drug has
completed clinical trials for the treatment of PD. In spite of
extrastriatal in vivo binding result obtained in ratsé4, [11C]JKW6002
uptake was well characterized in human study by a two-tissue
compartmental model with a blood volume component and
reversible kinetics were observed during the scan time.*¢ The
caudate (3.38) showed the highest BP, followed by putamen (2.90),
nucleus accumbens (2.37), cerebellum (2.26), and thalamus (2.19).
Oral dose of 20 - 40 mg / day produced >90 % of receptor
occupancy in healthy volunteers.4¢ Additional study is required to
determine the dose-receptor binding relationship of KW6002 in PD
patients.
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Table 3. Binding Affinities of Adenosine A;x Receptor
Antagonists
Compound | Affinity (Ki, nM) Selectivity Ref
Ay Aza A1/ Aza
KF17837 62 1 62 60
KF19631 >10000 3.5 2857 61
KF18446
(= TMSX) 1600 5.9 270 61
CSC 28000 54 520 61
BS-DMPX 2300 7.7 300 76
IS-DMPX >10000 8.9 >1100 76
KF21213 >10000 3 >3300 66
KW6002 150 2.2 68 64
SCH442416 1800 0.5 3600 80
1100 (h)** | 0.048 (h)** | 22916 (h)**
MRS5425 42.7 £ 0.6 12.4 + 0.8 - 81
Fluoropropyl
SCHA42416 1000 £ 40¢ 53.6 £ 25.5¢ | 19 82
SCH58261 549 1.1 499 83

a% inhibition at 10 pM bh = humans
<Value is expressed as the mean + SEM

The design and development of new AzaR antagonist PET tracers is a
hot research topic since there are still major problems, especially
with xanthine PET tracers, including high nonspecific binding,
reduced tracer uptake, low signal to noise ratio and barely visible
target areas in the brain.e0 62-64,66 Jsefulness of all xanthine type PET
tracers may be limited due to its photoisomerisation problem, lower
specific activity and selectivity towards AzaR. On the basis of these
considerations, nonxanthine compounds (Figure 1) were developed
and tested in many preclinical and clinical studies for the assessment
of cerebral AzaRs. The following paragraphs are devoted to
nonxanthine PET ligands.

Nonxanthine Ligands
Nonxanthine [11C]SCH442416 was synthesized by O-methylation of

desmethyl compound using [11C]CHsl with radiochemical yield of 29
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+ 7 % (decay corrected), radiochemical purity >96%, and specific
activity of 55 # 36 GBq / umol (n=18). Overall synthesis time was
about 40 min 8° (Figure 2).

OH cH,
/
0
=N
N [*C]CH;I
| 0 NQ‘/Q( > —"N\
7 NN DMF, NaOH, 90 °C, 4min _¢ N AN
e E/)_<\ N._N
s Y

NH,
[*C]SCH442416

Figure 2. Radiosynthesis of [11C]SCH442416

A two-pot radiosynthesis method was adopted using the
fluorosynthon 2-[18F]-fluoroethyl- 3,4-dibromobenzenesulfonate.
The whole synthesis time including HPLC purification was about 130
min. The radiochemical yield was 15 * 4 % (n = 8) uncorrected for
decay and the radiochemical purity was 298 % 48 (Figure 3).

OH 18p

o—"
N 2-['8F]Fluoroethyl
N 3,4-dibromobenzenesulfonate
0, Nt "™ =N
E/)—<\ 10 pl tetrabutylammonium hydroxide Nﬁ/Q(N

0
N/N\fN (40 %aq.), 0.3 ml ACN,120 °C, 5 min ||
J \N/N\fN

Figure 3. Radiosynthesis of [18F]-MRS5425

In Vitro and Preclinical Studies

The development of the high affinity and selective novel
nonxanthine compound SCH442416 as an in vivo probe for AzaR
using PET was reported by Todde et al80. In receptor binding
studies, SCH442416 showed a very good selectivity for AzaR as Ki
values were 0.048 nM for AR, > 10,000 nM for A,g and Az, and
1,111 nM for AR (Table 3). Biodistribution studies showed not only
radioactive uptake in the adrenal glands and kidneys, where A2aRs
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are highly expressed, but also in highly perfused organs like lung and
liver radioactive uptake reached maximum at 5 min post injection in
normal healthy rats. [11C]SCH442416 penetrated the BBB easily and
was retained in the brain where the maximum uptake was reached
at 5 - 15 min after injection. Regional brain distribution showed a
high striatal uptake (0.46 % ID / g) whereas tracer levels in the
cerebellum (0.10 % ID / g) and cortex (0.10 % ID / g) were lower.
Striatum-to-cerebellum ratio was 4.6 + 0.17 at the time of maximum
uptake (at 15 min post injection). Two hydrophilic metabolites were
found in plasma extracts [Retention time (tr) = 4.5 and 2.5 min] with
about 40 % of an intact tracer at 60 min. The regional distribution of
radioactivity, the good signal-to-noise ratio and low amounts of
radioactive metabolites in the brain all suggested that
[11C]SCH442416 was the first nonxanthine ligand suitable for
mapping of A2aR using PET.80

In a later study, [11C]SCH442416 was tested as a new PET tracer for
in vivo imaging of AzaRs in rat and monkey brain.84 Preadministered
A24R selective (SCH442416, SCH58261 and KW6002] or nonsubtype
selective antagonists (caffeine) decreased tracer accumulation in the
striatum at 15 min after injection. Caffeine and KW6002 significantly
decreased tracer retention (71 % and 68 %, respectively) in the
striatum. Interestingly, subtype selective, potent antagonists like
SCH442416 and SCH58621 did not yield a good blocking effect.
These compounds may pose formulation problems due to poor
water solubility. Receptor-specific uptake was confirmed by
intrastriatal injection of quinolinic acid. Using PET, serial brain scans
were made in a single monkey after injection of 30 MBq of
[11C]SCH442416. Rapid uptake of the tracer was observed in 0 - 4
min. Higher uptake in the striatum was noticed during the second
frame (2 - 4 min). Striatum-to-cerebellum ratios reached a
maximum value of 2.2 at approximately 15 min. BP in the striatum
was estimated as 0.74 with the cerebellum as an input function
(reference tissue model). These findings suggested suitability of
[11C]SCH442416 as an in vivo probe for AzaR.84
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Acute pharmacological interaction of adenosine receptor (Ai-, Aza-, &
Azp-R) antagonists with L-DOPA has been investigated.4” Neither the
AR antagonist CPX (5 mg / kg) nor the A:;gR antagonist alloxazine
(3mg / kg) induced rotational behaviors in 6-hydroxydopamine (6 -
OHDA)-lesioned mice after L-DOPA treatment. However,
synergistically increased contralateral rotations were seen with the
A2aR antagonist SCH58261. In contrast, when used separately,
neither SCH58261 (10 mg / kg) nor L-DOPA (2.5 mg / kg) induced
rotational behaviors in this PD model. In addition, levels of A;aRs in
6-OHDA-lesioned mice have been determined with the A24R specific
tracer [11C]SCH442416. No significant differences in striatal uptake
were observed between the two groups indicating that 6-OHDA-
induced lesions of the dopaminergic system do not affect the in vivo
binding of the A2aR tracer [11C]SCH442416. This contrasts strongly
with reported changes of A2aR mRNA expression in human PD.85
Overall, this study suggested a synergistic beneficial role of A2aR
antagonists in the reduction of L-DOPA dosage in 6-OHDA-lesioned
mouse model.4”

A2aR occupancy in Rhesus monkeys after administration of various
doses of the AiR and A2sR antagonist ASP5854 has been assessed
using [11C]SCH442416 and PET. The amount of receptor occupancy
required to inhibit haloperidol-induced catalepsy (0.03 mg / kg,
intramuscularly) was also determined.8¢ Receptor occupancy was
studied after a intravenous bolus injection of ASP5854 in animals (n
= 3) and a dynamic PET scan was performed at 1, 4, and 8 hour after
injection of approximately 740 MBq of [11C]SCH442416. Incidence
and duration of catalepsy were monitored throughout the study.
Catalepsy was scored on the basis of a forced posture test and all
experiments were video-recorded. If animals maintained the
cataleptic posture then the trial was scored as “onset-positive”; else
it was scored “onset-negative”. The anticataleptic effect of ASP5854
was achieved at 85 - 90 % occupancy of AzaRs. Dose-dependent
receptor occupancy 9.0 % (0.001 mg / kg), 50.7 % (0.01 mg / kg),
and 87.4 % (0.1 mg / kg) was seen in the caudate nucleus. Bound
ASP5854 dissociated slowly from cerebral A2aRs and hence a single
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drug administration provides a long-lasting effect. ASP5854 might
be useful for treatment of psychotic patients in combination with
antipsychotics like haloperidol. [11C]SCH442416-PET might be a
useful tool for estimating the effective doses of A2aR antagonists in
humans.8¢

It has been reported that [18F]-MRS5425 (a ['8F]-fluoroethyl
derivative of SCH442416) can map A2aR changes in the rat model of
PD (6-OHDA model). Also, precursor synthesis for radiolabelling and
a two-pot radiosynthesis of [!8F]-MRS5425 were described.*® In
anesthetized rats, [18F]-MRS5425 was intravenously injected and
PET data were collected. The % ID / g values in regions of interest
were measured in the striatum of normal rats and in rats unilaterally
lesioned with 6-OHDA after intravenous administration of saline
(baseline), the DR agonist quinpirole (1.0 mg / kg) or the D;R
antagonist raclopride (6.0 mg / kg). In vitro and ex vivo brain ARG
showed A2aR specific uptake in the striatum. In addition, in vivo
biodistribution studies suggested radioactivity in the striatum
reached a maximum at 30 and 60 min then dropped slowly.
Radioactivity levels in the striatum were two-fold higher than in
blood, suggesting suitability of [18F]-MRS5425 as an in vivo probe for
mapping A2aRs. Results of the PET study were comparable to the
previous one using [!1C]SCH442416 in anesthetized nonhuman
primates.8* Radioactivity uptake was higher (9 - 12 % in the % ID /
g) in the lesioned striatum than in the contralateral intact side due to
upregulation of A2aRs.#8 81 Conflicting results (either upregulation or
no change of A2aRs in animal models of PD) 47. 48 may be related to
differences in the experimental setup and / or species differences
(rat vs mice).

Clinical Studies
In an important study, AzaR availability in 12 PD patients with and

without levodopa-induced dyskinesias (LIDs) and in age-matched
healthy controls (n=6) using PET and [!1C]SCH442416 was
reported.#® PD patients with LIDs have elevated striatal AzaR
availability (BPs up to 1.67 vs 0.96 of patients without LIDs).
However, no correlation was found between severity of dyskinesia
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and increased striatal A;aRs. Also, the increase was not correlated to
age, disease duration, levodopa equivalent unit or Hoehn and Yahr
staging. Higher A24R binding was found in the caudate and putamen
of PD patients with LIDs with respect to both control group and PD
patients without LIDs. Hence, this study suggested A2aR antagonists
might be useful for the management of LIDs along with reductions in
levodopa dosage. However, to prove the concept, further studies are
required in larger groups of patients. [11C]SCH442416-PET might
provide a robust and reliable method for in vivo investigations of
A24R availability.49

[11C]SCH442416 has been employed to assess A2aR occupancy by a
therapeutic drug, vipadenant, in the human brain in order to
correlate receptor occupancy and therapeutic effect.50 The drug
crossed the BBB and displaced receptor-bound [11C]SCH442416 in a
dose-dependent fashion (2.5 - 100 mg /day for 10 or 11 days). The
estimated receptor occupancy of the drug in the brain varied from
74-94 % at the lowest daily dose (2.5 mg)5° Unfortunately, negative
findings in preclinical toxicology studies led to discontinuation of
this drug in July 2010 by Vernalis Plc.8” Thus, [11C]SCH442416 might
be an excellent tool for measurement of the A2aR occupancy of
various compounds (both xanthine and nonxanthine antagonists).

Trends in Medicinal Chemistry Including Molecular
Docking of A2aR Antagonists as Potential PET Tracers

Recent developments in medicinal chemistry (both in synthesis and
biological evaluation) resulted in the identification of large number
of ligands with high affinity and specific binding to the A:zaR.
Potential candidates for radiolabeling and molecular imaging have
been reviewed below.

In the last 20 years, a number of selective A2aR antagonists have
been developed and some of them are being evaluated for treatment
of PD in several preclinical and clinical studies. As shown above,
A24R antagonists can be divided in two main categories. i) xanthine-
type compounds and ii) polyheterocyclic compounds.
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The xanthine scaffold present in the most popular compound
caffeine represented an important starting point for the
development of antagonists for this class of receptors.88 Extensive
structure-activity relationship studies among the xanthine
derivatives have already led to the clinical candidates KW6002 and
TMSX, both of which were labeled with carbon-11.39 40, 64 However,
there is an increasing interest among researchers in this field
(particularly A2aR) to explore other class of compounds
(polyheterocyclic compounds) as potential PET antagonists because
xanthine-type antagonists seriously suffer from low subtype
selectivity and poor physicochemical properties such as
photoisomerisation and low water solubility.68 89-91 Attempts have
been made to improve water solubility of styrylxanthines such as
introduction of polar groups on phenyl ring and prodrug approach
with the aim not to compromise on affinity and selectivity (for
example, the introduction of the sulfonate group on the phenyl ring
of DMPX and MSX-3, a phosphate prodrug of MSX-2) (Figure 4).92 All
these studies appeal strongly to reconsider the xanthine family for
A2aR. Later, tricyclic xanthines and aminopyridopyrimidinedione
derivatives (xanthine-adenine hybrid structures) were developed.ot
93-96 However, lack of affinity and selectivity made them unsuitable
for further development (Figure 4).

Presence of adenine base, a partial adenosine structure, in CGS15943
was an important starting point for the investigation of nonxanthine
compounds.®2 The 2-alkynyl-substituted adenine derivative and
1,2,3-triazole adenine derivative are the most potent compounds of
this class exhibiting high AR affinity (Ki, 0.95 nM and 4.7 nM,
respectively) but moderate selectivity of Aza versus Ai receptors
(Figure 4).91.97 Later, a bioisoster of CGS15943 showing good affinity
and enhanced selectivity towards AzaR was reported.?® Pyrazolo-
triazolo-pyrimidine nucleus was introduced as lead tricyclic
molecule to determine AzaR affinity and selectivity. Selected
compounds of this class are SCH58621 and SCH442416 (Figure 4).
These compounds proved to have very good affinity and selectivity
for both rat and human AzaRs (Table 3). The phenylethyl group of
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SCH58621 was substituted with an arylpiperazine ethyl group to
obtain a new series of nonxanthines with high potency and
selectivity for Az2aR. Poor water solubility is also a limiting factor for
these nonxanthines.’2 However, further introduction of ether
substituents gave derivatives with high affinity, selectivity and
improved water solubility (SCH420814). Synthetic routes to various
pyrazolo[4,3-e] [1,2,4]triazolo[1,5-c]pyrimidin-5-amine  analogs
were described.8!. 82 98-101 The methoxy group of SCH442416 was
replaced with various conjugates like ester, carboxylic acid, amines,
alkyne, fluoropropyl and fluorophore reporter groups. The
fluoropropyl derivative of SCH442416 might be useful as a PET
ligand after labeling with 18F because of its good affinity (Table 3)
towards A2aR.82 Pyrazole of the tricyclic moiety was replaced by an
imidazole ring resulting in enhanced potency and selectivity (isomer
of SCH420814).102 Researchers from Jiilich synthesized and tested
oxazolopyrimidines, derived from the triazolotriazine derivative,
ZM?241385 and triazoloquinoxalone series as potential PET tracers
for imaging brain A2aRs. In vitro ARG experiments indicated high
nonspecific binding which conceals specific binding to AzaRs. In
addition, triazoloquinoxaline derivatives lack good selectivity for
A2aR over AiR and have poor water solubility.103104
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Many groups described several very potent and highly subtype-
selective bicyclic and tricyclic nonxanthine analogs.83 105-107
Unfortunately, all the structures are not amenable to radiolabelling
with 11C or 18F. However, more suitable candidates are: 2-[2-
furanyl)-7-phenyl[1,2,4]triazolopyrimidineamine derivatives108 109,
triazolopurinamine analogs®’, piperazine diamino and triamino
derivatives of triazolotriazine, arylpiperazine derivatives of
pyrazolotriazolopyrimidines?? and triazolopyrimidine9t 106, 109-113
which can be labeled both with 11C (potential radiolabelling position
on -NCH3 or -OCH3z groups) or !8F (fluorine atom on aromatic ring).
In addition to the above compounds, aminopyrimidine derivatives,
benzothiazole, thiazolopyridine and 1,2,4-triazole derivatives have
emerged as potential new lead molecules for the development of
A2aR antagonists?! (Table 4).

To identify potent potential PET ligands, computer-aided drug
design is of great value. Scientists made use of molecular docking
software to predict the binding orientation of small molecules to
their protein targets. Hence in silico docking is useful in rational drug
design. Several A;aR antagonists were docked using different
software packages and protein data bank (PDB) crystal structures by
different groups. A cocrystal structure of the A2aR with the selective
antagonist ZM241385 (PDB Identification number: 3EML) has been
reported.!’* Important characteristic receptor-ligand interactions
include H-bond interactions with Asn253 and Glu269 and
hydrophobic interaction with Phe168.

Another study reported docking analysis of structurally diverse A2aR
antagonists with the aim to characterize the binding sites of AzaR.
They identified five transmembrane helices (TM2, TM3, TM5, TM6,
and TM7], which surround the active binding site of all AzaR
antagonists.115 These results were consistent with site-directed
mutagenesis studies.!’6 The three most potent xanthine analogs
(KW6002, KF17837 and BS-DMPX) were first subjected to a docking
study to validate the residues involved in stable binding interactions
between antagonists and the receptor. All three xanthine type
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antagonists have similar binding mode patterns. Binding energy
scores of all nonxanthine analogs were in agreement with receptor
affinity (Kj) of the molecules. Moreover, all compounds shared
similar m - 1 interactions between receptor aromatic residues and
antagonists.115 Critical interaction for xanthine analogs was
hydrogen-bonding formation between Ser277 of A;aR with the
carbonyl group of ligands whereas for nonxanthine compounds the
free NH2 groups and the oxygen in the furan ring are important
features for binding to the receptor.115

Bidhan et al. studied in detail pyrazolotriazolopyrimidine
(SCH442416) derivatives by induced fit docking methodology using
GLIDE software and they reported the 2-fluoroethyl derivative of
SCH442416 as a highly selective PET tracer for AzaR.8! This
fluorinated analogue showed a similar binding mode as ZM241385
in the crystal structure whereas key interactions with important
amino acids in the active site cavity such as Asn253, Phel68 and
Glul69 were maintained.8! The in silico results were fully
substantiated with in vivo results.8!

Table 4. Development of Novel Medicinal Lead Compounds as
Potential PET Tracers

Compounds AzaR Selectivity Potential
Binding (A1/Az24) position
affinity for [11C] or

[18F]
(Ki, nM) labelling

2-[2-Furanyl)-7-
phenyl[1,2 4]triazolopyrimidin

eamine derivatives

- Methoxy
/@z”J Where R = -H 2.8 601
PN Methoxy
;. 2.7 642 and fluorine
atoms
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Summary and Future Perspectives

All the xanthine analogs including [11C]TMSX proved to be not very
suitable for molecular imaging mainly because of low signal to noise
ratio, barely visible receptor density and high degree of nonspecific
binding. All xanthine A2x antagonists e.g., [11C]KF17837, [11C]TMSX,
[11C]KF21213, [11C]KF19631 and [11C]KW6002 indicated multiple
binding sites and undefined binding sites are responsible for
extrastriatal retention of radioactivity.466466.72, 77 Through saturation
binding experiment, previous studies showed that multiple binding
sites and undefined binding sites of xanthine compounds are quite
different from those of nonxanthine analogue’s binding sites.5% 59 65,
70, 75 Photoisomerisation problem and specific selectivity towards
A24R limits xanthine analogue use.
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To overcome all the problems associated with xanthine type
compounds, polyheterocyclic compounds were proposed, developed
and tested. The regional distribution of radioactivity, the good
signal-to-noise ratio and low amounts of radioactive metabolites in
the brain all suggested that [!1C]SCH442416 was the first
nonxanthine ligand being suitable for mapping of A2aR using PET.80.
8¢ However, researchers aim to develop tracers with larger
striatum/cerebellum ratios than [11C]SCH442416 and higher
absolute values of brain uptake both in experimental animals and
humans, which are important for good count statistics. In this
regard, [18F]fluoroethyl SCH442416 derivative was evaluated in 6-
OHDA PD rat model.#8 Preliminary findings indicated that
[11C]SCH442416 and its [!8F]fluoroethyl SCH442416 are good
tracers for mapping cerebral A;aRs.48 80,84

Some studies performed by the Jiilich group03 104 have indicated
that A2aR antagonists can be very potent and have appropriate
lipophilicity for crossing BBB, yet fail as radiopharmaceuticals
because of high nonspecific binding. Furthermore, receptor subtype
selectivity plays an important role in PET. It may thus be a challenge
to develop PET ligands with better in vivo properties than [11C]TMSX
or [!1C]SCH442416. However, recently, newly developed F-18
labeled SCH442416 derivatives are under consideration mainly
because of longer physical half-life (109.8 vs 20.4 min) allowing
tracer distribution to remote imaging centers without cyclotron
facilities and can achieve longer biodistribution and scanning
times.8. 82  Aminopyrimidine  derivatives, = benzothiazole,
thiazolopyridine and 1,2,4-triazole derivatives have emerged as
potential new lead molecules for the development of A2R
antagonists and PET tracers for both therapeutic and diagnostic
applications.®? Further studies with these compounds and other
fluorinated analogues of SCH442416 are warranted. Computer-aided
drug design and rapid developments in medicinal chemistry may
yield better radioligands for A24R visualization and quantification in
the nearest future.
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[18F]-LABELED SCH ANALOGS FOR THE IMAGING OF A2ZARS WITH PET

Abstract

Cerebral adenosine Aza receptors (Az2aRs) are attractive
therapeutic targets for the treatment of
neurodegenerative and psychiatric disorders. We
developed high affinity and selective compound 8
(SCH442416) analogs as in vivo probes for Az;aRs using
PET. We observed the AzaR-mediated accumulation of
[t8F]fluoropropyl ([18F]-10b) and [!8F]fluoroethyl ([18F]-
10a) derivatives of 8 in the brain. The striatum was
clearly visualized in PET and in vitro autoradiography
images of control animals and was no longer visible after
pretreatment with the A2aR subtype-selective antagonist
KW6002. In vitro and in vivo metabolite analyses
indicated the presence of hydrophilic
(radio)metabolite(s), which are not expected to cross the
blood-brain-barrier. [18F]-10b and [!8F]-10a showed
comparable striatum-to- cerebellum ratios (4.6 at 25 and
37 min postinjection, respectively) and reversible
binding in rat brains. We concluded that these
compounds performed equally well, but their kinetics
were slightly different. These molecules are potential
tools for mapping cerebral A2aRs with PET.
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Introduction
denosine Azx receptors (A:2aRs) are G-protein-coupled
binding sites for adenosine which stimulate adenylyl cyclase
via Gs proteins and promote the formation of the second
messenger, cyclic adenosine monophosphate (cAMP).1
Adenosine activates A2aRs at nanomolar amounts and are one of the
well-characterized subtype of adenosine receptors.2 A2aRs are highly
expressed in the basal ganglia regions of the brain, and the highest
levels of AzaR expression occur in the striatum, globus pallidus and
substantia nigra.3-5 Lower densities of AzaRs occur in the
hippocampus, cerebral cortex, amygdala, cerebellum, brainstem, and
hypothalamus.6-9
A24R agonists are implicated in ischemia-reperfusion injury, chronic
inflammation, wound healing, angiogenesis, and infectious
diseases.10-12 The vasodilating effect of A2aR agonists (adenosine and
regadenoson) has been fully characterized (see Figure 1). Adenosine
and regadenoson are used as pharmacologic stress agents in
(radionuclide) myocardial perfusion imaging.13
A2aRs mediate potential neuroprotective and neurotoxic effects in
addition to modulating dopaminergic neurotransmission in the basal
ganglia through the antagonistic interactions between AzaRs and
dopamine D receptors (D:2Rs).14-16 However, their role in
neurodegenerative diseases such as Parkinson’s disease (PD) and
Alzheimer’s disease (AD) is highly controversial.l¢ Nevertheless,
based on preclinical studies, A2aR antagonists have potential benefits
in the treatment of neurodegenerative and psychiatric disorders
such as PD, AD, neuroinflammation, ischemia, spinal cord injury,
drug addiction, and other conditions.12 15-18 Moreover, recent
epidemiological studies have established that the regular
consumption of caffeine (a xanthine derivative and AR antagonist) is
associated with a lower risk for developing PD1° or AD.20 Along with
D:Rs, Az2aR antagonists attenuate the overactivity of the indirect
dopamine pathway observed during PD, restore balance between
the direct and indirect output pathways, and suppress the
neurodegenerative process by modulating the activity of cortico-
striato-pallido-thalamocortical (CSPTC) pathways.15 21,22
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Positron emission tomography (PET) can noninvasively assess the
functional status of CSPTC pathways in PD and related disorders.23
High-affinity antagonistic radioligands that are selective for the
AzaRs can be used to assess changes in AR density during disease
progression and to monitor the effects of therapy on these changes.2
Moreover, they can be employed to assess the occupancy of the
receptor population by therapeutic drugs in the human brain, which
will allow the correlation of receptor occupancy with dose, drug /
tracer plasma levels, and therapeutic effects.2 12 24 25 We focused on
AzaR antagonist core structures as PET ligands (instead of AR
agonist structures) because agonist PET tracers may only bind to the
high-affinity state of the receptors, resulting in a poor signal-to-noise
ratio.26 Moreover, the in vivo vulnerability to competition by
endogenous adenosine may hamper the quantification of the total
number of binding sites.2é
The design and development of novel A24R antagonist PET ligands is
a key research topic because current xanthine-based tracers suffer
from several disadvantages, including high nonspecific binding, low
signal-to-noise ratios, and therefore, target sites in the brain are
barely visible. Furthermore, the use of xanthine-based tracers
suffers from a photoisomerization problem, low selectivity toward
AzaR.2 24, 27-33 On the basis of these considerations, nonxanthine
compounds were developed and evaluated in many preclinical and
clinical studies for the assessment of cerebral AzaRs.12

A high degree of selectivity and appropriate combinations of
lipophilicity, molecular weight and affinity are important in the
development of ideal in vivo A:aR PET brain tracers.3* For a
compound to cross the blood-brain-barrier (BBB), a relatively small
molecular weight (400 to 500 Da) and moderate lipophilicity
(approximate range of logP is 2 to 3.5) are optimal.34-3¢ High
lipophilicity causes unacceptable binding to plasma proteins and
lipid bilayers, resulting in high levels of nonspecific binding in the
brain.3¢ Low lipophilicity decreases the penetration of PET agents
across the BBB. In addition, the tracer’s affinity must balance the
opposing goals of tight binding and significant washout from the
brain. Furthermore, the easy and rapid (within 3 half-lives)
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incorporation of radionuclides into the appropriate precursor
molecules is necessary. Finally, the formation of lipophilic
radioactive metabolites should be negligible because the presence of
resulting radiometabolites in the target tissue would impede the
quantification of the PET data using kinetic models.3* 37

Rodent studies with nonxanthine tracer 7-(3-(4-
[11C]lmethoxyphenyl)propyl)-2-(2-furyl)pyrazolo[4,3-e]-1,2,4-
triazolo[1,5-c]pyrimidine-5-amine [11C]-8 ([!!C]SCH442416; Figure
1) 38.39and its 2-[!8F]fluoroethyl derivative [18F]-10a ([18F]MRS5425
= [18F]FESCH in Scheme 3) 42 43 suggest their potential value for in
vivo mapping of A2aRs.38-43 However, high nonspecific binding and a
lower striatum (target)-to-cerebellum (nontarget) ratios (4.6 for
[11C]-8 at 15 min; no target-to-nontarget data available for [18F]-
10a) than [7-methyl-11C](E)-8-(2,3-dimethyl-4-methoxystyryl)-
1,3,7-trimethylxanthine [11C]-3 ([!1C]KF21213; a xanthine-based
tracer, 10.5 at 60 min, Figure 1) 33 were associated with these
tracers, and these compounds will require further evaluation in
human subjects.3% 43 Furthermore, [11C]-3 (a tight binding tracer
suffers from several limitations such as photoisomerization, an
impaired Kkinetic profile, low BBB penetration, and poor water
solubility.2 39

All of the AzaR antagonist PET ligands that have been successfully
evaluated in humans to date are [11C]-labeled. The radioisotope 18F
has advantages of higher specific activity and a longer physical half-
life (109.8 min vs 20.4 min) than [!1C]ligands; these advantages
allow the tracer to be distributed to remote imaging centers without
cyclotron facilities and to achieve longer biodistribution and
scanning times for a better assessment of the dissociation rate
constant (Kof).43 44 On the basis of above considerations, favorable
docking results and because compound 8 demonstrated an
appropriate lipophilicity for CNS imaging in addition to the highest
A24R affinity and subtype-selectivity, the present study utilized 8 as
a lead compound to develop a novel radiofluorinated A2sR ligand.
We designed and prepared an 7-(3-(4-(3-
[18F]fluoropropoxy)phenyl)propyl)-2-(furan-2-yl)-7H-pyrazolo[4,3-
e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine  derivative  ['8F]-10b
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([*8F]FPSCH in Scheme 3) and compared its pharmacokinetics and
biodistribution in healthy rats with those of [18F]-10a and [11C]-8 to
optimize the length of the fluoroalkyl chain, which could affect both

A24R affinity and selectivity.
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Figure 1. Structures of some selected AR agonists, an antagonist
KW6002 and AzaR PET imaging agents.
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Experimental Section

In Silico Docking Studies.

The coordinates of the X-ray crystal structure of human AR in
complex with the triazolotriazine 17, a high-affinity and selective Aza
antagonist  (Figure 2, protein data bank ID: 3PWH,
http://www.rcsb.org/pdb), plus those of some well-known A2aR
antagonists, were used as a basis for ligand docking to investigate
the binding properties of 10a and 10b (Figure 2, panel B and C). The
three-dimensional (3D) structures of these molecules were drawn
using the SYBYL 7.1 molecular modeling package.*> Next, the
constructed molecules were energy minimized using the Powell
method for 10000 iterations with 0.05 kcal / mol as a gradient.46 A
tripos force field and Gasteiger-Hiickel charges were used during
minimization.#” The GOLD 5.1 docking protocol was employed for
the analysis.*® Hydrogens were added to the crystal structure, and a
grid of size 10 A was constructed around the cocrystallized ligand.
The cocrystallized ligand was removed after the preparation of the
grid. The docking was then carried out to predict the binding mode
of the same cocrystallized ligand, and a comparison was made with
the crystallographically observed positions (n = 3). Compound 18, a
high affinity AiR antagonist was included as a decoy compound in a
pool of known AzaR antagonists to further validate the docking
protocol. The GOLD fitness score and the various interactions, such
as hydrogen bonding / m-m interactions with important active site
residues from the validated docking protocol, were selected as
evaluation criteria. The docking poses were analyzed using Pymol
(Delano Scientific LLC, San Carlos, CA)

91




[18F]-LABELED SCH ANALOGS FOR THE IMAGING OF A2ARS WITH PET

A Phe168A B Q3 .
lle2744 oy )
Ser67A ’
Phe168A ot

Figure 2. (A) Interaction between antagonist 17 and A:sR binding site
residues. (B) Docked conformation of 10b with A;aR, viewed from the
membrane and extracellular (ECL) sides, showing ECL2-folded into the
binding cleft. TMs 1-7 are labeled for reference. (C and D): Close-up view
showing the pose for (C) 10a and (D) 10b in the A24R binding site residues.
The residues and compounds are shown in stick models. The residues
involved in ligand binding are labeled and represented as violet sticks,
oxygen atoms are shown in red, nitrogen atoms are shown in navy blue and
hydrogen atoms are shown in grey. The compounds are represented as
purple sticks, the fluorine atom is represented in cyan, and the rest of the
indicated atoms are similar to AzaR residues. The dashed lines in black
indicate hydrogen bonds.
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Materials (Chemical Synthesis).

The compounds 8 and 12 were purchased from Axon Medchem BV
(Groningen, The Netherlands). 1,3-Propanediol di-p-tosylate (6) and
1,2-ethanediol di-p-tosylate (11) were procured from Aldrich
(Sigma-Aldrich, The Netherlands). Tetrabutylammonium hydroxide
solution (40 % in H20) was purchased from Fluka (Sigma-Aldrich,
The Netherlands). All other chemicals were of analytical grade and
obtained from commercial suppliers such as Rathburn, Sigma, Merck
and others. These chemicals were used in the syntheses without any
further purification. Oxygen- or moisture-sensitive reactions were
carried out under an atmosphere of dry N or argon using dried
glassware.

Methods for Chemical Synthesis and Molecular Characterization
Nuclear magnetic resonance spectra were recorded on a Bruker
Avance 500 spectrometer ['H NMR (500 MHz), 13C NMR (125 MHz)]
or a Varian Oxford 400 MHz spectrometer [1H NMR (400 MHz), 13C
NMR (100 MHz)]. Chemical shifts are reported as 6 values and
coupling constants are presented in hertz (Hz). Chemical shifts for
13C NMR spectra are reported in ppm relative to the solvent peak.
UHPLC-HRMS was used to assess the exact molecular weight of the
reference compounds ([18F]-10a and ['8F]-10b) and intermediate
fluorosynthons (['8F]-5 and [18F]-7). The HPLC method was used to
calculate the purity of the compounds. Purities of all compounds
were found to be = 95 %. A sample solution (100 % acetonitrile)
with a concentration of approximately 0.1 mg / mL was prepared,
and an injection volume of 5 pL was used. Data were acquired as
described in the in vitro microsomal metabolite analysis section
using a 4-min gradient starting from 0.1 % formic acid in 95 % water
for 1.5 min, next with an 80 % acetonitrile solution for 1 min, and
finally with 0.1 % formic acid in 95 % water at a flow rate of 0.6 mL /
min.

A disconnection retrosynthetic strategy was designed for the easy
preparation of the 10a and 10b analogues.*z 4 Compound 8, in
dichloromethane (DCM) was demethylated using BBrs3; this yielded
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the precursor 9. This precursor without further purification was
used for both the chemical and radiochemical syntheses.

Precursor 9 was characterized by ESI-HRMS m / z 376.1522 [M +
H]+, C19H17N702.H+: calcd 376.1522; 1H NMR (400 MHz, Methanol-
d4): 6 8.08 (s, 1H), 7.78 (dd, / = 1.7, 0.7 Hz, 1H), 7.30 (dd, J = 3.5, 0.7
Hz, 1H), 6.92 - 6.83 (m, 2H), 6.66 (dd, J = 3.6, 1.8 Hz, 1H), 6.60 - 6.50
(m, 2H), 4.28 (t,/ = 6.9 Hz, 2H), 2.47 (t,] = 7.5 Hz, 2H), 2.26 - 1.96 (m,
2H).

2-[19F]-Fluoroethyl Tosylate (5).

2-Fluoroethanol 4 (1.28 g, 20 mmol) was dissolved in 20 mL of DCM
at 0 °C. Tosyl chloride (4.19 g, 22 mmol) and pyridine (1.74 g, 22
mmol) were added to this solution. The reaction mixture was then
allowed to warm to room temperature and stirred continuously for
3 h. After the addition of water (100 mL) and saturated ammonium
chloride solution (50 mL), the mixture was extracted with DCM
(3x150 mL). The combined organic fractions were washed
thoroughly with brine, dried over anhydrous sodium sulfate, and
concentrated in vacuo to generate the crude product. The crude
product was then purified by silica column purification using n-
hexane:DCM (50 % v / v) as an eluent to generate pure 5 (Scheme 1)
in the form of colorless oil, R 0.34. The isolated yield was 51 %.
ESI-HRMS m / z 241.0309 [M + Na]*, CoH1:103FS.Na*, calcd 241.0310;
'H NMR (400 MHz, CDCl3): 6 7.80 (d, J = 8.3 Hz, 2H), 7.35 (d, ] = 8.3
Hz, 2H), 4.62 (dd, J = 5.0, 3.2 Hz, 1H), 4.50 (dd, J = 5.0, 3.2 Hz, 1H),
4.29 (dd, J = 4.9, 3.3 Hz, 1H), 4.22 (dd, J = 4.9, 3.3 Hz, 1H), 2.44 (s,
3H).

3-[1°F]-Fluoropropyl tosylate (7).

Tetrabutyl ammonium fluoride trihydrate (52.8 mg, 0.20 mmol) was
dried azeotropically with 3x3 mL acetonitrile. During coevaporation,
care should be taken to ensure that the temperature of the flask does
not rise above 30 °C to prevent the decomposition of the tetrabutyl
ammonium fluoride trihydrate. The contents of the flask were
redissolved in a small amount of anhydrous acetonitrile, and this
solution was added to a refluxing solution of 1, 3-propanediol di-p-
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tosylate 6 (76.9 mg, 0.2 mmol) in acetonitrile. The reaction progress
was monitored by TLC on silica plates [DCM:hexane (1.25:1 v / v)].
The refluxing was continued overnight with stirring. The obtained
solution was filtered, and the filtrate was evaporated under reduced
pressure. The residue was redissolved in a small amount of mobile
phase and purified using silica gel column chromatography with a
mixture of DCM and hexane (50 %) as the eluent to yield pure 7
(Scheme 1) in the form of a clear, slightly yellowish oil.

ESI-HRMS m / z 213.0583 [M-F]*, [C10H1303S-F]*: calcd 213.0585;
high in-source fragmentation; 'H NMR (400 MHz, CDCl3): § = 7.80 (d,
J]=8.2,2H),735(d, ] =8.1, 2H), 454 (t,] = 5.7, 1H), 445 (t, ] = 5.6,
1H), 4.16 (t,] = 6.2, 2H), 2.45 (s, 3H), 2.14 - 1.94 (m, 2H).

Scheme 1. Synthesis of Fluoroalkyltosylates®
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aReagents and conditions: (i) tosyl chloride, pyridine, DCM, room
temperature (RT), stirring 3 h; (ii) tetrabutyl ammonium fluoride
trihydrate, acetonitrile, overnight reflux

7-(3-(4-(2-Fluoroethoxy)phenyl)propyl)-2-(furan-2-yl)-7H-
pyrazolo[4,3-e][1,2,4]triazolo [1,5-c]pyrimidin-5-amine (10a).
The synthesis of this compound was performed according to a
published procedure. The authenticity of the 10a (Scheme 2) was
confirmed by 'H NMR, 13C NMR and MS data and was in agreement
with the published values.+2
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7-(3-(4-(3-Fluoropropoxy)phenyl)propyl)-2-(furan-2-yl)-7H-
pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (10b).
The selective fluoropropylation reaction described in the literature
was slightly modified to generate authentic nonradioactive 10b
(Scheme 2).49 Our procedure differed in the fluoroalkylating agent;
we used 7 instead of 1-bromo-3-fluoropropane.

The phenol precursor 9 was dried azeotropically with 3x8 mL
anhydrous toluene and then suspended in anhydrous MeOH (3 mL),
and Cs2C03 (110 mg, 0.34 mmol) and 3-fluoropropyltosylate 7 (79
mg, 0.34 mmol) were added. The reaction mixture was refluxed for
16 h with continuous stirring. The conversion was monitored by TLC
(14 % acetonitrile in chloroform). The crude mixture was then
concentrated in vacuo, and the crude product was redissolved and
purified by preparative TLC with 14 % acetonitrile in chloroform as
a mobile phase to furnish 7.9 mg of product. The product was
contaminated with trace silica gel. To remove the silica gel
impurities, the sample was redissolved in the mobile phase, passed
through a 0.45 pm polytetrafluoroethylene (PTFE) syringe filter, and
concentrated to provide 7.4 mg (25 %) of 10b (Scheme 2) as a white
solid.

ESI-HRMS m / z 436.1899 [M + H]", C»,H,,N,0,F.H+: calcd 436.1897; 'H
NMR (500 MHz, CDCls): & 8.24 (s, 1H), 7.67 (s, 1H), 7.29 (d, J = 5.8 Hz,
2H), 7.12 (d, J = 8.0 Hz, 2H), 6.83 (d, J = 8.1 Hz, 2H), 6.64 (s, 1H), 5.98 (s,
2H), 4.70 (t, J = 5.6 Hz, 1H), 4.61 (t, J = 5.5 Hz, 1H), 4.40 (t, J = 6.7 Hz,

1H), 4.08 (t, J = 5.9 Hz, 1H), 2.64 (t, J = 7.4 Hz, 2H), 2.37 — 2.04 (m, 4H)
C NMR (125 MHz, CDCl3): 6 157.08, 149.15, 147.83, 145.49, 144.87,
144.64, 133.26, 132.03, 129.38, 114.40, 112.74,112.04, 97.26, 81.47,
80.16, 63.53, 46.97, 31.98, 31.19, 30.53, 30.38, 29.71.
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Scheme 2. Disconnection Retrosynthetic Scheme for the
Reference Fluoroalkylated Compound 8 Analogs (10 a and
10b)e
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aReagents and conditions: (iii) BBrs;, CH:Cl,, RT, 2 h; (iv) 5, Cs2COs3,
MeOH, reflux, 1 h; (v) 7, Cs2C0O3, MeOH, reflux, 16 h.

Radiochemistry

[18F]-10a and [18F]-10b were prepared by a two-pot radiosynthetic
method, using the intermediate fluorosynthons [18F]-5 and [18F]-7
(Scheme 3, Table 2).

No-carrier added aqueous ['8F]fluoride was produced by the
irradiation of [180]water via the 180 (p,n) 18F nuclear reaction using a
Scanditronix MC-17 biomedical cyclotron. The ['8F]fluoride solution
from the target was trapped onto a preactivated Sep-Pak light Accel
plus QMA anion-exchange cartridge to recover the 180-enriched
water. The [!8F]fluoride was then eluted from the column with 1 mL
of potassium carbonate solution (1 mg / mL) into a glass conical vial
containing 15 mg of Kryptofix [2.2.2]. To this mixture, 1 mL of
acetonitrile (Rathburn, The Netherlands) was added, and the
solvents were evaporated to dryness azeotropically at 130 °C. The
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[18F]KF / Kryptofix [2.2.2] complex was dried 3 times by the addition
of 0.5 mL acetonitrile, and the solvent mixture was evaporated.

A solution of 6 or 1,2-ethanediol di-p-tosylate 11 (4-5 mg) in
acetonitrile (0.5 mL) was added to the conical vial, and the vial was
heated on a heating block to 125 °C for 10 min under sealed
conditions and then cooled to room temperature to generate the
crude intermediate. The cooled reaction mixture was diluted with 4
mL hexane / diethyl ether (3:1), and loaded onto a Sep-Pak Silica
Plus column (Waters). The cartridge was then eluted with 10 mL of
hexane / diethyl ether (3:1) and the eluate captured in a counting
vial was evaporated on a rotavap (Buchi HB-140) to obtain the
desired pure [18F]fluorosynthon [18F]-5 or [18F]-7.

Phenol precursor 9 (1.5 mg) in 0.3 mL acetonitrile and 10 pL of 40 %
aqueous tetrabutylammonium hydroxide solution were added to the
residual solution of 3-[!8F]-fluoropropyltosylate [18F]-7 or 2-[18F]-
fluoroethyltosylate [18F]-5. The reaction vials were closed and
maintained at 115 °C for 15 min on a heating block. After cooling to
room temperature, the reaction mixture was diluted with 0.6 mL of
HPLC mobile phase and injected onto a semipreparative
Phenomenex Prodigy ODS C-18 RP-HPLC column (5 pm, 10x250
mm) connected to a UV-spectrometer (Waters 486 tunable
absorbance detector) set at 254 nm and a Bicron Frisk-Tech
radiation detector. The HPLC column was then eluted with 45 %
acetonitrile and 55 % 100 mM ammonium acetate at 5 mL / min to
yield [18F]-10b (tr = 16 min); in the case of [18F]-10a, the elution
solvent was 40 % acetonitrile and 60 % 100 mM CH3COONHg4, tr = 21
min. The collected HPLC fractions containing the products were
diluted with water (25 mL) and loaded onto C-18 light Sep Pak
cartridges (Waters). After trapping the radioactivity, the columns
were washed with an additional 4 mL of water. The columns were
dried with a flow of nitrogen and eluted with 1 mL of ethanol over a
0.22 pm Millex LG sterilization filter; the products were collected in
a 25 mL sterile vial (Mallinckrodt pharmaceuticals, The
Netherlands). The products were diluted with saline (4 mL), and the
formulated tracers were submitted for quality control.
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Independent quality control was performed on a Waters (Milford,
MA) Acquity Ultraperformace LC quaternary solvent manager
coupled to a tunable, dual-wavelength Ultraviolet / Visible (UV / vis)
detector and a radioactivity detector (Berthold Flowstar LB 513).
The radioactive product (10 uL) was injected into a Waters 3.0x50
mm i.d., 1.7 pM Ethylene-Bridged Hybrid (BEH) shield RP18 column
and eluted using 40 % acetonitrile at a flow rate of 0.8 mL / min. The
instrument and column temperature were set at 254 nm and 35 °C,
respectively. The retention time for [18F]10b was 3.2 min, and the
retention time for [18F]10a was 1.9 min.

Scheme 3. Radiosynthesis of [18F]-10b and [18F]-10a
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aReagents and conditions: (vi) K[!8F]F-K22-K2CO3, acetonitrile, 3,
1,2-ethanediol di-p-tosylate, 125 °C, 10 min; (vii) tetrabutyl

ammonium hydroxide (40 % aq.), acetonitrile, sealed conditions,
115 °C, 15 min

Ligand Metabolism

In Silico Metabolite Analysis

The SMARTCyp web service (version 2.4.2) was used to predict
which sites in the molecule are most vulnerable to CYP450
metabolism.5¢ SMARTCyp has been shown to be valid for the
metabolism of the major isoforms 1A2, 3A4, 2A6, 2B6, 2C8, 2C19 and
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2E1. Additionally, it is applicable to specific models for the 2C9
(CYP2C9) and 2D6 (CYP2D6) isoforms.0

SMARTCyp only uses the 2D structure of a compound as input, and
atoms are scored based on their propensity to undergo metabolism,
which is in turn calculated based on energy and accessibility factors.
The energy required for oxidation at each atom is computed by
fragment matching toward the SMARTS patterns. The accessibility is
approximated as the relative topological distance of an atom from
the center of the molecule, and the final score is computed as score =
energy - 8*accessibility.50

Human Liver Microsomal Metabolite Analysis

Human liver microsomes (HLM) from 150 mixed-gender donors and
a NADPH-regenerating system consisting of two solutions (NADP
plus glucose-6-phosphate and glucose-6-phosphate dehydrogenase)
were purchased from BD Biosciences. Dulbecco's Phosphate-
Buffered Saline (DPBS), pH 7.4, was procured from Life
Technologies.

Nonradioactive compounds 8 and 10b were incubated with HLM.
The metabolic reactions were initiated by the addition of NADPH. At
different time points (0, 5, 15, 30, 45, 60 and 90 min), 100 pL of the
solution was taken. After quenching with cold acetonitrile and
centrifugation at 17250g, the supernatant solution (5 pL) was
injected into an UHPLC / Q-ToF-MS. Incubations without NADPH,
microsomes and test compound were conducted as negative
controls to characterize the nonmetabolism related degradation of
the test compound. Furthermore, verapamil was included as a
positive control because it is known to be metabolized by human
liver microsomes. MetaboLynx (Waters) was used to assist in the
identification of metabolites.

UHPLC/Q-TOF-MS Method

Data acquisition was performed using Waters (Milford, MA) Acquity
Ultraperformace LC quaternary solvent manager. The samples were
injected onto a Waters 3.0x50 mm internal diameter (i.d.), 1.7 uM
BEH shield RP 18 column and eluted using a 6 min gradient starting
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from 0.1 % formic acid in 98 % water for 5 min, then with a 100 %
acetonitrile solution for 0.5 min, and finally with 0.1 % formic acid in
98 % water at a flow rate of 0.6 mL / min and a column temperature
of 35 °C. The mass spectrometer was operated in electrospray
positive ionization mode with an extended dynamic range and
resolution mode analyzer; the machine settings were 0.5 kV
capillary voltage, 45 V sampling cone, 4 V extraction cone, and 150
and 500 (°C) source and desolvation temperature, respectively.
Leucine enkephalin was used as the lock mass (m / z 556.2771) at a
concentration of 500 pg / uL.

Log D74 Measurement

After tracer elution from a C-18 light Sep Pak column, 500 mL of
eluate (octanol) was mixed with an equal volume of 1 M phosphate
buffer (pH 7.4) and vigorously vortexed for 1 min and centrifuged
(10 min, 17250g). Three 100 pL aliquots were drawn from the
corresponding n-octanol and aqueous phases. The radioactivity in
each phase was counted (Compugamma 1282 CS, LKB-Wallac,
Finland). The experiments were performed in triplicate for each
tracer batch; the average logD74 value is reported.

In Vitro Ligand Stability Test

The in vitro stability tests were performed by dissolving the
formulated tracers in PBS, saline, rat plasma and human plasma and
incubating these solutions at 37 °C. After 1 and 2 h of incubation, the
solutions were analyzed by radio-TLC (R¢ [18F]-10a = 0.4 and [*8F]-
10b = 0.5, 14 % acetonitrile in chloroform). The rat and human
plasma samples were deproteinized by adding 3 volumes of
acetonitrile and centrifuged (5 min at 17250g) before they were
used for analysis. After elution with the mobile phase, the TLCs were
dried and placed on phosphor storage plates, which were later
scanned with a Cyclone imaging system (PerkinElmer). The
percentage of conversion as a function of incubation time was
calculated by ROI analysis using Optiquant (version 3.00).
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In Vivo and In Vitro Selectivity.

Nonradioactive AzaR-selective 12 [1 mg / kg 50 %
dimethylacetamide (DMA): saline (v / v)] or vehicle (1 mL / kg, 50 %
DMA:saline) 27 were intraperitoneally administered 5-6 min prior to
the intravenous injection of [!8F|tracers. In the in vitro ARG
experiments, 2 uM (0.77 mg) 12 was used as a blocking agent.

In Vitro ARG experiment.

Isolated frozen brains of young (10-12 weeks of age; 300-350 g
body weight) male Sprague-Dawley rats (Harlan, The Netherlands)
were cut into two halves along the sagittal symmetry plane. Each
half was mounted on paper slides with its lateral side up using
Tissue-Tek fixing gel (Sakura, The Netherlands). After fixing, the
brain was cut sagittally into 20 um thick cryostat sections using a
Leica CM 1950 cryostat (Leica Biosystems, The Netherlands) at -15
°C. The slices were thaw-mounted onto starfrost (76x26 mm,
Waldemar Knittel, Germany) adhesive precoated slides, air-dried for
30 - 40 min and stored at -80 °C until they were used (within 1
week).

The slices were brought to room temperature and preincubated for
15 min in assay buffer (50 mM Tris-HCl at pH 7.5 with 10 mM MgCl;
and 1 % bovine serum albumin). After preincubation, the slides were
placed into jars with an assay buffer containing an approximately 5
nM radioligand [['8F]-10a: 4.5 * 1.5 nM (n = 3), 1.2 MBq and ['8F]-
10b: 5.1 + 1.8 nM (n = 5), 1.02 MBq]. To test the specificity of the
binding, a 2 uM compound 12, was added to the buffer in one of the
jars. The slices were incubated for 90 min at 37 °C. After incubation,
the slices were washed for 5 min with ice-cold 0.01 % Triton X in
PBS. They were dipped in ice-cold water for 30 s to remove buffer
salts and dried under a stream of air at room temperature. After
drying, the slices were placed on phosphor storage screens for 8-10
h. The screens were then read using a Cyclone imaging system
(Packard Instrument Co.). Optiquant (version 3.00) was used to
quantify radioactivity. Regions of interest (ROIs) were drawn
manually on the striatum and cerebellum. The regional uptake of
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radioactivity was measured and expressed as digital light units
(DLU) / mm?2

In Vivo Studies

Animals and Study Design

The animal experiments were carried out in compliance with the
Law on Animal Experiments of The Netherlands. The institutional
animal ethics committee approved the protocols. Male outbred
Wistar-Unilever rats were obtained from Harlan (The Netherlands).
The animals were housed in Macrolon cages (38x26x24 cm),
maintained in a 12 h light-dark regime, and fed with standard
laboratory chow (RMH-B, The Netherlands) and tap water ad
libitum. After arrival, the rats were allowed to acclimatize for at least
7 days. For each tracer, the animals were divided into two groups, as
follows: Group 1, vehicle-controls ([18F]-10b (n = 6): body weight =
295 + 19 g and injected dose = 0.21 + 0.11 nM; [18F]-10a (n = 5):
body weight = 312 + 14 g and injected dose = 1.13 + 0.41 nM) and
group 2, pretreated group (['8F]-10b (n = 6): body weight = 293 +
31 g and injected dose = 0.29 = 0.27 nM; [18F]-10a (n = 5): body
weight =321 + 15 g and injected dose = 0.74 £ 0.62 nM)

Micro PET Scanning

Two animals were scanned simultaneously in each scan session
(Supine position) using a Focus 220 MicroPET camera (CTI, Siemens,
Munich, Germany). All animals were anesthetized with isoflurane /
air (induction: 5 % isoflurane, later reduced to < 2 %) and kept on
electronic heating pads during the entire study period. Cannulas
were placed in a femoral artery and vein for blood sampling and
tracer injection (Harvard-style pump; 1 mL / min). The brain was in
the field of view. A transmission scan of 515 s was made before the
emission scan, using a rotating 57Co point source. The emission data
were acquired in list mode for 106 min, starting at the moment of
tracer entering the body of the first rat; the second animal was
injected 16 min later. PET data were corrected for attenuation,
scatter, random coincidences and radioactive decay and
reconstructed in 25 time frames (8x30, 3x60, 2x120, 2x180, 3x300,
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5x600, 1x480 and 1x960 s) using a 2D ordered subsets expectation
maximization (OSEM) algorithm (4 iterations, zoom factor, 2). The
reconstructed images were smoothed with a 3D Gaussian filter [1.35
mm full width at half-maximum (fwhm)].

During the scan, arterial blood samples (volume 0.1-0.15 mL) were
drawn using a standard protocol (at 0, 5, 10, 15, 20, 30, 45, 60, 75,
and 90s and 2, 3, 5, 7, 10, 15, 30, 60, and 90 min after injection).
After collecting 25 pL of whole blood, plasma (25 pL) was acquired
from the remainder of the blood samples by a short centrifugation (5
min at 1,000g). The radioactivity in 25 pL of plasma and whole blood
was counted on a Compugamma y-counter (1282 CS, LKB-Wallac,
Turku, Finland), and the count statistics were then used as an
arterial input function. The heart rates and blood oxygenation of the
experimental animals were continuously monitored using pulse
oximeters throughout the scanning procedure (Nonin Zevenaar, The
Netherlands).

Small-animal PET Data Analysis

Time activity curves (TACs) for the frontal cortex, striatum,
midbrain, cerebellum and hippocampus were determined using
Inveon Research Workplace (Siemens Medical Solutions, Knoxville,
TN). The summed PET data from each animal were coregistered to
an MRI template of the rat brain with predefined volumes of interest
(VOIs). Translation, rotation and scaling were adjusted to visually
optimize the fusion of the images. The VOIs were transferred from
the MRI template to the PET data, and regional TACs were
generated. Standardized uptake values (SUVs) were plotted as a
function of time, using body weights and injected doses.

Ex Vivo Biodistribution

After the PET-scan, the animals were sacrificed by the extirpation of
the heart. Blood was collected from the animals, and plasma and a
cell fraction were obtained from the sample by a short centrifugation
(5 min at 1,000g). Several tissues were excised and weighed. The
radioactivities in the tissue samples and in a sample of tracer
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solution (infusate) were measured using a calibrated gamma
counter. The data were expressed as the SUV.

In Vivo Metabolite Analysis

Plasma samples taken at intervals of 2, 5, 10, 15, 30, 60 and 90 min
were used for metabolite analysis. Protein was removed by adding 3
volumes of acetonitrile followed by centrifugation (5 min at
17250g). Samples (2.5 pL) of the supernatant and infusate (internal
standard, diluted 50 to 100 times) were loaded onto a TLC plate.
After development with 15 % acetonitrile in chloroform, the plate
was dried and placed on a phosphor screen which was later read by
the Cyclone system. ROIs were drawn manually on the parent and
metabolite spots. The concentration of the parent tracer was
expressed as the percentage of total radioactivity in the acetonitrile
extract. Optiquant was used for radioactivity quantification.

Statistical Analysis

All results are expressed as the mean * SEM. The differences
between groups were examined using an unpaired two-tailed t test.
P<0.05 was considered to be statistically significant.

Results

Molecular Docking

Table 1 shows the GOLD fitness scores and important interactions
for the docked ligands. A molecular docking study was performed to
elucidate the intermolecular interactions between the 7-(3-(4-
methoxyphenyl)propyl)-2-(2-furyl)pyrazolo[4,3-€e]-1,2,4-
triazolo[1,5-c]pyrimidine-5-amine 8 (SCH442416, Scheme 2)
derivatives and AzaRs. The major ligand binding interactions are
both polar and hydrophobic in nature and occur with residues in
trans-membrane domains 3, 5, 6, and 7. Residues from the second
extracellular loop (ECL2) outline the upper part of the binding cavity
(Figure 2B). In our study, 7-(3-(4-(2-fluoroethoxy)phenyl)propyl)-2-
(furan-2-yl)-7H-pyrazolo[4,3-e][1,2,4]triazolo  [1,5-c]pyrimidin-5-
amine 10a (FESCH, Scheme 2) and 7-(3-(4-(3-
fluoropropoxy)phenyl)propyl)-2-(furan-2-yl)-7H-pyrazolo[4,3-
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e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine 10b (FPSCH, Scheme 2)
had binding modes that were similar to the cocrystallized 4-(2-[7-
amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-yl-
amino]ethyl)phenol 17 (ZM241385, fifth compound in Table 1)
conformation (Figure 2A), including the important hydrogen bond
interactions with the active site residue Asn253 and a - stacking
interaction with Phe168 of AzaR. The exocyclic free amino group of
the pyrimidine ring structure of the tricyclic core and the oxygen of
the furan ring make strong H-bond interactions with Asn253 of the
receptor. This finding is consistent with the results from site-
directed mutagenesis studies of the A:aR, which suggest that this
amino acid is critical for ligand binding.5! Moreover, the m-m
stacking interaction between Phel68 and His250 stabilizes the
binding pose of the compound within the active site. Compound 8
derivatives, including the AzaR-bound crystal structure, 17, are
oriented perpendicular to the plane of the cell membrane, with their
flexible hydrocarbon side chain located in the extracellular domain.
An analysis of ligand-bound crystal structure and literature evidence
42, 52 guggests that ECL2 helps in ligand binding at the A:aR. We
explored the impact of structural variability at the terminal phenolic
position of 8 in the GOLD docking scores. As reported previously, 42
52 conformational flexibility was also noted in our experiment; the
terminal phenolic side chain forms a polar interaction with a
crystallographic water molecule at the extracellular matrix of AzaR.
As expected, Né-cyclopentyl-N8-isopropyl-N89-dimethyl-9H-purine-
6,8-diamine 18 (LUF5608, sixth compound in Table 1), a high
affinity A;R antagonist and negative-control, yielded a very low
docking score due to a lack of hydrogen bond formation with the
active site residues of the receptor, further authenticating the
findings of the docking study and indirectly confirming the
specificity of 10b and 10a toward AzaR over AiR.
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Table 1. Docking Analysis of A:sR Antagonists Using GOLD
software

S. | Compound Name GOLD H-Bond | m-Tt
N fitness | (s) stacking
0. Score
NH, Ri R
EO)_(N*N)*N (N
/ N;\)\N/\/N\) Rs
\
1 Where Ri, R, = F and Rz = H, | 69.17 Asn253 | Phel68
Piperazine derivative of
Triazolopyrimidine-I (13) (Furan O
and
2 Where Ri, Ry R3 = F, Piperazine | 59.66 NHz) Phe168
derivative of Triazolopyrimidine-II and
(14) His250
3 )N\Hz 65.14 | Asn253 | Phel68
@_«N\N SN and
ZERVENZN (Furan O | His250
o s and
r NH;)
Leu267-
Bicyclic piperazine triazolotriazine NHz
derivative (15)
4 OCH;, 51.35 Asn253( | Phel68
3 C=0),
OCHj5 Thr68,
Ille66
OCHj;
KF18446 (16)
5 N H 65.69 Asn253 | His250
(@) N~ N
E/)_<\ ,\I\ll/ N \/\©\ (Furan
N OH o
NH, )
Glul67
ZM241385 (17) (OH)
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6 40.97 NA Phel68
HN

LUF5608 (18)

A

WN/NYN

NH,
7 Where R=CH3 8 71.23 Asn253 Phel68
and
8 R = CH,-CH,-F, 10a 69.86 (Furan O | His250
and
9 R = CH,-CH;-CH>-F, 10b 70.6 NH3)

10 | Where R = CHz-F 7-(3-(4-(1- | 69.46 | Asn181 | Phel68,

Fluoromethoxy)phenyl)propyl)-2- His250
(furan-2-yl)-7H-pyrazolo[4,3- (Furan and
e][1,2,4]triazolo[1,5-c]pyrimidin- 0), Trp246
5-amine Asn253(

NH>)

Chemical and Radiochemical Synthesis

The demethylation of commercially available 8 wusing boron
tribromide (BBr3) resulted in a quantitative yield of 4-(3-(5-amino-
2-(furan-2-yl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-7-
yl)propyl)phenol, 9 (precursor of compound 8, Scheme 2).42 A
retrosynthetic approach was adopted for the synthesis of reference
standards (10a and 10b, Scheme 2), which were prepared by
reacting the phenol precursor (9) with the appropriate
fluoroalkyltosylate (5 or 7 in Scheme 1, selective fluoroalkyaltion) in
35 % and 25 % yields, respectively. The two radiolabeled analogs,
[18F]-10a and ['8F]-10b, were synthesized by a two-step two-pot

108




[18F]-LABELED SCH ANALOGS FOR THE IMAGING OF A2ARS WITH PET

procedure starting with the corresponding [18F]fluoroalkyl synthon
([*8F]-5 or ['8F]-7) made from [!8F]fluoride and the appropriate
ditosylate precursor (6 or 11), followed by the selective
[18F]fluoroalkylation of the phenol precursor 9 (Scheme 3). Table 2
lists the decay-corrected radiochemical yields, specific
radioactivities, calculated partition coefficient (clogP) and
experimentally determined distribution coefficient (LogD74) values
for [18F]-10a and ['8F]-10b. For both tracers, the radiochemical
purity was > 98 %, and the total synthesis time, including quality
control, was 114 + 5 min (n = 18). The identities of the tracers were
confirmed by spiking with authentic cold compounds in reversed-
phase HPLC (RP-HPLC).

Table 2. Radiosynthesis and Lipophilicity Data

Tracer | Yield® | Specific cLogP LogD7 4b

and activity

Purity

(%) (GBq/umol) Chemsketch | Chembiodraw

12.01 ultra 12.0

[18F]- 7 £ 2|225%5 298 +£0.98 3.18 3.16 =
10a and 0.03

=98
[18F]- 8 + 213613 3.27 £0.98 3.41 341 =
10b and 0.11

=298

aQverall radiochemical yields based on starting wet [18F]fluoride and
corrected for decay
bExperimental value
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Ligand Metabolism

In Silico Metabolite Analysis

The predicted sites of metabolism are highlighted for parent
compound 10b in Scheme 4 (data not shown for 10a and 8). The
possible metabolic routes can be ranked in the following order: C-
hydroxylation > N-oxidation > O-dealkylation.

Scheme 4. Sites of Metabolism Predicted for 10b by SMARTCyp
Webservicea

Of\/\/F

0O-dealkylation

C-hydroxylation =N
0 N AN
Y \

N-N-=N

N-oxidation

aThe same predicted metabolic sites are also applicable to
compounds 8 and 10a.

Human Liver Microsomal Metabolite Analysis

Table 3 summarizes the modifications that were detected with an
ultrahigh-performance liquid chromatography / quadrupole-time-
of-flight-mass spectrometer (UHPLC / Q-ToF-MS) and analyzed by
Metabolynx after incubating compound 8 with human liver
microsomes. The relative production of the different metabolites
over time is presented in Figure 3. None of these modifications and
major demethylated metabolites were detected in negative control
and positive control (verapamil) incubations, respectively, with
human liver microsomes. Under these conditions, the m / z ratio
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increased by 16, which is most likely the result of N-oxidation or C-
hydroxylation. The m / z ratio also decreased by 14, which may be
due to a demethylation reaction. Moreover, a fluorine-containing
metabolite of 10b and free fluoride was observed, indicating
defluorination, similar to previously reported results for 10a.42

120
110
100
E 920 Parent
é.. 33 Demethylation
S - Deamination
‘é - Hydroxylation
;‘ Parent-C | 0H|20
a, 40
X 30 1
2 P
10 3
¥ §

0

r r1rrrrri
0 10 20 30 40 50 60 70 80 90 100

Time in Min

Figure 3. Relative amounts of several modifications over 90 min
during incubation of (8) with human liver microsomes. The error
bars indicate the standard deviation
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Table 3. Human Liver Microsomal Metabolite Analysis

Mass Proposed
Mass .
. . Rt in | of fragment loss or
Chemical Structure modificat . "
on Min metab | addition from /
olite to parent
o-H
%Nﬁ/g(” -14.01 252 | 375.14 | -CH;
N-NoN
0-CH;
N -NH
o Nﬁ/@N -15.01 253 | 376.12
E/)—Q L (Deamination)
N~ 7
1
O’H
”J\/@ -CH; & +0
0 N \N
HOWNI/% 1.98 2.07 391.13 (Demethylation +
mz C-hydroxylation)
=
0 NQ'/Q(NH -C10H120
)< 14808 | 178 | 241.07
Ny (Parent-C10H120)
NH,
0—CHz
_N\/\Q +0
Nﬁ/QN +15.99 244 | 405.15

(N-Oxidation or C-
hydroxylation)
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In Vitro Ligand Stability Test

The in vitro stability of the two [!8F]tracers in different solutions
such as PBS, saline, rat plasma and human plasma was determined at
37 °C. After 1 and 2 h of incubation, radio-TLC analysis showed that
95-97 % of both tracers were still intact, except in the saline
solution. In the saline solution, multiple spots were observed as
detected by radio-TLC for both tracers, and the radioactivity
corresponding to the intact tracers was only 85-90 %.

In Vitro Autoradiographic Experiments

Figure 4 shows autoradiographic images of frozen rat brain sections
that were incubated with [18F]-10a and [18F]-10b. In control
sections, a clear difference was noted between the receptor-rich
striatum and the receptor-poor cerebellum. The mean striatum-to-
cerebellum ratios were 2.75 + 0.12 (['8F]-10a) and 2.99 + 0.16
([*8F]-10Db). In the presence of an excess (2 pM) of the AzaR-specific
antagonist 8-[(1E)-2-(2-(3,4-dimethoxyphenyl)ethenyl]-1,3-diethyl-
3,7-dihydro-7-methyl-1H-purine-2,6-dione, 12 (KW6002 in Figure
1), the binding of the tracer to the striatum was strongly reduced
and the striatum-to-cerebellum ratio decreased to unity (n = 3).
Specific binding, as assessed by a blocking study, was 57-62 % and
64-67 % of the total uptake in the striatum of [18F]-10a and [18F]-
10Db, respectively.
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A

Figure 4. Autoradiographic images of sagittal sections of rat brains
after 90 min of incubation with (A and B) ['8F]-10b or (C and D)
[18F]-10a in the (B and D) presence or (A and C) absence of an
excess of a known AzaR-selective antagonist, 12 (2 pM).

Micro PET Images

PET images acquired after injection of [18F]-10a and ['8F]-10b are
presented in Figure 5. The two radioligands displayed similar
regional distributions that corresponded to the known regional A2aR
densities in the rat brain.3-5. 7 In order to prove specific binding, we
have used vehicle-control and blocker animals (Please refer in vivo
and in vitro selectivity of the experimental section for more details).
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In vehicle-control animals, the striatum was clearly visualized. The
extrastriatal binding of both tracers was hardly visible, but strong
uptake was observed in the skull bone. When animals were
pretreated with the A;aR antagonist 12 (1 mg / kg), the cerebral
uptake of the tracers was strongly reduced, and regional differences
in tracer uptake were no longer observed.

B
—>Harderian gland

—> Striatum

—>Cerebellum

D

Harderian glande—

;Striatumé—"""

Cerebellum €—
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Figure 5. Small-animal PET images of a coronal plane of rat brains
after injections of (A and B) [18F]-10a or (C & D) ['8F]-10b.The
images represent the summed frames from 17 to 90 min
postinjection. (A) Vehicle-control (left); (B) a compound 12-treated
animal ([18F]-10a) (right). (C) Vehicle-control (left); (D) a compound
12-treated animal ([18F]-10b) (right). The images were normalized
for body weight and injected dose.

In Vivo Radioligand Kinetics and Metabolism

Kinetics of Radioactivity in Brain

The cerebral kinetics of radioactivity after the injection of [18F]-10a
and [18F]-10b are presented in Figure 6 (panels A-D). In vehicle-
treated control animals (n = 6), the uptake of radioactivity rapidly
increased to a maximum (2.5 min after injection), which was
followed by an exponential washout (panels A and C). In animals
treated with 12 (n = 6), the cerebral uptake of 18F was strongly
reduced, and the radioactivity was rapidly washed out from all brain
regions (panels B and D). The difference in the striatal uptake of 18F
in control and pretreated rats was statistically significant at most
time points.

We estimate receptor occupancy on the basis of PET-standardized
uptake values (PET-SUVs) (at the time of maximum uptake),
reported AzaR densities (953 fmol / mg protein in rat striatums3)
and injected tracer doses in nanomolar amounts. Assuming that
brain tissue contains 10 % protein, we calculated that less than 2 %
and 8 % of the cerebral Az4R population was occupied by [18F]-10b
and [18F]-10a, respectively, in both control- and blocker-treated
rats.
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Figure 6. (A-D) Kinetics of (A & B) [18F]-10a and (C & D) [18F]-10b -
derived radioactivity in the rat brain. The error bars indicate the
SEM. (A and C) Vehicle-control animals (left); (B and D) compound
12-treated animals (right). e= Striatum; ¥ = Cerebellum
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Radioactivity Kinetics in Plasma

A rapid, biexponential plasma clearance was observed in all groups.
Pretreatment did not significantly affect the clearance of
radioactivity from the plasma compartment.

In Vivo Metabolite Analysis

An unidentified radiometabolite with a Rf value of 0-0.1 was
observed in rat plasma (the R¢ value of authentic [18F]-10b was 0.6).
The fraction of total plasma radioactivity representing the parent
compound decreased to 66 * 16 % at 60 min and 53 + 20 % at 90
min. Pretreatment with 12 did not affect the rate of tracer
metabolism. The fraction of total plasma radioactivity representing
[18F]-10a was 46 = 17 % at 60 min and 36 * 14 % at 90 min.

Ex Vivo Biodistribution Data

The biodistribution data for both tracers are shown in Figure 7.
After pretreatment with 12, the uptake of both compounds was
reduced in the AzaR-rich striatum (approximately 69 % of [18F]-10b
and 45 % for [18F]-10a). For [18F]-10b, the effect of the blocker was
statistically significant in the frontal cortex and striatum, whereas
for [18F]-10a (n = 3), no significant effect of the blocker was
observed in any of the brain regions; however, the greatest decrease
of the tracer uptake was observed in the striatum. Striatum-to-
cerebellum ratios can be used as indices for the in vivo binding of the
tracers to AzaRs. Striatum-to-cerebellum ratios of 3.5 and 2.1 were
reached at 106 min postinjection for [18F]-10b (n = 6) and [18F]-10a
(n = 3), respectively. The ratios of the uptake in other regions to the
cerebellum were approximately equal to one. The standard uptake
values in the skull bone (2.06 * 0.58) for [18F]-10b were significantly
higher than those of [18F]-10a (0.29 = 0.05).

For both tracers, the plasma-to-blood ratio was greater than one,
and the negligible binding to red blood cells in pretreated and
control animals indicated that the radioligands preferentially
distributed to the plasma.
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Figure 7. Cerebral biodistribution data of [18F]-10b and [18F]-10a at
106 min after injection. The error bars indicate the SEM. BOLF =
Bulbus olfactorius, CERE = Cerebellum, FCor = Frontal cortex, Stria =
Striatum, Hipp = Hippocampus, Medu = Medulla, PTOC =
Parietal/Temporal/Occipital Cortex.

Discussion

We have evaluated [18F]-10a and [18F]-10b as PET tracers for the
cerebral imaging of A2aRs; these tracers may provide many logistic
advantages and can be used in centers without an on-site cyclotron.
Thus, we synthesized fluorinated molecules based on a pyrazolo-
triazolo-pyrimidine template (compound 8) that is known to cross
the BBB because of its appropriate lipophilicity (clogP = 2.9),
molecular weight, charge, and hydrogen bonding.3* 38 39 The
molecular docking approach provides valuable atomic-level insight
into the behavior of a small molecule in the binding site of the
protein. It also provided insight into the binding mode of compound
8 derivatives to the active site of the receptor. Compound 8 and its
fluoro analogs (10a and 10b) had better GOLD fitness scores than
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the clinically studied PET tracer (E)-8-(3,4,5-trimethoxystyryl)-1,3-
dimethyl-7-[11C]methylxanthine ([11C]KF18446) and the A2aR-bound
crystal structure 17. GOLD scores are good indicators to predict the
binding orientations of compound 8 derivatives. A higher score
predicts better binding orientations with the receptor residues. We
have used the AiR decoy, 18-as negative control, to validate the
quality of the GOLD scoring function.5* Small structural changes of
the phenoxy substituent appeared to be well-tolerated, and this is
substantiated by our in vivo study. Subtype selectivity can be
expected because the lead compound 8 shows a >10,000-fold
selectivity for the AzaR subtype compared to other AR subtypes.
Moreover, the binding affinities of 8 (Ki = 0.5 nM) and 10a (Ki=12.4
nM) to the AzaR were adequate for imaging.38 42 Even though the
reported K;value of 53.6 nM for 10b*° is much lower than that of the
lead compound 8, the affinity data predict faster clearance than 8
and 10a and more preferable brain kinetics for the quantitative
evaluation of the ligand-receptor binding. The pyrazolo-triazolo-
pyrimidine scaffold allows for the easy and quick incorporation of an
[18F] label in the acidic phenol group, and this phenoxy substituent
can also be used to modify the lipophilicity of the compound.
Fluoroalkyl chain lengthening beyond the fluoropropyl substituent
results in a higher molecular weight (MW) and lipophilicity for a
compound. It has been suggested that the MW should be kept below
450 Da to facilitate brain penetration with fewer side effects such as
high rapid metabolic turnover, poor absorption, and toxicity.>> High
lipophilicity causes unacceptable binding to plasma proteins,
decreasing the free drug concentration available to pass the BBB, or
binding to hydrophobic protein targets other than the desired one,
resulting in high levels of nonspecific binding in the brain.3+ 55 On the
basis of these considerations, 10b was selected as a novel candidate
for radiolabeling to obtain the expected lipophilicity and a MW that
ensures the crossing of the BBB.

Computational prediction of the sites of cytochrome P450 (CYP450)-
mediated metabolism and an in vivo plasma radio-TLC metabolite
analysis indicated the formation of polar metabolites, which are not
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expected to cross the BBB. The results obtained after incubation of
10b with hepatic microsomes were in good agreement with a
previously reported experiment and the predictions of a two-
dimensional (2D) method (SMARTCyp) describing CYP450-mediated
drug metabolism.42 50 In contrast to the results obtained from a
SMARTCyp prediction of drug metabolism (Please refer ligand
metabolism module of the results section), the metabolic routes of
compound 8 after incubation with human liver microsomes can be
ranked in the following order: O-dealkylation > parent-C190H120 > N-
oxidation or C-hydroxylation > deamination (Figure 3, Table 3). A
stability test indicated that both 10a and 10b are highly stable in
vitro. Because of the observed multiple spots as detected with radio-
TLC in a saline solution, we used PBS instead of saline in the
formulation of the tracers. The fraction of total plasma radioactivity
representing [18F]-10b was 18-20 % higher than that of [18F]-10a
at both 60 and 90 min in our in vivo metabolite analysis. However,
stronger skull bone radioactivity uptake (i.e., stronger
defluorination) was observed with [18F]-10b than [18F]-10a in both
an ex vivo biodistribution study and a small-animal PET (microPET)
image analysis. In our imaging studies (especially with [18F]-10b)
the accurate quantitation of the radioactivity in the frontal cortex
was difficult due to spillover from radiofluorine in the skull bone.

A retrosynthetic approach for 10a and 10b synthesis was
successfully applied to avoid a cumbersome and time consuming
scheme involving 8 reaction steps. In the synthesis of compound
10Db, 3-fluoropropyl tosylate 7 yielded a slightly better result than 1-
bromo-3-fluoropropane (25 % vs 19 % yield) because tosylate is a
better leaving group than bromide. Tracers were successfully
synthesized using a two-pot two-step procedure (Scheme 3). The
[18F]fluoroalkylation of phenol precursor 9 using corresponding
intermediate fluorosynthons ([18F]-5 or [18F]-7) yielded the desired
ligands [18F]-10a and [18F]-10b at moderate yields (7-8 %) and
satisfactory specific activities (Table 2). The average radiochemical
yield of the [18F]-5 or [18F]-7 obtained was 50 * 5 %, whereas the
final fluoroalkylation conversion was approximately 25 + 5 %.
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Purification by HPLC and solid phase extraction provided a decay-
corrected radiochemical yield of 7-8 %. The long evaporation step of
the captured eluate [14 mL of hexane / ether (3:1)] during the
purification of the [18F]-5 or [18F]-7 and the losses that occurred
during the other manipulations of the synthesis accounted for the
moderate radiochemical yields of the synthesized tracers [18F]-10a
and [18F]-10b. The purification of the [18F]-5 or [18F]-7 by RP-HPLC
and C-18 light Sep-Pak columns may improve the radiochemical
yield. Our radiosynthetic procedure for [18F]-10a is much faster (by
15-20 min) than the existing procedure.42 The applied radiolabeling
approach is versatile; we can quickly adopt the same procedure for
the radiosynthesis of both compounds [18F]-10a and [18F]-10b. The
radiochemical purities were also adequate and amounted to more
than 98 % of the total radioactivity as determined by UHPLC quality
control.

In vitro autoradiography (ARG) confirmed the selectivity of [18F]-
10a and ['8F]-10b for AzaRs. The tracer binding pattern, especially
in the striatum and other parts of the brain, was comparable with ex
vivo biodistribution readings. The regional distribution of
radioactivity in the rat brain after the injection of [18F]-10a and
[18F]-10b also suggests that these tracers are capable of measuring
regional AzaR densities. After pretreatment with a subtype-selective
xanthine antagonist, 12, the tracer uptake in the striatum was
greatly suppressed, and regional differences were no longer present.
In the biodistribution and PET studies, the uptake of [18F]-10b in the
cerebellum and frontal cortex (areas lacking A2aRs) was also
decreased after pretreatment with 12. The most logical explanation
for the specific binding in the cerebellum is that the endothelium and
blood vessels express AzaRs, even if the brain tissue does not.12 56
Taking into account the findings that pretreatment with 12 reduces
the distribution volume of candidate reference tissues such as the
cerebellum, we choose not to quantify the blocking effect using a
(simplified) reference tissue model, 2-tissue compartment model,
and Logan analysis.

The striatal uptake of both [18F]-ligands was clearly visualized using
PET scans; both tracers reached a striatum-to-cerebellum ratio of
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approximately 4.6, which is similar to the experiments with [11C]-8
result (4.6 £ 0.27).39 However, the maximum ratio for [18F]-10b was
reached at a later time point (37 min) than that of [18F]-10a (25
min) and [11C]-8 (15 min), most likely because of the higher
lipophilicity of [18F]-10b (Figure 8). Lipophilicity may prolong the
circulating half-life of a tracer, resulting in extended availability for
binding to A2aRs. After the maximum had been reached, the
concentration of [18F]-10a in the brain remained fairly stable until
30 min after injection (similar to [11C]-8), whereas the concentration
of [18F]-10b showed a somewhat stronger washout. The cerebral
kinetics of both radioligands were compatible with the duration of a
PET scan (Figure 8).
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Figure 8. Striatum-to-cerebellum ratios of [18F]-10b and [18F]-10a
as a function of time. The solid and broken lines represent [18F]-10b
and [18F]-10a, respectively. The error bars indicate the SEM.
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Conclusion

[18F]-10b and [18F]-10a could be prepared using a two-step
procedure. Both radioligands showed a distribution in the rat brain,
corresponding to the regional A2aR densities known from in vitro
ARG and binding assays. Experimental LogD7;4 values, plasma
metabolite analysis and small-animal PET data analysis results
suggest that these radiopharmaceuticals are potentially useful for
mapping cerebral AzaRs. The molecular docking studies, similar
target-to-nontarget ratios in ex vivo brain biodistribution and kinetic
analysis, distribution patterns and only slightly different kinetics
suggest that small increases in the length of the fluoroalkyl chain do
not result in impaired pharmacokinetics and metabolic stability.
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11C]PRELADENANT FOR THE CEREBRAL IMAGING OF A2ARS WITH PET

/Abstract \

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  [11C]-3  ([!!C]Preladenant) was
developed as a new PET ligand for mapping cerebral
adenosine Aza receptors (AzaRs). The tracer was synthesized
in high specific activity and purity. Tissue distribution was
studied by PET, ex-vivo biodistribution and in vitro
autoradiography. Regional brain uptake of [11C]-3 was
consistent with known AzaRs distribution, with highest
uptake in striatum. PET showed that [11C]-3 has favorable
brain kinetics. The results indicate that [11C]-3 exhibits
suitable characteristics as an Az2aR PET tracer.
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Introduction
denosine Aza receptors (AzaRs) are G-protein coupled
receptors that are mainly expressed on the dendritic spines
of striatopallidal GABAergic neurons in the brain.! AzaRs 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.z A2aRs play an important role in regulation of striatal
dopaminergic transmission in the basal ganglia through antagonistic
interactions between postsynaptic A;a and dopamine D receptors
(D2Rs).! In addition, AzaRs may play a role in the regulation of
excitatory glutamatergic neurotransmission because of their ability
to form functional heterodimers with D;Rs, metabotropic glutamate
receptor 5, cannabinoid receptor type 1 and adenosine A; receptors
(A1Rs).3 4 A number of studies have suggested that blockade of A2aRs
reduces overactivity of the indirect dopamine pathway observed
during PD.5 Thus, inhibition of A2aR-mediated signaling can alleviate
motor deficitsé-8 without provoking marked levodopa-induced
dyskinesia.> 10 To gain a better understanding of the involvement of
A24Rs 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 monitoring of physiological processes in living
subjects. Therefore, PET could be applied to study changes in the
distribution and expression of A;aRs in pathological conditions in
vivo. Several 11C and 18F labeled ligands have been evaluated as PET
tracers for AzaRs.!1-16 Till now, (E)-8-(3,4,5-trimethoxystyryl)-1,3-
dimethyl-7-[11C]Jmethylxanthine [11C]-1 ([1!C]TMSX) and 7-(3-(4-
[11C]lmethoxyphenyl)propyl)-2-(2-furyl)pyrazolo[4,3-e]-1,2,4-

triazolo[1,5-c]pyrimidine-5-amine [11C]-2 ([11C]SCH442416) are the
best characterized tracers for mapping cerebral A2aRs (Figure 1).17.
18 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 for [11C]-1 and ['1C]-2
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respectively) are important disadvantages of these tracers (Figure
1).11.13 Therefore, new 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. 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 (K =
1.1 nM, human AzaRs) and selectivity (> 1000 fold selective for AzaRs
over adenosine Ai, Az, and As receptors) towards AaRs.20 [t
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 [!!C]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)ethoxymethane = 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
preladenant 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]|7 H-pyrazolo[4,3-
e][1,2,4]triazolo[1,5-c]pyrimidine-5-amine [11C]-3
([*1C]preladenant) as PET tracer for imaging of A2aRs in the brain in
rats.

138



11C]PRELADENANT FOR THE CEREBRAL IMAGING OF A2ARS WITH PET

0/11CH3
OCH4

0 11/CH3 /N‘
~ N OCH N
J@ v L DT
0 N N OCH3 o N/N _N

| T

NH,
[*c]-1, [IC]TMSX =
[*'C]KF18446 [*C]-2, ['1C]SCH442416

=N 7\ AICH
N\/\N (0] 3
EMN\YQ R O St
o N-NN
Hp

["'C]-3, [''C]Preladenant

LNJIN/
071\ | N/>_\\—©70CH3

N

5, KW6002

Figure 1. Structures of the best characterized A;sR PET imaging
agents, [11C]-3 and an antagonist

Experimental Section

General

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.

H and 13C NMR spectra were recorded on a Varian Oxford 400
MHz spectrometer (400 MHz, 100.59 MHz, respectively), Chemical
shifts are reported as 6 values and coupling constants in hertz (Hz).
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Chemical shifts for 1H and 13C NMR were reported in ppm relative to
the tetramethylsilane peak. ESI-HRMS was used to assess the exact
molecular weight of O-desmethylpreladenant 4

Synthesis of O-Desmethylpreladenant (2), (Scheme 1)

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 x 8 mL) and then with acetone (3 x 3 mL)
to get 4 (0.08 g, 0.163 mmol, 82 %) as a white solid. RP-HPLC using
Phenomenex prodigy ODS (3) C-18 HPLC column (5 um, 10 x 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 %.

1H-NMR (400 MHz, DMSO-ds): & 8.21 (s, 1H), 8.11 (bs, 2H, NH,), 7.98
(s, 1H), 7.26 (d, ] = 3.4, 1H), 6.90-6.80 (m, 4H), 6.77 (dd, ] = 3.3, 1.7,
1H), 4.84 (t,] = 5.5, 1H), 4.46 (t,] = 6.7, 2H), 3.92 (t,] = 5.1, 2H), 3.70
(dd, ] =10.3,5.2, 2H), 3.05-2.95 (m, 4H), 2.92-2.83 (m, 2H), 2.68-2.56
(m, 4H).

13C-NMR (100 MHz, DMSO-ds): 6 155.8, 152.7, 149.1, 149.1, 146.7,
145.9, 145.8, 145.5, 1319, 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]+, C24H27N903.H*: Calcd. 490.2315
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Radiochemistry, (Scheme 1)

[11C]Methane was produced via the 14N (p, o) 11C nuclear reaction by
irradiating a nitrogen / hydrogen gas mixture using a Scanditronix
MC17 cyclotron. [11C]CH3l was prepared based on a gas-phase
synthesis involving the reaction of [11C]CH4 with [,.21 [11C]CH3l was
trapped in a conical vial containing 1 mg 4 and 10 mg potassium
hydroxide in 0.3 mL DMSO at room temperature. After trapping of
[11C]CH3l was complete, the reaction mixture was heated at 40 °C for
3 min. Subsequently, the mixture was neutralized with 0.2 mL 1M
HC], filtered [0.45 pum 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 um, 10 x 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 um Millex LG sterilization filter. Then, the formulated
tracer was submitted to quality control (QC).

QC was performed by UHPLC, 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 pL) was injected onto an Ethylene Bridged Hybrid
(BEH) shield RP-18 column (3.0 x 50 mm, 1.7 pm) 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.
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Scheme 1. Synthesis of Precursor (4) and Radiosynthesis of
[11C]-3<1

o-1CH;
[>_< T/Q( ON

cReagents and conditions: (a) SiCls / Nal, CH2Cl; / CH3CN, 1 / 1,
rt, 17 h; (b) [11C]CH3l, KOH, DMSO, 40 °C, 3 min.

Distribution Constant (log D7.4)

An aliquot of 10 pL of formulated [11C]-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 uL
aliquots were drawn from the n-octanol and aqueous phases. The
radioactivity in each phase was counted by a gamma-counter
(Compugamma 1282 CS, LKB-Wallac, Turku, Finland). The
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experiments were performed in quadruplicate and repeated for
three independent tracer productions. The average LogD7.4value and
the standard deviation 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
um 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 x 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 MgCl;, 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 [!1C]-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 uM 5. The slides
were incubated for 60 min at 37 °C, then washed twice with ice-cold
PBS (70 mL, 5 min + 3 min) and 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 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/mma?.
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In Vivo Studies

Animals

The protocol was approved by the Institutional Animal Care and Use
Committee of the University of Groningen (DEC 6698B). 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 x 26 x 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. A cannula was
placed in the femoral vein for tracer injection with a Harvard-style
pump at a speed of 1 mL / min. 7-10 min prior to tracer injection,
vehicle (50 % dimethylacetamide in saline) or an Az4 antagonist 5 (1
mg / kg) in a solution of 50 % dimethylacetamide in saline (1 mg /
mL) 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 Focus 220 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 performed 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 x 10, 4
x 30,2 x 60,1 x 120, 1 x 180, 4 x 300, 3 x 600 s). The data were
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reconstructed per time frame using 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 x 128 pixels of size 0.47 mm. Datasets were fully corrected for
random coincidences, scatter, and attenuation.

Time frames of each PET scan were summed and co-registered 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 / cm?) were generated for whole brain, total
cortex, frontal cortex, occipital cortex, parietal cortex, striatum,
midbrain, thalamus hippocampus and cerebellum using Inveon
Research Workplace software (Siemens Medical Solutions, Knoxville,
TN). TACs were corrected for body weight (g) and injected dose
(MBq). SUVs were plotted as a function of time.

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 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.
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Results and Discussion

Chemistry

Selective O-demethylation (Scheme 1) of commercially available
[11C]-3 with the silicon tetrachloride / sodium iodide complex
yielded 4 in a chemical yield of 82 %. Reversed phase-high
performance liquid chromatography (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 the
precursor 4. The identity of compound 4 was confirmed by 'H and
13C NMR and electrospray ionization high-resolution mass
spectrometry (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 BBrs; and All;, showed poor
selectivity, resulting in the formation of a mixture of terminal alcohol
and phenol analogues as products.

Radiochemistry

[11C]-3 was prepared by reaction of precursor 4 with [11C]CHsl in the
presence of potassium hydroxide using a Zymark robotic system
(Scheme 1). The resulting radiolabeled product [11C]-3 was purified
by RP-HPLC, followed by a solid-phase extraction procedure for
formulation. The average decay corrected radiochemical yield, based
on the starting activity of [11C]CHzl, was 35 = 10 % (n = 12). The
radiolabelling procedure proved reliable, as no failures were
observed in 22 productions. The total synthesis time, including
purification and formulation, was about 45 min. Quality control by
ultra-high performance liquid chromatography (UHPLC) showed
that [11C]-3 always had a radiochemical purity > 98 % and a specific
activity of 47 + 20 GBq / pmol. 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 UHPLC / Q-ToF-MS; the observed mass of the product (m/z
504.2478) was in agreement with the calculated mass of
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preladenant (504.2471). Although theoretically alkylation could
have occurred at either the amine or alcohol functionalities in
precursor 4, a fragment with m/z 236.1761 proved that the labeled
product was indeed methyl ether 1 and not the N-methylated
product (see Scheme 1 Figure 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 [11C]CHzl. For
the successful formation of product ['1C]-3, a low reaction
temperature (40 °C) and anhydrous reaction conditions are crucial.
Reaction temperatures above 40 °C resulted in low yields;
temperatures above 130 °C yielded the N-methylated by-product
(Figure 2). Moisture in the reaction mixture also resulted in the
formation of the N-methylated compound (Figure 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 UHPLC 45 min after the first
analysis. The radiochemical purity of formulated [11C]-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 11C (half-life 20.4 min).

\/\N
N \ ‘(; 5 /\/
\N N__N

Y
HN_

11CH3

N-['1C]methyl O-desmethyl preladenant

Figure 2. Structure of a radiosynthetic by-product

The distribution coefficient (LogD7.4) of [11C]-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.
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In Vitro Autoradiography

Autoradiographic images of sagittal rat brain sections incubated
with [11C]-3 for 60 min are shown in Figure 3. High tracer uptake
was observed in striatum, whereas low uptake was found in all other
brain regions. Incubation of the brain sections with [11C]-3 in the
presence of an excess of the A2aR antagonist (E)-1,3-diethyl-8-(3,4-
dimethoxystyryl)-7-methyl-3,7-dhydro-1H-purine-2,6-dione 5
(KW6002,2 uM) resulted in a strong reduction in tracer uptake in
striatum to a level comparable to that in other brain regions.
Striatum-to-cerebellum uptake ratios in brain sections incubated
with [11C]-3 in the absence or presence of 2 pM KW6002 were 5.1 +
0.5 (n=3) and 1.0 + 0.2 (n = 3), respectively (P < 0.001). In vitro
autoradiography studies confirmed that the [11C]-3 binding pattern
is in agreement with the known AzaR distribution in the brain2z 23
and that [11C]-3 binding in striatum (with high levels of A2aR
expression) can be effectively blocked by an AzaR antagonist,
indicating that the PET tracer specifically binds to AzaRs.

Striatum

Cerebellum

Figure 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 yM 5
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Ex-Vivo Biodistribution

Ex-vivo biodistribution data of [11C]-3 in various brain regions is
presented in Table 1. The distribution of the PET tracer is in
accordance with known regional A;aR densities, with high tracer
uptake in striatum and low uptake in all extra-striatal brain
regions.2 23 In control animals, the average striatum (standardized
uptake value (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 subtype-selective AzaR
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 (Supplementary table 1).

Table 1. Ex Vivo Biodistribution Data of [11C]Preladenant in Rat
Brain, 76 min After Injection

Tissue Vehicle- Compound Difference
control 5-pretreated vs Control (p)
animals

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/  0.45+0.05 0.35+0.12 NS

Occipital cortex

Pons 0.31+0.01 0.36+0.12 NS

Hypothalamus 0.37+0.09 0.35+0.14 NS

Thalamus

Striatum 3.01+0.51 0.54+0.24 <0.001

SUV values (mean * S.D.) are listed, NS = not significant
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Table 2. Ex Vivo Biodistribution Data of [11C]Preladenant in
Peripheral Organs, 76 min After Injection

Tissue Vehicle-control Compound 5-
animals pretreated
Whole blood 0.44 £ 0.20 0.28 £ 0.15
Plasma 0.45+0.22 0.29 £ 0.15
Red blood cells 0.26 £ 0.03 0.23+0.12
Heart 0.82 £ 0.09 0.69 £ 0.38
Lung 1.05 £ 0.40 1.08 £ 0.59
Thymus 0.66 £ 0.07 0.57£0.32
Duodenum 3.82+2.12 2.42 £ 0.58
Ileum 0.86 £ 0.40 0.84 £ 0.49
Pancreas 1.18 + 0.21 1.12 + 0.65
Spleen 1.10+£0.11 1.07 + 0.63
Liver 3.27 +1.66 3.32+1.84
Fatty tissue 0.67 £0.07 0.49 £ 0.34
Adrenal gland 2.29+£1.03 1.90 £ 0.99
Kidney 1.52 £ 0.56 1.36 +0.78
Muscle 0.55+0.21 0.37+£0.21
Bone 0.44 +0.28 0.28+0.14

SUV values (mean * S.D.) are listed.

PET Imaging

Small animal PET images acquired 30-60 min after injection of [11C]-
3 are presented in Figure 4. [11C]-3 showed a regional distribution in
rat brain that corresponds to regional A2aR densities.2z 23 Tracer
uptake in striatum was clearly visible in vehicle-treated animals
(Figure 4, left), whereas extra-striatal binding of the tracer was
virtually absent.

Tracer kinetics of [11C]-3 in several selected brain regions are
presented in Figure 5A. The first peak of the cerebral [11C]-3 uptake
appears approximately 1 min after tracer administration. The
washout of [11C]-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
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(ti2a - distribution phase) and slower component (ti2f8 -
elimination phase), respectively (Figure 5A). In contrast, [11C]-3
uptake in the striatum, a brain region with high Az;aR density,
remains high throughout the scan. Striatal tracer uptake peaks at
22.5 min with an SUV of 2.2 + 0.2 and subsequently slowly decreases
to SUV 1.9 = 0.2 at 60 min post-injection. Thalamus and frontal
cortex presented a slightly higher tracer uptake (not statistically
different; Figure 5A) compared with cerebellum. This may be due to
a spill-over of striatal tracer uptake into surrounding tissues, as ex
vivo biodistribution data did not show any statistically significant
difference in tracer uptake in all extra-striatal brain regions
including thalamus and frontal cortex.

When animals were pretreated with the A;sR antagonist 5 (1
mg/kg), uptake of [11C]-3 in striatum was significantly reduced
(p<0.001) from 4.5 min after tracer injection until the end of the
scan (Figure 5B). Consequently, the striata were no longer visible in
the PET images (Figure 4, right), as pretreatment with the AzaR
antagonist had decreased the striatum-to-cerebellum of
[11C]preladenant uptake ratio at 60 min from 6.5 + 0.1 to 1.4 + 0.1. 5
pretreatment did not affect tracer kinetics in cerebellum (Figure
5B), occipital cortex, hippocampus and midbrain (data not shown
for these regions).

Comparison of brain SUVs obtained from ex-vivo biodistribution
studies with SUVs from PET analysis (50-60 min post-injection)
showed a 60 % higher average striatal [11C]-3 uptake obtained from
biodistribution 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
used (Full width at half maximum spatial resolution 1.74 mm at 5
mm of radial offset; 2.07-2.88 mm when two animals scanned
simultaneously).2* In contrast, [11C]-3 uptake in frontal cortex as
determined by PET was 28 % higher than the values obtained in
biodistribution studies (p=0.001). Tracer uptake in frontal cortex
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was overestimated by PET, because of “spill in” activity into this
brain region from the adjacent striatum and harderian glands.?> In
other brain regions, tracer uptake determined by PET and ex-vivo
biodistribution was comparable, indicating that partial-volume
effect was negligible in these regions.

Figure 4. PET images of a coronal plane of a rat brain 30-60 min
after i.v. injection of [11C]-3 (cropped images). PET images are
superimposed on a brain MRI template. Left: vehicle-control rat, hot
spots inside the brain represent striatum. Right: rat treated with 5 (1
mg / kg) prior to tracer injection (blocking). Hot spots outside the
brain are the harderian glands. The images were normalized for
body weights and injected doses
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Figure 5. (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
standard deviation.
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Conclusion

[11C]-3 was successfully synthesized in high radiochemical yield.
[11C]-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
[11C]-3 is a suitable PET radioligand for mapping AzaRs in rat brain.
However, further validation of [11C]-3 in nonhuman primates and
human volunteers is warranted to assess the value of this new PET
tracer.
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PET TO STUDY A1R AND A2AR AGONIST INDUCED CHANGES OF BBB

~

Adenosine and adenosine analogs may modulate blood brain barrier
(BBB) permeability in mice and rats through stimulation of
adenosine A; and Aza receptors (AiR and A2aR). We performed a
PET-study to determine whether changes of BBB permeability after
administration of A; or A2aR agonists can be assessed by examining
changes of the cerebral in vivo kinetics of a hydrophilic radioligand.

Abstract

To validate the outcome of the PET assay, Evans blue was used as
marker of BBB disruption. Methods: MicroPET scans combined with
arterial blood sampling were performed in three groups of
isoflurane-anesthetized Wistar rats: (1) controls treated with only
physiological saline 1 mL / kg; (2) pretreated with the A:R agonist
cyclopentyladenosine (CPA), dose 0.26 mg / kg; (3) pretreated with
the A2a agonist Rapiscan (regadenoson), dose 0.05 mg / kg. We used
the hydrophilic CXCR4 antagonist N-[11C]methyl-AMD3465 (clogP = -
0.86) as the imaging probe for these studies. In addition to the above
treatment groups, osmotic barrier opening was investigated with
the help of a visual tracer Evans blue and mannitol. Results:
Administration of CPA and Rapiscan resulted in a strong (> 50 %)
and moderate (< 10 %) reduction of heart rate, respectively. We
failed to observe BBB opening, as judged by tracer distribution
volumes (V) calculated from a Logan plot. Pretreatment of animals
with CPA and Rapiscan did not significantly increase Vr of N-
[11C]methyl-AMD3465. No indication of BBB permeability in A; or
A2aR agonist-treated and mannitol-treated animals was found based
on Evans blue capillary leakage into the brain tissue. In addition, no
visual presence of Evans blue in the brain was found. Conclusion:
BBB opening could not be accomplished by any technique and was
therefore also not detected by PET. The radioligand N-[11C]methyl-
AMD3465 failed to enter the rodent brain after pretreatment of rats

kwith an A; or Azx agonist. /
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Introduction

he blood-brain-barrier (BBB) is composed of endothelial

cells! which line the microvasculature of the brain and are

connected by tight junctions. These cells are functionally

placed between brain and periphery. The BBB is divided into
three sections: 1) the actual BBB, 2) blood-cerebrospinal fluid
barrier, and 3) arachnoid barrier.2 All three sections are involved in
protection of the central nervous system by limiting the entry of
toxic substances into the brain. Lipophilic molecules may pass the
barrier in different ways. Small molecules can enter via i) ion
channels ii) dissolving in the hydrophobic cell membrane followed
by barrier passage via passive diffusion, and iii) facilitated transport.
Such transporters may be either carrier-mediated or receptor-
mediated.3 Other transporters, like P-glycoprotein (P-gp), multidrug
resistance-associated protein (MRP) and breast cancer resistance
protein (BCRP), are actually limiting substance entry into the brain
by actively pumping molecules back to the blood after they have
entered the brain by passive diffusion. The efficiency of the BBB is
proven by the fact that more than 98 % of all molecules with
molecular weight greater than 500 Da do not enter the brain. With
increasing prevalence of brain disorders there is an increasing
demand for CNS drugs, but potentially important diagnostic and
therapeutic agents fail to cross the barrier because of its
neuroprotective role. Thus, there is a need to modulate BBB
permeability and facilitate the entry of therapeutic drugs into the
CNS.

Adenosine receptors (ARs) are G-protein coupled receptors and play
several roles in mammalian physiology, including modulation of
immune responses. ARs can be divided in the AiR, A2aR, AzsR and
A3R subtypes. Adenosine analogs can modulate BBB permeability in
mice and rats through stimulation of AiR and A2aR receptors.*
Activation of A:R and AzaR on brain endothelial cells causes
cytoskeletal remodeling and changes of cell size and shape. Such
stimulation appears to result in temporary opening of the tight
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junctions between the endothelial cells, allowing short-term entry of
large molecules, like dextran or antibodies, into the brain.*

Thus far, no PET studies have been performed to assess changes of
BBB permeability after administration of AiR or A;aR agonists. A
PET assay for measurement of tight junction opening could employ a
hydrophilic compound labeled with a positron emitter. Under
normal conditions, such a compound will not enter the brain, but
remains in the vascular compartment. After administration of a
permeability-modulating drug [like the AiR agonist cyclopentyl
adenosine (CPA) or the A;x agonist Rapiscan (regadenoson)], the
hydrophilic tracer (in this case N-[11C]methyl-AMD3465) (Figure 1)
may enter the brain resulting in a detectable PET signal.

Materials and Methods

General

N6-Cyclopentyl adenosine (CPA), Evans blue and mannitol were
purchased from Sigma (Sigma-Aldrich, The Netherlands). Rapiscan
was procured from IDB Holland BV. All other chemicals were of
analytical grade and obtained from commercial suppliers like
Rathburn, Acros, Merck etc.

Radiochemical Synthesis

[11C]Methane was produced via the N (p, a) 11C nuclear reaction by
irradiating a nitrogen / hydrogen gas mixture using a Scanditronix
MC17 biomedical cyclotron. [11C]CHsI was prepared based on a gas-
phase synthesis involving [11C]CH4 and [»5 [11C]Methyl triflate was
formed by on-line passing the [!1C]methyl iodide through a column
of silver triflate at 200-220 °C. [!1C]Methyl triflate was then
transferred and trapped into a conical vial which contained 0.4 mg of
N-desmethyl-trifluoroacetyl-AMD3465 in 300 pL dry acetone at 0 °C.
After trapping of [!!C]methyl triflate, the reaction mixture was
heated at 80 °C for 4-5 min to evaporate acetone. Subsequently, 300
uL of methanol and 100 pL of NaOH (1M) was added and the
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reaction mixture was again heated at 80 °C for another 5 min to
hydrolyze the trifluoroacetyl protective group (Figure 1). During
these steps the needle vent was kept open. The resulting mixture
was neutralized with phosphoric acid (16 pL), diluted with 0.6 mL
HPLC eluent and purified by HPLC using a Zorbax SB Cis (250x 7.8
mm) column and sodium phosphate buffer (pH 2.0) / EtOH (95 /5 v
/ v) as the eluent at a flow of 4 mL / min. The radioactive product
with a retention time of 12 + 1 min was collected, neutralized with
1M NaOH (~400 pL) and passed over a Millex 0.22 um GV filter
(Millipore, Ireland) to yield a sterile solution of N-[!1C]methyl-
AMD3465. Later, the formulated tracer was submitted for HPLC
quality control using a Jupiter Cigs column (300 x 7.8 mm,
Phenomenex) and water (pH 2.0 with HCIO4) / acetonitrile (90 / 10)
as an eluent at a flow rate 1 mL / min. Retention time was 8 + 1 min.

0
K\ X
F3 CF3
(1 o NH HN
ﬁ /\ij C]CH;0Tf, Acetone, 80 °C
1M NaOH, MeOH, 9-10 min CH3
Trifluoroprotected N-desmethyl-AMD3465 N-[*C]methyl-AMD3465

Figure 1. Radiosynthesis of N-[11C]methyl-AMD3465

Distribution Coefficient (Log D7.4) Measurement

After tracer elution from a C-18 light Sep Pak column, 500 mL of
eluate (octanol) was mixed with an equal volume of 1M phosphate
buffer pH 7.4 and vigorously vortexed for 1 min followed by
centrifugation (10 min, 17,250g). Three 100 pL aliquots were drawn
from the corresponding n-octanol and aqueous phases. The
radioactivity in each phase was counted (Compugamma 1282 CS,
LKB-Wallac, Finland). For every tracer batch, experiments were
performed in triplicate; the average LogD-.4 value is reported.
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In Vivo Studies

Animals and Study Design

The animal experiments were carried out by licensed investigators
in compliance with the Law on Animal Experiments of The
Netherlands. The Committee on Animal Ethics of the University of
Groningen approved the protocol. Male outbred Wistar-Unilever rats
were obtained from Harlan (The Netherlands). The animals were
housed in Macrolon cages (38 x 26 x 24cm) maintained at a 12 h
light-dark regime and were fed standard laboratory chow (RMH-B,
The Netherlands) and tap water ad libitum. After arrival, the rats
were allowed to acclimatize for at least seven days. Body weights
and injected doses in the different pretreatment groups are listed in
Table 1.

Table 1. Animal Data"

Group Body weight (g) | Injected dose (MBq)
Control (n=15) 340 + 28 20+ 12

CPA0.26 mg /kg(n=4) 312+31 25.7+5.5

Rapiscan 0.05mg /kg(n=3) | 315+36 14 +4

amean * SD
Small-Animal PET Scanning

Two animals were scanned simultaneously in each scan session
(supine position), using a Focus 220 MicroPET camera (CTI,
Siemens, Munich, Germany). All animals were anesthetized with
isoflurane / air (induction: 5 % isoflurane, later reduced to <2 %).
Cannulas were placed in a femoral artery and vein for blood
sampling and tracer injection (Harvard-style pump; 1 mL / min),
respectively. A transmission scan of 515 s was made before the
emission scan, using a rotating 57Co point source, in order to correct
the subsequently acquired N-[!!C]methyl-AMD3465 images for
attenuation and scatter. Rats were under anesthesia for 30-40 min
before tracer injection (time required for cannulation and
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transmission scan). Emission data were acquired in list mode for 76
min (brain in the field of view). Data acquisition was started at the
moment of tracer entering the body of the first rat; whereas the
second animal was injected 16 min later. Scanning was then
continued for another 60 min. The animal that was injected last was
also anesthetized at a later moment. Thus, the duration of anesthesia
was similar in all study groups.

PET data were corrected for attenuation, scatter, random
coincidences and radioactive decay and reconstructed in 23 time
frames (8 x 30,3 x 60, 2 x 120, 2 x 180, 3 x 300, 1 x 480, 3 x 600 and
1 x 960 s) using a 2D ordered subsets expectation maximization
(OSEM) algorithm, provided by Siemens (4 iterations, 16 subsets
and zoom factor 2).The final datasets consisted of 95 slices, with a
slice thickness of 0.8 mm and an in-plane image matrix of 128 x 128
pixels of size 1.1 mm. Reconstructed images were smoothed with a
3D Gaussian filter [1.35 mm full width at half-maximum (FWHM)]

During the scan, arterial blood samples (volume 0.1-0.15 mL) were
drawn using a standard protocol i.e,, at 0, 5, 10, 15, 20, 30, 45, 60, 75,
90 s and 2, 3, 5, 7, 10, 15, 30, 60, 90 min after injection. After
collecting 25 pL whole blood, plasma (25 pL) was acquired from the
remainder of the blood samples by short centrifugation (5 min at
1000g). Radioactivity in 25 puL plasma and whole blood was counted
and used as an arterial input function. Heart rate, stroke volume and
blood oxygenation of the experimental animals were continuously
monitored throughout the scanning procedure, using pulse
oximeters (Nonin Pulse Sense, Zevenaar, The Netherlands).

Small-Animal PET Data Analysis

Time activity curve (TAC) for whole brain was determined using
Inveon Research Workplace software (Siemens Medical Solutions,
Knoxville, TN). The summed PET data of each animal were
coregistered to a MRI template of the rat brain with predefined
volumes of interest (VOIs). Translation, rotation and scaling were
adjusted to visually optimize the image fusion. The VOIs were
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transferred from the MRI template to the PET data, and regional
TACs were generated. Standardized uptake values measured by PET
(PET-SUVs) were plotted as a function of time, using body weights
and injected doses [tissue activity concentration (MBq / mL)] /
[(injected dose (MBq) / body weight (g)]. Kinetic analysis was
performed by fitting 1- and 2-tissue compartment models (TCM) to
the PET data, using data (without metabolite-correction) from
arterial plasma samples and uncorrected data from whole blood
samples as input function while cerebral blood volume was fixed to
0.036.7 Quality of the fits was evaluated using the Akaike
Information Criterion (AIC). Graphical analysis of the PET data was
performed using a Logan plot; the fit started at 9min post injection.8
Distribution volume (V1) and binding potential (ks / ki) were
evaluated as quantitative endpoints of 1TCM, 2TCM and Logan plot.

Ex Vivo Biodistribution

After the PET-scan, the animals were terminated by extirpation of
the heart. Blood was collected, and plasma and a cell fraction were
obtained from the sample by short centrifugation (5 min at 1000g).
Several tissues were excised and weighed. Radioactivity in tissue
samples and in a sample of tracer solution (infusate) was measured
using a calibrated gamma counter. The data was expressed as
dimensionless SUV.

Evaluation of BBB Permeability

Permeability of the BBB for Evans blue dye was evaluated in
accordance with a published method.® Three groups of rats were
studied to assess permeability of the BBB for Evans blue.

Group 1: Negative control (n = 2): Received Evans blue solution (2 %
in normal saline, 4 mL / kg body weight, i.p.) only in combination
with iv. saline.

Group 2: Pretreatment group (n = 4): Received Evans blue solution
(as group 1), at 30 min after treatment with either CPA (AR agonist,
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0.25 mg / kg, i.p., n = 2) or Lexiscan (A2aR agonist, 0.05 mg / kg, i.v.,, n
=2).

Group 3: Positive control (n = 2): Received Evans blue solution (as
group 1), but a cannula was placed in a carotid artery before Evans
blue administration. After 30 min a hyperosmotic solution of
mannitol was infused through this cannula (25 % w / v mannitol,
infusion rate 0.25 mL / s / kg).

In all animals, the brain was perfused with PBS 90 min after the
Evans blue administration. Brain tissue was removed, and divided in
left and right hemispheres. One hemisphere was frozen for later
analysis; the other was homogenized in 1100 uL of PBS, sonicated
and centrifuged. Trichloroacetic acid (0.5 mL, 50 %) was added to
the supernatant which was then incubated overnight at 4 °C and
again centrifuged. The Evans blue concentration in the deproteinized
supernatant was measured quantitatively with a spectrophotometer
setat 610 nm.

Statistical Tests

All results are expressed as mean + SEM. Differences between
groups were analyzed using 1-way ANOVA. A probability smaller
than 0.05 was considered statistically significant.

Results

Chemical and Radiochemical Synthesis

The decay-corrected radiochemical yield of the tracer was 60 + 2 %
(n = 12) and the total synthesis time was less than 50 min including
the HPLC purification. The radiochemical purity was > 99 % and the
specific radioactivity 30 + 5 GBq / pumol. Tracer identity was
confirmed by spiking with authentic cold compounds in reversed
phase-HPLC.
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LogD7.4 Measurement

LogD7.4 values of N-[11C]methyl-AMD3465 was found to be -0.86 *
0.09 (n = 3).

Small-Animal PET Images

Small animal PET images were acquired after injection of N-
[11C]lmethyl-AMD3465. The brain was visualized, neither in control
animals, nor in animals pretreated with CPA or Rapiscan. The brain
appeared like a black hole in all PET images.

Kinetics of Radioactivity in Brain

Cerebral kinetics of radioactivity after injection of N-[11C]methyl-
AMD3465 is presented in Figure 2. In control animals (n = 3) and
CPA (n = 3) or Rapiscan (n = 2) pretreated animals, uptake of
radioactivity rapidly increased to a maximum (i.e., 1.5 min after
injection) which was followed by an exponential washout. The
increase of brain uptake (PET-SUV) of N-[11C]methyl-AMD3465 after
CPA treatment was statistically significant whereas same is not true
in case of Rapiscan pretreatment.
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Figure 2. Whole brain time activity curve of CPA( A ), Control(m) and
Rapiscan treated( V) animals.

Kinetics of Radioactivity in Plasma

Plasma Kkinetics of radioactivity after injection of N-[!1C]methyl-
AMD3465 is presented in Figure 3. A rapid, bi-exponential plasma
clearance was observed in all groups. CPA, Rapiscan and control
animals treatment did not significantly affect the clearance of
radioactivity from the plasma compartment, although plasma levels
of radioactivity appeared to be higher in animals pretreated with
CPA and Rapiscan.
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Figure 3. Kinetics of N-[11C]methyl-AMD3465 radioactivity in rat
plasma

Graphical Analysis of PET Data

Tracer Vr was calculated using a Logan plot, time-activity curve
from a ROI drawn around the entire brain, and radioactivity counts
from arterial blood samples. The Logan plot approached linearity
within 9 min after injection. There was no increase in Vr of N-
[11C]methyl-AMD3465 after pretreatment of animals with CPA or
Rapiscan compared to controls (Table 2). PET data for whole brain
radioactivity was suitable for Logan analysis but not Patlak analysis
indicating reversibility of tracer binding.

When a 2TCM was fitted to time-activity curve from a ROI drawn
around the entire brain, using radioactivity counts from arterial
blood samples as input function, the ratio of ks / ks, a measure of
tracer binding potential, for N-[!1C]CH3-AMD3465 remained
unaltered after pretreatment with the AR or A2aR agonist (Table 2).
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Table 2. Results from Graphical Analysis and Compartment
Modeling of PET Data (ROI Drawn Around Entire Brain) of N-
[11C]lmethyl-AMD3465

Group Vr (Logan) | V¢ (2TCM) | BPnp (ks / ka) (2TCM)

Control (n = 3) 0.21+£0.11 | 0.25£0.13 | 1.92+0.71

CPA(n=3) 0.10+0.03 | 0.17+0.03 | 1.84 +£0.22

Rapiscan (n=2) | 0.23+0.19 | 0.23+0.20 | 1.74 £ 0.31

Biodistribution Data

Biodistribution data of N-['1C]methyl-AMD3465, acquired 80 min
after injection is presented in Figure 4. Pretreatment of animals with
CPA and Rapiscan, did not result in significant increase of N-
[11C]methyl-AMD3465 uptake in brain areas and peripheral organs
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Figure 4. Brain biodistribution of N-[!1C]methyl-AMD3465, 80 min
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after injection in different treatment groups

Evans Blue Assay Result

Brain extracts from Evans Blue treated rats were quantitatively
measured by spectrophotometer at 610 nm in all pretreatment
animals. No trace of BBB opening was seen in both adenosine
agonist-treated and mannitol-treated animals. Furthermore, no
visual presence of Evans blue was found in brain tissues.

Physiological Response

After i.p. administration of the A; agonist CPA a very strong decline
of heart rate was observed within 5 min (from 340 to about 100)
whereas after i.v. injection of the Aza agonist Rapiscan, we noticed a
slight decline (from 340 to 320). The pulse oximeter readings
showed that the drop in heart rate was accompanied by an increase
in cardiac stroke volume.

Discussion

This project aimed to answer the question whether transient
opening of the BBB after treatment of animals with adenosine
receptor agonists can be detected with hydrophilic radiotracers and
PET. Such tracers do not pass the normal intact barrier, but may pass
after tight junction opening.

As initial attempt, we used N-['1C]methyl-AMD3465 (CXCR4
antagonist tracer). The logP of N-[11C]methyl-AMD3465 is -0.86 +
0.09 and therefore this radioligand is not able to cross the BBB by
passive diffusion. The preliminary PET data and images showed no
differences in brain uptake between animals treated with adenosine
receptor agonists and untreated controls. A biodistribution study,
performed at 80 min after tracer injection, also did not indicate any
increases of radioactivity in the brain of pretreated animals. The
kinetic modeling approach indicated that neither the partition
coefficient (K: / k2) nor the binding potential (ks / ks) of N-
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[11C]lmethyl-AMD3465 were affected by the treatment. However,
plasma levels of the tracer were different in the 3 pretreatment
groups, causing a discrepancy between biodistribution and
compartment modeling data

According to Carman et al,, 4 transient BBB opening should occur
after treatment of animals with an AR or A2aR agonist and should
persist for several hours. In our experiments, the agonists were
administered properly as proven by strong physiological responses
of the rats (decline of heart rate, increase of stroke volume). After
pretreatment of animals with Rapiscan, the brain TAC appeared to
rise less rapidly to a maximum than in untreated rats. This suggests
that cerebral blood flow is reduced after A;a agonist treatment,
which may in fact be the case since we noted a decline of heart rate.
However, in CPA treated animals where a much stronger decline of
heart rate occurred, the brain TAC rose even more rapidly to a
maximum than in control rats. Thus, the relationship between heart
rate and brain TAC is not very clear

We could not detect any BBB opening with PET. We failed to observe
hydrophilic tracer uptake in rat brain after pretreatment with A; and
Aza agonists. This negative finding could be related to different
underlying mechanisms:

1. Hydrophilic tracers may be rapidly cleared from the
circulation (i.e., within 5 or 10 min after injection) whereas
opening of the barrier may occur only later, after a prolonged
interval (e.g, more than 20 min after agonist
administration). Thus the barrier would open at a moment
when the bulk of the injected tracer has already been cleared
from the circulation.

2. Because of certain physiological conditions of the animals
during the scanning procedure (anesthesia, acidosis,
hypercapnia or hypothermia) the BBB may not have opened
after pretreatment with an AR or AzaR agonist. In the
published study describing barrier opening * animals were
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only anesthetized at the end of the experiment for the
purpose of euthanasia.

The Evans blue assay of BBB permeability was performed to assess
whether the negative outcome of the PET assay was due to
inappropriate tracer Kkinetics (mechanism 1) or failure of the
experimental animals to respond to the adenosinergic stimulus
(mechanism 2). No evidence for BBB opening was found in our
Evans blue experiments, which indicates that in our anesthetized
animals the BBB may not have opened at all, in contrast to the awake
animals which were treated with AR agonists in the literature.*

Conclusion

In a preliminary microPET study with the hydrophilic ligand N-
[11C]methyl-AMD3465, we could not demonstrate BBB opening after
adenosine receptor stimulation. The tracer did not enter the brain
after pretreatment of rats with A; or Aza agonists. We also did not
detect Evans blue leakage by spectrophotometric analysis, indicating
failure of BBB opening. The cause of this negative finding remains to
be clarified.
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QUANTIFICATION OF A1RS IN RAT BRAIN USING [11C]MPDX AND PET
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Abstract
Activation of adenosine A: receptors (A:R) in the brain causes

sedation, reduces anxiety, inhibits seizures, and promotes
neuroprotection. Cerebral A;R can be visualized using 8-
dicyclopropylmethyl-1-[11C]-methyl-3-propyl-xanthine ([1:C]MPDX)
and PET. This study aims to test whether [11C]MPDX can be used for
quantitative studies of cerebral AiR in rodents. Methods: [11C]MPDX
was injected (intravenously) into isoflurane-anesthetized male
Wistar rats (300 g). A dynamic scan of the central nervous system
was obtained, using a small-animal PET camera. A cannula in a
femoral artery was used for blood sampling. Three groups of animals
were studied: group 1, controls (saline-treated); group 2, animals
pretreated with the A;R antagonist 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX, 1 mg, intraperitoneally); and group 3,
animals pretreated (intraperitoneally) with a 20 % solution of
ethanol in saline (2 mL) plus the adenosine kinase inhibitor 4-
amino-5-(3-bromophenyl)-7-(6-morpholino-pyridin-3-yl)pyrido

[2,3-d] pyrimidine dihydrochloride (ABT-702, 1 mg). DPCPX is
known to occupy cerebral AR, whereas ethanol and ABT-702
increase extracellular adenosine. Results: In groups 1 and 3, the
brain was clearly visualized. High uptake of [11C]MPDX was noted in
striatum, hippocampus, and cerebellum. In group 2, tracer uptake
was strongly suppressed and regional differences were abolished.
The treatment of group 3 resulted in an unexpected 40-45 %
increase of the cerebral uptake of radioactivity as indicated by
increases of PET standardized uptake value, distribution volume
from Logan plot, nondisplaceable binding potential from 2- tissue-
compartment model fit, and standardized uptake value from a
biodistribution study performed after the PET scan. The partition
coefficient of the tracer (K: / k; from the model fit) was not altered
under the study conditions. Conclusion: [11C]MPDX shows a regional
distribution in rat brain consistent with binding to A:R. Tracer
binding is blocked by the selective A:;R antagonist DPCPX.
Pretreatment of animals with ethanol and adenosine kinase inhibitor
increases [11C]MPDX uptake. This increase may reflect an increased

/

availability of A1R after acute exposure to ethanol.
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Introduction
he adenosine receptor (AR) family consists of the A1, A2a, Az
and Az subtypes. A1 and AsR inhibit, whereas Aza and Az
stimulate, production of the second messenger, 3,5-cyclic
adenosine monophosphate. AiR and A;aR are activated by
nanomolar concentrations of adenosine, whereas Azz and AzR
become activated only when adenosine levels rise into the
micromolar range because of inflammation, hypoxia, or ischemia.-3

AiRs are highly expressed and extensively distributed in various
regions of the human brain such as the hippocampus, cerebral
cortex, thalamic nuclei, and basal ganglia.#5 In the central nervous
system, adenosine acts as an endogenous modulator of
neurotransmission.6, a neuroprotectant 7, and an anticonvulsant.8 Its
neuroprotective action is mediated via AiR and may be associated
with inhibition of the release of excitatory neurotransmitters,
hyperpolarization of neurons, and inhibition of Ca2?+ channels.?
Adenosine acts also as an analgesic, by affecting nociceptive afferent
and transmission neurons via A;R.10 A1R agonists usually stimulate?,
whereas AR antagonists diminish, sleep.1?2 Thus, such compounds
may be therapeutically useful. Yet, AiR agonists have failed to
undergo successful clinical development because of dose-limiting
cardiovascular side effects.

Adenosine kinase inhibitors (AKIs) represent an alternative
treatment strategy. Adenosine kinase (AK) catalyzes a
phosphorylation reaction, converting adenosine to adenosine
monophosphate.1314 The inhibition of AK decreases the cellular
reuptake of adenosine, resulting in increased local adenosine
concentrations.!* The feasibility of raising adenosine availability in
the central nervous system by inhibiting AK has been demonstrated
in hippocampal and spinal cord slices!5 and by in vivo studies on
extracellular adenosine in rat striatum, which was increased up to
10-fold.16

The psychoactive drug ethanol also raises extracellular levels of
adenosine in the brain (up to 4-fold!”) by augmenting the rate of
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adenosine formation!® and inhibiting adenosine uptake via
nucleoside transporters.18-20 The anxiolytic, sedating, and motor-
impairing effects of ethanol are related to its interaction with
adenosinergic signaling.

PET with a radiolabeled A;R ligand may allow study of the
involvement of AiR in the pathophysiology of disease, the response
of the A1R population to therapy, and assessment of the occupancy of
A1R by therapeutic drugs. Several positron emitting AR ligands have
been prepared for this purpose, but only 2 have been widely used: 8-
dicyclopropylmethyl-1-[11C]-methyl-3-propylxanthine?2!

([*11C]MPDX) and [18F]-8-cyclopentyl-3-(3-fluoropropyl)-1-
propylxanthine.> Both ligands bind with high affinity and selectivity
to AiR in vivo (Ki and Kq values, 3.0 and 4.4 nM, respectively).

Because small-animal PET studies with [11C]MPDX had not been
performed previously, we tested this ligand for quantitative small-
animal PET studies in rodents with the intention of later using this
technique for the assessment of changes of AiR density in rodent
models of human disease. In addition, we examined the impact of
raised levels of extracellular adenosine on the cerebral binding of
[11C]MPDX.

Materials and Methods

Chemicals
Ethanol and triethylamine were purchased from Merck. The

adenosine A; antagonist 1,3-dipropyl-8-cyclopentylxanthine
(DPCPX) was a product of Sigma, and the potent nonnucleoside 4-
amino-5-(3-bromophenyl)-7-(6-morpholino-pyridin-3-

yl)pyrido[2,3-d]pyrimidine  dihydrochloride = (ABT-702) was
obtained from Tocris. Stock solutions of DPCPX and ABT-702 were
prepared in dimethyl sulfoxide. The radioligand [!!C]MPDX was
prepared by reaction of [11C]methyl iodide with the appropriate 1-N-
desmethyl precursor. Briefly, [11C]methyl iodide was trapped in 0.3
mL of N,N-dimethylformamide containing 1 mg of 1-N-desmethyl
precursor and 5 pL of NaOH and was heated at 120 °C for 5 min.
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After 1.0 mL of 0.1 M HCI had been added, the solution was loaded
onto a high-performance liquid chromatography column
(Econosphere, Cig, 5 pm [Altech]; 10 x 250 mm) and eluted with a
mixture of 0.1 M NaH;PO4 and ethanol (70 / 30) at a flow rate of 4
mL / min. The fractions containing [!!C]MPDX were collected.
Retention time of [11C]MPDX was 14 min. The decay-corrected
radiochemical yield was 35 % %= 5 % (based on [!!C]methyl iodide),
the specific radioactivity was greater than 11 TBq / mmol at the
moment of injection, and the radiochemical purity was greater than
98 %.

Animal Model
The animal experiments were performed by licensed investigators in

compliance with the Law on Animal Experiments of The
Netherlands. The protocol was approved by the Committee on
Animal Ethics of the University of Groningen. Male Wistar rats were
maintained at a 12-h light/12-h dark regime and were fed standard
laboratory chow ad libitum (body weights are provided in Table 1).

Table 1. Animal Data

T Body wt | Injected dose ROI size
(g) MBq nmol (cm3)

Control (n =5) 299 +8 24+£10 | 22+09 |1.02+0.02

DPCPX (n=5) 314 +18 26+14 | 24+13 | 1.02+0.04

EtOH+ABT702 (n = 5) 302+16 34+11 |31+1.0 | 1.02+0.03

Metabolite analysis 314+ 14 20+12 | 18+1.1 |-

(n=6)

Data are mean * SD

Small-Animal PET Scanning
In most experiments, 2 rats were scanned simultaneously, using a

Focus 220 microPET camera (Siemens-Concorde). Animals were
anesthetized with a mixture of isoflurane / air (inhalation
anesthesia, 5 % ratio during induction, later reduced to <2 %). A
cannula was placed in a femoral artery for blood sampling. Rats
were under anesthesia for 30 - 40 min before tracer injection (time
required for cannulation and transmission scan). The tracer
([*'*C]MPDX) was injected through the penile vein (injected dose is
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given in Table 1). A list-mode protocol was used (76 min, brain in
the field of view). Scanning was started during injection of
radioactivity in the lower rat; the upper animal was injected 16 min
later. The animal that was injected last was also anesthetized at a
later moment. Thus, the duration of anesthesia was similar in all
study groups. A series of blood samples (14 samples; volume, 0.10 -
0.15 mL) was drawn, initially in rapid succession (every 15 s) and
later at longer intervals (<30 min). Plasma was acquired from these
samples by short centrifugation (Eppendorf centrifuge, 5 min at
13000 rpm). Radioactivity in 25 uL of plasma was counted and used
as an arterial input function.

For examination of the specificity of tracer binding, 5 animals were
pretreated by intraperitoneal injection of DPCPX (1 mg, in 0.3 mL of
dimethyl sulfoxide, 15 - 20 min before injection of the tracer). For
examination of the impact of raised levels of extracellular adenosine
on [11C]MPDX binding, 5 other rats received ethanol (2 mL ofa 20 %
solution in saline intraperitoneally) and the AKI ABT-702 (1 mg, in
0.3 mL of dimethyl sulfoxide intraperitoneally). Both ethanol and
ABT-702 were administered 15 - 20 min before injection of
[11C]MPDX. Control animals (n = 5) received saline only. The ethanol
dose that we administered corresponds to substantial consumption
of alcohol in humans (about six 0.33-L bottles of normal beer
containing 5 % alcohol).

List-mode data were reframed into a dynamic sequence of 8 x 30, 3
x 60, 2 x 120, 2 x 180, 3 x 300, 1 x 480, 2 x 600, and 1 x 960 s
frames. The data were reconstructed per time frame using an
iterative reconstruction algorithm (attenuation-weighted 2-
dimensional ordered-subset expectation maximization, provided by
Siemens; 4 iterations, 16 subsets; zoom factor, 2). The final datasets
consisted of 95 slices, with a slice thickness of 0.8 mm and an in
plane image matrix of 128 x 128 pixels of size 1 x 1 mm. Datasets
were fully corrected for random coincidences, scatter, and
attenuation. A separate transmission scan (duration, 515 s) was
acquired for attenuation correction. That scan was made before the
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emission scan. Images were smoothed with a gaussian filter (1.35
mm in both directions).

Small-Animal PET Data Analysis
Three-dimensional regions of interest (ROIs) were manually drawn

around the entire brain. Time-activity curves and volumes (cm3) for
the ROIs were calculated, using standard software (AsiPro, version
6.2.5.0; Siemens-Concorde). PET standardized uptake values (SUVs)
for brain radioactivity were calculated, using measured body
weights and injected doses and assuming a specific gravity of 1 g/mL
for brain tissue and blood plasma.

Dynamic PET data were analyzed using plasma radioactivity from
arterial blood samples as an input function and a graphical method
according to Logan.22 Because [!!C]MPDX proved to be rapidly
cleared but slowly metabolized, no metabolite correction of the
input function was performed. The error introduced by this
procedure (overestimation of the true plasma input) is 10.0 % and
identical in all study groups; thus, we concluded that metabolite
correction could be omitted. Software routines for MatLab 7 (The
MathWorks), written by Dr. Antoon T.M. Willemsen (University
Medical Center Groningen), were used for curve fitting. The Logan fit
was started at 10 min. The cerebral distribution volume (V1) of the
tracer was estimated from the Logan plot. The dynamic PET data
were also analyzed using the same input function and software
routines, a 2-tissue compartment model (2TCM), and a fixed blood
volume of 3.6 %. The partition coefficient (K: / kz) and
nondisplaceable binding potential (BPnp) (k3 / k4) of [11C]MPDX were
estimated from the model fit. Similar methods were used previously
by Kimura et al23 for quantification of A:;R in the human brain.
However, AiRs are significantly expressed in rat cerebellum, in
contrast to human cerebellum, in which AR density is negligible.
Therefore, the cerebellum cannot be used as a reference region in
small-animal PET studies of the rodent brain.
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Biodistribution Studies
After the scanning period, the anesthetized animals were sacrificed.

Blood was collected, and plasma and a cell fraction were obtained
from the blood sample by short centrifugation (5 min at 1,000g).
Several brain areas and peripheral tissues (Table 2) were excised.
All tissue samples were weighed. The radioactivity in tissue samples
was measured using a y-counter, applying a decay correction. The
results were expressed as dimensionless SUVs. The parameter SUV
is defined as tissue activity concentration (MBq / g) x body weight
(g) / injected dose (MBq).
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Table 2. Biodistribution Data of [11C]MPDX, 80 Min After

Injection

Tissue Control | DPCPX- | Diff. EtOH / Diff. vs
(n=5) | treated | vs ABT702- | control

(n=5) | control treated
(n=5)

Amygdala 0.75 0.27 £ <0.0001 | 1.12+ <0.0005
0.09 0.05 0.12

Bulbus 0.64 0.34 <0.01 0.75 NS

olfactorious | 0.18 0.07 0.27

Cerebellum | 1.34 0.46 0.0001 2.16 + <0.01
0.29 0.09 0.42

Cingulate 0.88 + 0.35+ 0.0001 1.13 + 0.06
0.16 0.08 0.23

Entorhinal | 0.89 0.37 £ <0.0001 | 1.27 + <0.01
0.10 0.04 0.25

Frontal 0.89 = 0.30 = 0.0002 1.16 + NS
0.20 0.08 0.26

Hippocamp- | 1.09 + 0.31+ <0.0001 | 147+ 0.01

us 0.14 0.08 0.24

Medulla 0.75 0.42 + 0.01 1.51+ <0.001
0.18 0.11 0.29

Parietal, 0.97 + 0.34 + 0.0001 1.40 + NS

temporal 0.20 0.07 0.48

and

occipital

cortex

Pons 0.89 + 0.44 + <0.01 1.45 + <0.01
0.21 0.14 0.30

Striatum 1.01 + 0.31+ <0.0001 | 1.18+ NS
0.13 0.07 0.31

Bone 0.24 + 0.22 NS 0.24 NS
0.04 0.09 0.09

Colon 0.83 0.61+ NS 0.71 + NS
0.21 0.19 0.06

Duodenum | 1.12 + 0.95+ NS 1.19 + NS
0.33 0.57 0.17

Fat 1.95 + 1.52 + NS 1.06 + NS
1.15 0.19 0.24
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Heart 0.69 + 0.66 + NS 0.85 + NS
0.14 0.08 0.17

[leum 1.52 + 1.19 + NS 1.38 + NS
0.52 0.41 0.43

Kidney 1.09 + 1.26 + 0.08 1.50 + NS
0.18 0.07 0.50

Liver 2.94 + 443 + <0.02 3.63 + NS
0.40 1.03 0.68

Lung 0.70 + 0.73 + NS 0.88 + <0.01
0.09 0.07 0.07

Muscle 0.40 0.48 + NS 0.53 + < 0.05
0.09 0.07 0.07

Pancreas 098 + 1.01 NS 1.48 + < 0.005
0.18 0.23 0.22

Plasma 0.77 + 0.73 + NS 0.71 + NS
0.06 0.13 0.13

Red cells 0.34 + 0.38 + NS 0.44 + <0.02
0.04 0.09 0.07

Spleen 0.95 + 0.65 + < 0.005 1.06 + NS
0.14 0.06 0.26

Trachea 0.73 0.81 NS 0.85+ NS
0.15 0.31 0.23

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

Metabolite Analysis

A separate group of animals (n = 6) was used for metabolite analysis.
In these rats, a small-animal PET scan was obtained and a
biodistribution study was performed, but a smaller series of arterial
blood samples was drawn (at intervals of 5, 10, 20, 40, and 60 min
after tracer injection, volume increasing from 0.3 to 0.7 mL). Plasma
was acquired by short centrifugation (Eppendorf centrifuge, 5 min at
13000 rpm). Protein was removed by mixing plasma with an
equivalent volume of 20 % trichloroacetic acid in acetonitrile,
followed again by short centrifugation. The protein free supernatant
was injected into a high-performance liquid chromatography system
(stationary phase, pBondapak, 7.8 x 300 mm [Waters]; mobile
phase, 3 % triethylamine and phosphate, pH 2.0: acetonitrile, 60:40
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v/v, with a flow rate of 2 mL / min). The retention time of authentic
[11C]MPDX (and nonradioactive MPDX) was about 11 min. Two
radioactive metabolites eluted at shorter retention times (6 and 8
min, respectively). This reversed-phase system is a slightly modified
version of a published analytic procedure.2* One-milliliter samples of
the eluate were collected at 0.5-min intervals. Radioactivity in these
samples was determined with a y-counter and was automatically
corrected for decay.

Statistical Tests
Differences between groups were analyzed using 1-way ANOVA. A

probability smaller than 0.05 was considered statistically significant.
Results

Small-Animal PET Images
Small-animal PET images acquired after injection of [11C]MPDX are

presented in Figure 1. In saline-treated control animals, the brain
was clearly visualized. High tracer uptake was observed in the
hippocampus, cerebellum, and striatum (left panel) in addition to
some areas of the cortex (image not shown). After pretreatment of
rats with DPCPX, cerebral uptake of the tracer was strongly reduced,
and regional differences in tracer uptake were no longer apparent
(middle panel). When animals were pretreated with ethanol and the
AKI ABT-702, a global increase of tracer uptake was noted,
compared with the control group (right panel).
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FIGURE 1. Small-animal PET images of rat brain acquired after
injection of [11C]MPDX (summed frames from 2 min to end of scan,
SUV maximum set to 3): untreated control animal (left), animal
pretreated with DPCPX (middle), and animal pretreated with
ethanol and ABT-702 (right)

Kinetics of Radioactivity in Brain and Plasma
Cerebral kinetics of [11C]MPDX-derived radioactivity (PET SUV in the

whole brain as a function of time) are presented in Figure 2. In
saline-treated control animals, uptake of the tracer rapidly increased
to a maximum, which was already reached between 7 and 12 min,
and was followed by washout. In animals pretreated with DPCPX,
only a rapid washout of tracer was observed, and the cerebral
uptake of 11C was strongly reduced. In rats pretreated with ABT-702
and ethanol, cerebral uptake of radioactivity was significantly
increased, compared with the control group. Maximal tracer uptake
now occurred after 13-20 min and was followed by washout. On the
basis of SUVs measured with small-animal PET, A;R densities
reported in the literature (e.g., 5003 fmol of protein per milligram in
rat hippocampus?’), injected masses of the tracer (Table 1), and
assuming that cerebral tissue contains 10 % protein, we estimate
that less than 5 % of the A;R population in the rat brain was
occupied by [11C]MPDX under the conditions of our study. Kinetics of
radioactivity in rat plasma after injection of [11C]MPDX are
presented in Figure 2. A rapid, biexponential clearance was
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observed in all groups. Treatment of animals with DPCPX or a
combination of ethanol and AKI (ABT-702) did not significantly
affect tracer clearance from the plasma compartment. Areas under
the curve (percentage of control) were 100.0 + 8.4, 95.5 * 6.6, and
96.0 + 7.5 for the baseline, ethanol and ABT-702, and DPCPX groups,
respectively (mean + SEM).
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Figure 2. Kinetics of [11C]MPDX -derived radioactivity in rat brain
(left) and plasma (right). Error bars indicate SEM. Plasma data are
not corrected for metabolites. ® = control group; o = Ethanol and
ABT-702 -treated animals; V = animals pretreated with DPCPX
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Metabolite Analysis
The appearance of radiolabeled metabolites in rat plasma after

injection of [11C]MPDX was studied in 2 untreated control animals, 2
rats treated with ethanol and ABT-702, and 2 rats pretreated with
DPCPX. Injected [11C]MPDX was found to be hardly metabolized. The
fraction of parent compound decreased from almost 100 % at time
zero to 82 %-84 % at 60 min (Figure 3). Pretreatment did not affect
the rate of tracer metabolism
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Figure 3. Fraction of plasma radioactivity representing parent
[11C]MPDX. Error bars indicate SEM

Biodistribution Data
Biodistribution data of !'C, acquired 80 min after injection of

[11C]MPDX, are presented in Table 2. Pretreatment of animals with
DPCPX resulted in a highly significant reduction of tracer uptake in
all studied brain areas. Among peripheral organs, a significant
reduction of tracer uptake was observed only in the spleen. DPCPX
treatment caused a significant increase of the amount of
radioactivity in the liver. Renal uptake of the tracer appeared to be
increased as well, but the change was relatively small and this trend
did not reach statistical significance. Treatment of rats with ethanol
and ABT-702 increased uptake of radioactivity in the brain. This
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increase was statistically significant in the amygdala, cerebellum,
entorhinal cortex, hippocampus, medulla, and pons. In other brain
areas, an increase was also noted but this trend did not reach
statistical significance because of a relatively large individual
variance in the study groups. Outside the brain, increases of tracer
uptake were noted in lungs, skeletal muscle, pancreas, and red blood
cells after treatment of animals with ethanol and ABT-702.

Graphical Analysis of PET Data
Vr of tracer was calculated using a Logan plot (Figure 4), time-

activity curves from an ROI drawn around the entire brain, and
radioactivity counts from arterial blood samples. Vr of tracer was
significantly decreased (by 63 %) after pretreatment of animals with
DPCPX and significantly increased (by 39 %) after pretreatment
with ethanol and ABT-702 (Table 3).
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Figure 4. Logan plots (A) of control, ethanol and ABT-702-treated,
and DPCPX-treated rats and 2TCM fit (B) for animal pretreated with
ethanol and ABT-702. (A) e = 5 control group; O = ethanol and ABT-
702-treated animals; A =animals pretreated with DPCPX. (B) m =
measured activity in brain; [ = fitted activity in brain, ¢ = specific
binding in brain; |V = nondisplaceable binding in brain and tracer in
plasma; ¢ = tracer in plasma

Table 3. Results from Graphical Analysis and Compartment
Modeling of PET Data (ROI Drawn Around Entire Brain)

VT (Logan K1 / kz BPND (kg /

Parameter plot) (2TCM) ks) (2TCM) Vr(2TCM)
Control rats 1.52+0.18 0.62+0.17 | 1.52+0.10 1.56 £ 0.37
DPCPX 0.57 + 0.05 | 0.58+0.07 | 0.00 0.58 +0.07
pretreated (p<0.0001) | (NS)

(p<0.0001) (p<0.0001)
EtOH / ABT702- | 2.12 + 0.25 | 0.68 £0.17 | 2.34 + 0.64 2.21+0.44
pretreated (p <0.005) (NS)

(p <0.05) (p <0.05)

Mean + S.D. P values relate to the effect of pretreatment compared to

untreated controls.

NS = not significant
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Compartment Modeling of PET Data
A 2TCM was fitted to time-activity curves from an ROI drawn

around the entire brain, using radioactivity counts from arterial
blood samples as an input function. A 1-tissuecompartment model
could not be fitted to the time-activity curves of control and ethanol
and ABT-702-treated animals at all, in contrast to a 2TCM. Thus, the
2TCM was clearly superior. The partition coefficient of [11C][MPDX
(ratio K1 / ko from the model fit) was not significantly affected by any
of the treatments, in contrast to BPnp (Table 3). BPnp was reduced to
zero after treatment of animals with DPCPX and significantly
increased (by 54 %) after treatment with ethanol and ABT-702. Vr
calculated from the 2TCM fit corresponded closely to Vr acquired by
graphical (Logan) analysis of the PET data, although the
intraindividual variability was greater. Vr (from the model fit) was
significantly reduced (by 63 %) after pretreatment of animals with
DPCPX and significantly increased (by 42 %) after treatment with
ethanol and ABT-702.

Discussion

Specificity of [11C]MPDX Binding

The regional distribution of radioactivity in the rat brain after
injection of [11C]MPDX (Figure 1, left) suggests that this tracer is
capable of visualizing regional AiR densities. Further evidence for
specific in vivo binding of [11C]MPDX was obtained by pretreating
animals with the subtype-selective antagonist DPCPX. In pretreated
animals, the brain uptake of radioactivity after injection of
[11C]MPDX was strongly suppressed, and regional differences were
no longer evident (Figure 1, middle; Figure 2, left). A biodistribution
study, performed at 80 min after tracer injection, confirmed that
uptake of radioactivity was reduced by DPCPX to a low value that
was homogeneous throughout the brain (Table 2). The greatest
declines were observed in the hippocampus (72 %), striatum (69
%), cerebellum (66 %), frontal cortex (66 %), parietal cortex (65 %),
and amygdala (64 %). Outside the brain, a reduction of [11C]MPDX
uptake was observed only in the spleen, possibly reflecting specific
binding of the tracer to A;R, because AiRs are involved in splenic
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contraction.26 DPCPX caused a significant increase of the levels of
radioactivity in rat liver and tended to increase renal activity levels
as well (Table 2), indicating that after blocking of the receptor
compartment, a greater fraction of the injected dose is taken up by
organs involved in tracer excretion.

To further test the origin of the PET signal, we plotted the specific
binding of [!!C]MPDX in various brain areas (uptake in saline-
treated control animals minus uptake in animals pretreated with
DPCPX, Table 2) against regional A;R numbers, known from
autoradiography.2’-2 The regions plotted were the amygdala,
cerebellum, cingulate, entorhinal, and frontal cortices; hippocampus;
medulla; parietal-temporal-occipital cortex; pons; and striatum.
Receptor density in the hippocampus (main target region) was set to
100 %, to allow the use of data from several published studies. An
excellent correlation was observed between literature values for A1R
density and [11C]MPDX uptake at 80 min after injection (Figure 5).

Data analysis of the cerebral time-activity curves in saline- and
DPCPX-treated animals also confirmed specific binding of [11C]MPDX
to cerebral A;R. Tracer Vr in the entire brain—calculated either by
graphical analysis or by kinetic modeling of the PET data—showed a
decline (>60 %) similar to that of tracer SUV measured after 80 min
(Table 3). In contrast, BPxp of [11C]MPDX estimated by fitting a 2TCM
was reduced to zero after pretreatment of animals with DPCPX
(Table 3), suggesting that specific binding of [11C]MPDX is absent in
DPCPX-treated animals.

Effect of Ethanol and Inhibition of Adenosine Kinase
Acute administration of ethanol is known to result in strong

increases of extracellular adenosine both in cell culture and in the
rat brain in vivo, which can be assessed by microdialysis.1” Two
different mechanisms may underlie this effect of ethanol. First,
ethanol is metabolized to acetate and acetyl-coA before entering the
tricarboxylic acid cycle. Increased flux through acetyl coA-synthetase
leads to increased production of adenosine from adenosine
monophosphate via 5’-nucleotidase and stimulation of cellular

196



QUANTIFICATION OF A1RS IN RAT BRAIN USING [11C]MPDX AND PET

adenosine release.18 Second, ethanol blocks nucleoside transporters
in cellular membranes, particularly the type 1 equilibrative
nucleoside transporter.19203031 [ncreased binding of adenosine to
cerebral AiR is believed to be an important factor underlying the
motor incoordination 32-35 and sleep-promoting3¢ effects of ethanol.

The co-administration of an AKI (e.g.,, ABT-702) with ethanol leads
to even stronger increases of extracellular adenosine, because
phosphorylation of adenosine by the enzyme AK is normally the
primary route of adenosine metabolism. Inhibition of AK decreases
the rate of adenosine inactivation and locally enhances extracellular
adenosine concentrations—not at baseline but rather under
conditions of increased formation of adenosine. Orally administered
AKlIs are known to raise regional concentrations of endogenous
adenosine in the brain,151¢ and for this reason, these compounds
have therapeutic potential as analgesic, antiinflammatory, and
antiepileptic agents.1437

Because both ethanol administration and AK inhibition are known to
increase the levels of extracellular adenosine, we expected to
observe a decreased binding of the PET tracer [11C]MPDX in the rat
brain after acute treatment of rats with ethanol and ABT-702.
Competition of adenosine for tracer binding to A:R is likely to occur,
because the affinities of adenosine and [!!C]MPDX for cerebral A1R
are in the same (nanomolar) range.38 However, in ethanol and ABT-
702-pretreated animals, we observed a paradoxic increase rather
than a decrease of cerebral tracer binding. Statistically significant
increases occurred in PET SUV (Figures. 1 and 2), SUV from an ex
vivo biodistribution study (Table 2), and tracer Vr (Table 3). Kinetic
modeling was performed to gain more insight into the mechanisms
underlying the paradoxic increase of cerebral radioactivity induced
by ethanol and ABT-702. Fitting of a 2TCM to the cerebral time-
activity curves of control and treated animals indicated that the
partition coefficient of the tracer (Ki: / kz) was not affected by
treatment, in contrast to BPnp, which showed a significant increase
(Table 3). The fit data, and also our data on tracer clearance (Figure
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2) and metabolism (Figure 3), suggest that tracer delivery is not
changed by treatment. Increases of the apparent A:R densities (on
average, 35 %; maximally, 55 %) in the brain of rats and mice have
been reported, both after acute3239 and after chronic3940
administration of ethanol, using ex vivo binding assays. Such changes
could cause increased cerebral binding of [11C]MPDX after treatment
of rodents with ethanol and ABT-702. However, further studies are
necessary to identify the mechanism underlying increased binding of
the AiR ligand under these conditions.

Conclusion

Our data suggest that regional A:R densities in rat brain can be
assessed using the tracer [11C]JMPDX and small-animal PET. In the
brain of untreated control animals, the highest levels of tracer
uptake were observed in target regions with a high density of AR,
such as the hippocampus, striatum, cerebellum, and cerebral cortex
(Figure 1). Pretreatment of animals with the specific AiR antagonist
DPCPX resulted in a strong suppression of tracer uptake in the
central nervous system and an abolishment of the regional
differences (Figure 1; Table 2). Specific binding of the tracer in
various brain regions corresponded closely to regional A:R densities
known from autoradiography (Figure 5). Tracer binding can be
quantified both by graphical analysis (Logan plot, calculation of V)
and by kinetic modeling (BPnp or Vr from 2TCM, Table 3). The PET
data did not provide evidence for increased competition of
endogenous adenosine after acute treatment of animals with ethanol
and ABT-702, but a globally increased binding of [1!C]MPDX was
noted in the rat brain (Figures 1 and 2; Tables 2 and 3), which may
correspond to increases of apparent A;R density reported in the
literature. Further studies are necessary to elucidate the
mechanisms underlying the enhanced [1!C]MPDX binding after
treatment of animals with ethanol and ABT-702.
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FIGURE 5. Correlation between specific in vivo binding of [11C]MPDX
and regional A1R density as known from autoradiography
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SUMMARY

denosine is an endogenous ligand with several functions in

the central nervous system (CNS), such as inhibition of

neuronal activity in many signaling pathways. The adenosine

receptor (AR) family consists of the Ai, Az, Az and As
subtypes (AiR. AzaR, A2sR and AsR, respectively). A1R and AR inhibit
whereas AzaR and AzR stimulate production of the secondary
messenger, cCAMP. Neuromodulator adenosine A; receptors (AiR)
stimulation may result in neuroprotection and suppression of
neuroinflammation.

A2aRs are a pharmacological target of potential interest because of
their role in neurodegenerative and psychiatric disorders. Even
though they mediate potential neuroprotective and neurotoxic
effects, the pharmacology of AzxRs and their role in
neurodegenerative disorders is not fully understood. Preclinical and
epidemiological studies suggest their potential role in PD, AD,
neuroinflammation, ischemia, spinal cord injury and drug addiction.

Positron Emission Tomography (PET) is a noninvasive nuclear
medicine imaging technique capable of measuring biochemical and
physiological processes in vivo in a quantitative manner. The use of
radiolabelled A:R and A24R antagonists as PET tracers in healthy rats
and in animal models of disease is the main subject of this thesis.
Several ligands for PET imaging of A1R and A2aR have been prepared.

This thesis begins with a general introduction about adenosine, its
role in health and disease, sources, regulation and fate of
extracellular adenosine, a description of the principles of PET
imaging, current radioligands for both AiRs and A2aRs and their
detailed biological evaluation in rodents, nonhuman primates and
humans (Chapter 1 & 2). Furthermore, potential lead structures for
the development of new A;sR antagonists and PET tracers were
discussed (Chapter 2).

The first part of this thesis concerns the development of subtype-
selective radioligands with high affinity for mapping cerebral AzaRs.
We aimed to develop PET probes for AzaRs with larger striatum /
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cerebellum ratios, better in vivo pharmacokinetic profile and higher
absolute brain uptake than the previously reported ligands
[11C]SCH442416 or ['8F]FESCH (['8F]fluoroethyl SCH442416).

Chapter 3 describes the selection, synthesis, radiolabelling, in vitro
ARG and pre-clinical in vivo evaluation of two fluorinated A2aR
ligands, [18F]FPSCH (['8F]fluoropropyl SCH442416) and [18F]FESCH
in healthy rats. Such ligands can provide logistic advantages over C-
11 labeled tracers, and be distributed to remote centers without an
expensive on-site cyclotron. A systematic comparison was made
between these homologs of SCH442416 compound. A dynamic PET
scan with arterial blood sampling was made in anesthetized healthy
rats that were either vehicle-treated or pretreated with the A2aR
antagonist KW6002. Ex vivo biodistribution analysis and in vitro
autoradiography (ARG) were used to acquire information on the
regional distribution of radioactivity. In vitro microsomal and in vivo
plasma metabolite analyses were performed using ultra-high-
performance liquid chromatography / quadrupole-time-of-flight-
mass spectrometry and radio-TLC.

A retrosynthetic approach was adopted for the synthesis of
nonradioactive fluorinated SCH442416 analogues. A two-pot, two-
step radioactive synthesis could be used to prepare [18F]FPSCH and
[8F]FESCH. A:aR-mediated accumulation of both tracers was
observed in the rat brain. In vitro and in vivo metabolite analysis
indicated the presence of hydrophilic radiometabolite(s) which are
not expected to cross the blood-brain-barrier. Judged by similar
target-to-nontarget ratios in ex vivo biodistribution analysis and
microPET, both radiotracers performed equally well with slightly
different kinetics. This study also suggested that lengthening of the
fluoroalkyl chain (from methyl and ethyl groups to propyl group) do
not result in impaired pharmacokinetics and metabolic stability of a
SCH442416 analogue and thus provides a means to optimize the
properties.

Chapter 4 explains the synthesis and preclinical evaluation of
[11C]preladenant as a potential PET tracer for imaging cerebral
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A2aRs. Retrosynthetic approach was adopted to get the O-desmethyl
precursor. [11C]preladenant was developed as a new PET ligand for
mapping cerebral adenosine Az receptors (AzaRs) in high specific
activity and purity. Tracer tissue distribution was studied by PET, ex
vivo biodistribution and in vitro autoradiography. All these studies
suggested that [11C]preladenant regional uptake was consistent with
known A24Rs distribution, with highest uptake in striatum. Because
of its high target (striatum)-to-nontarget (cerebellum) ratios in the
rat brain, [11C]preladenant exhibits suitable characteristics as a A2aR
PET tracer.

The second part of this thesis describes studies aiming to evaluate
the potential of PET imaging for detecting and monitoring
physiological and biochemical changes after different AR-related
pharmacological challenges.

In chapter 5, we investigated whether transient opening of the
blood-brain barrier after treatment of animals with (nonradioactive)
adenosine A; and Aza receptor agonists can be detected with
hydrophilic radiotracers and PET. Such tracers do not pass the intact
barrier, but may pass after BBB opening. For our initial pilot study,
the CXCRs; antagonist [!1C]CH3-AMD3465 was exploited as a
hydrophilic PET tracer. Cerebral uptake (SUV) and distribution
volume (V1) of this tracer were not increased after pretreatment of
animals with the A:;R agonist CPA or the A2aR agonist Rapiscan.
Further studies are necessary to determine whether this negative
finding is due to inappropriate kinetics of the used tracers or to lack
of blood-brain barrier opening in anesthetized rats.
Spectrophotometric analysis of brain extracts suggested no Evans
blue leakage indicating BBB did not open during the time course of
our PET study.

In chapter 6, we evaluated [11C]-MPDX for visualization of AiR in
healthy rat brain. High and specific radioactivity uptake was noted in
striatum, hippocampus, and cerebellum which corresponded closely
to regional A:R densities known from autoradiography. Raising
extracellular adenosine levels [with a 20 % solution of ethanol in
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saline (2 mL) and 1 mg of the adenosine kinase inhibitor 4-amino-5-
(3-bromophenyl)-7-(6-morpholino- pyridin3-yl) pyrido [2,3-d]
pyrimidine dihydrochloride (ABT-702)] did not result in measurable
competition of adenosine with [11C]-MPDX for binding to A:R, but
rather a globally increased cerebral binding of [!!C]-MPDX was
noted(by 40 % to 45 %). Kinetic modeling suggested that this
increase is not related to altered blood flow or altered blood-brain
barrier passage of the radioligand, but rather to increased binding at
the receptor level. Thus, competition of endogenous adenosine with
[11C]MPDX for binding to AiR could not be detected.
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FUTURE PERSPECTIVES

ince potent [11C]- and [!8F]-labelled A.x antagonists have been
developed; several lines of research can be further pursued
regarding cerebral Az4R imaging.

1. Preclinical evaluation of recently developed nonxanthine
A2aR PET tracers.

a. Animal models of Parkinson’s disease (including
modulation of glutamatergic-adenosinergic function)

b. Animal models of Huntington’s disease
c. Animal models of neuroinflammation
2. Human studies with established radioligands for AzaR.
a. Multiple sclerosis
b. Parkinson’s dementia

3. PET studies of A2aR occupancy by therapeutic drugs (drug
discovery studies)

Evaluation of [11C]SCH442416, [18F]FESCH,
[11C]SCH420814 and [18F]MNI444 in Various Animal
Models

Preclinical studies with [11C]SCH442416 12 and ['1C]SCH420814
(our unpublished data) and their ['8F]fluoroethyl derivatives
(['8F]MRS5425 = [18F]FESCH 3and [!8F]MNI-4444)1-4 suggest their
potential use for in vivo mapping of cerebral A;aRs Because of
preferable brain kinetics in the rat and monkey brain,
[11C]SCH442416 and [!8F]FESCH may be better tracers than
[11C]SCH420814 and [!8F]MNI444 (Human application of these
tracers could be a potential problem because of their very slow
tracer kinetics). However, it is too early to rule out [11C]SCH420814
and [!8F]MNI444 and will require further evaluation in various
animal models and human subjects before drawing any conclusions.
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6-Hydroxydopamine Rat Model of PD (Including Modulation of
Glutaminergic-Adenosinergic Function)

Tracer uptake can be examined in a rat model of PD (unilateral 6-
hydroxydopamine lesion) to evaluate their ability to measure
changes in receptor densities. Because of the larger size of their
brains, rats are more suitable for microPET imaging than mice. The
hydroxydopamine lesion results in selective losses of dopaminergic
neurons located in the substantia nigra, in contrast to other animal
models, which are less dopamine-specific. The neurotoxin 6-
hydroxydopamine is injected into the striatum, using a stereotactic
procedure. Injection of the toxic drug into the striatum leads to
neuronal death in the substantia nigra after three to four days, via
retrograde transport. This interval provides a time window for
therapeutic interventions. The severity of the lesion can be tested by
quantifying amphetamine-induced rotation behavior at 11 or 12
days after 6-OHDA injection.

After the behavioral test, animals can be scanned with a nonxanthine
AzaR ligand. During this scan, blood samples are drawn from an
arterial cannula to acquire an arterial input function. Regional
distribution volume of the tracer in rat brain can be calculated from
a Logan plot and also from a 2-tissue compartment model. After the
scan, animals can be terminated and their brains isolated for ex vivo
biodistribution and immunohistochemical analysis. Even though the
6-OHDA model is the most widely used animal model of Parkinson's
disease, it lacks specific disease related properties such as
progressive, age dependent effects and Lewy bodies of PD.
Transgenic rat models (with mutations in the alpha-synuclein and
LRRK; genes) could provide a research tool for studying processes
like progressive loss / damage of dopaminergic neurons and
formation of Lewy bodies.> The best characterized tracer could be
used to image AzaR changes in both the 6-OHDA and transgenic rat
models for PD.

In PD, excessive glutaminergic outflow causes progressive
degeneration of dopaminergic neurons. Synergistic interaction
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between A2sR and metabotropic glutamate subtype 5 (mGlu5) takes
place at striatal glutaminergic terminals where these receptors are
co-localized. Both receptors act synergistically to increase
dopamine- and cAMP-regulated phosphoprotein of 32kDa (DARPP-
32). Simultaneous blockade of Azs and mGlu5 receptors showed high
efficacy in reversing PD symptoms in rodents.6 7 Modulation of
adenosinergic and metabotropic glutaminergic receptor function in
a 6-OHDA rat model of PD could be studied by in vivo microPET
imaging. PET tracers for A;sR and the nonradioactive highly
selective mGlu5 receptor antagonist, 3-((2-Methyl-4-
thiazolyl)ethynyl)pyridine (MTEP) can be used to study the impact
of therapy on mGlu5 receptor and AzaR expression. In the study, an
anti-mGluSR antibody could be wused in western blotting,
immunohistochemical and immunocytochemical applications, to
quantify mGlu5 receptor expression in tissue samples.

Quinolinic Acid or 3-Nitropropionic Acid Rat Model of Huntington’s
Disease

Huntington’s disease (HD) 1is a progressive hereditary
neurodegenerative disease caused by neuronal loss in the striatum
and cortex, especially GABAergic medium spiny neurons. These
changes result in motor (Chorea), cognitive and psychiatric
abnormalities. Glutamate excitotoxicity and mitochondrial
dysfunction have been suggested as factors triggering
neurodegeneration in HD.8 Animal models of HD used were based on
each of these problems. Intrastriatal injection of quinolinic acid (for
glutamate excitotoxicity) or administration of 3-nitropropionic acid
(3-NP, for mitochondrial dysfunction) resembles
electrophysiological, histological, motor and other behavioral
symptoms of human HD.® Striatal expression of enkephalin and
A2aRs was decreased even before motor symptoms appeared. Such
specific changes could be related to a direct or indirect effect of
mutated huntingtin on A2aRs, such as that seen in striatal cells
overexpressing mutant protein.?
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The brain uptake of radiolabeled A2aR ligands can be examined to
assess changes of A2aR expression in rodent models of HD with
microPET.

Neuroinflammation

Neuroinflammation, characterized by the presence of activated
microglia and astrocytes, is an important feature of many
neurological disorders like Parkinson, Alzheimer, and Huntington
disease, multiple sclerosis and encephalitis as measured in the post-
mortem brain and by noninvasive imaging methods.1® It has been
suggested that stable levels of microglia activation in PD represent a
marker of ongoing disease activity, activated microglia promoting
disease progression. If true, measurements of activated microglia
with PET could be used for monitoring of disease progression and
the impact of therapeutic intervention.!! If activated microglia cells
are indeed a key factor in progression of PD, treatment with A2aR
antagonists may reduce microglia activation and slow down the
disease progression. In the human brain, upregulation of AzaRs may
be related to suppression of neuroinflammation.l? and
neuroprotection. A recent article reported that higher cerebrospinal
fluid levels of caffeine (a nonsubtype-selective AR antagonist) are
associated with a more favorable outcome after severe traumatic
brain injury.13 A2aRs are expressed not only on neurons but also on
glia, where they play an important role in regulation of immune
response by controlling neurotoxic and proinflammatory molecules,
glial cell proliferation, and cAMP production.1*

The herpes simplex virus neuroinflammation model of rodent
encephalitis may be suitable for microPET studies of AzaR
expression. This model could assess regional changes of the binding
of A2aR PET ligands as a consequence of active virus and activated
microglia.
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Evaluation of Best Characterized Tracer in Human
Studies

Besides the preclinical studies in rodents proposed above, PET
studies in humans are required and could be focused on the role of
A24R in disorders of the brain. Till date, the only clinically applicable
nonxanthine PET tracer for A2aR is [11C]SCH442416. Other AzaR
tracers have only been evaluated in rodents and nonhuman
primates; promising results suggest their potential use for in vivo
mapping of human cerebral A2aRs.

Multiple Sclerosis

A24R densities appear to be altered in MS patients. Upregulation of
A2aR in lymphocytes isolated from the blood of MS patients was
noted.’> Recently, a study was published using the A;a antagonist
tracer [11C]TMSX and Magnetic Resonance diffusion tensor imaging
in 8 patients with secondary progressive multiple sclerosis (SPMS)
and 7 healthy controls. Distribution volume (V) was significantly
increased in the supraventricular normal-appearing white matter
(NAWM) of MS patients as compared to controls. Ability of
[11C]TMSX-PET to detect the diffuse brain changes in NAWM could
complement the conventional MRI, where diffuse alterations are
more difficult to identify.15 Similar studies could be performed using
the superior tracer [11C]SCH442416 and be extended to other
neurodegenerative diseases with an inflammatory component. This
study may show that AaRs are increased in the brain of SPMS
patients, and that [11C]SCH442416-PET provides a novel approach to
learn about central nervous system pathology in SPMS in vivo.

Parkinson’s Dementia

A2aRs, concentrated in the striatum, modulate dopaminergic activity
and glutamate release in the brain. Adenosine activity through AzaRs
can eventually give rise to neurotoxicity, neuronal damage and cell
death.16 A;aR functioning is related to neurodegeneration in
Parkinson's disease.l” PD patients with dementia show increased
A2aR expression in hippocampus and cerebral cortex.!® In addition;

219




FUTURE PERSPECTIVES

animal models indicate that blocking of A2aRs was associated with
prevention of memory impairments.!® On the basis of these
considerations, cerebral A;aRs in Parkinson's dementia patients
could be examined with PET, using the best characterized tracer of
the moment. Key objectives of the proposed research could be:

1. Are there any differences in uptake of radioactivity after
injection of an A;aR tracer between Parkinson patients
with dementia as compared to PD patients without
dementia or aged-matched healthy volunteers?

2. Are changes of A2aRs related to cognitive or memory
performance in the mentioned subject groups?

Cognitive testing can be performed to evaluate the relationship
between A2aRs expression and cognitive function in Parkinson’s
patients. [11C]SCH442416, [11C]SCH420814 or [18F]MNI444 could be
employed to gain a better understanding of the involvement of A2aRs
in PD and PD-associated dementia.

PET Studies of A2aR Occupancy by Therapeutic Drugs

Dose-dependent occupancy of AzaRs by nonradioactive AzaR
antagonists can be assessed in the brain of rhesus monkeys or
humans using [!1C]SCH442416 and PET, in order to correlate
receptor occupancy and therapeutic effect. If a drug crosses the BBB
and displaces receptor-bound [11C]SCH442416 in a dose-dependent
fashion then we can estimate the receptor occupancy of a drug in the
brain. [11C]SCH442416 might be an excellent tool for measurement
of the AzaR occupancy of various drugs (both xanthines and
nonxanthines) and hence aid in the drug discovery process.
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denosine is een endogeen ligand met verschillende functies

binnen het centraal zenuwstelsel, zoals remming van

neuronale activiteit in vele signaaltransductieroutes. De

adenosine receptor (AR) familie bestaat uit A1, Aza, A2s en Asz
subtypes (A1R. A2aR, AzsR en A3zR). AiR en AsR remmen de productie
van de second messenger cAMP terwijl A2aR en A2gR deze productie
juist stimuleren. Stimulering van de adenosine A; receptoren (AiR)
kunnen resulteren in neuroprotectie en onderdrukking van
neuroinflammatie.

A2aRs zijn vanuit farmacologisch gezichtpunt interessant vanwege
de rol in neurodegeneratieve en psychiatrische ziekten. Hoewel ze
neuroprotectieve en neurotoxische effecten beinvloeden, zijn veel
zaken met betrekking tot de farmacologie van A2aRs en hun rol in
neurodegeneratieve ziekten nog niet goed onderzocht. Preklinische
en epidemiologische studies geven aan dat A2aRs mogelijk een rol
spelen in de ziekten van Parkinson, Alzheimer, neuroinflammatie,
ischemie, dwarslaesies en verslaving aan medicijnen.

Positron Emissie Tomografie (PET) is een niet-invasieve nucleair
geneeskundige afbeeldingtechniek die in staat is om biochemische
en fysiologische processen in vivo te meten op kwantitatieve wijze.
Het gebruik van radioactief gemerkte AiR en AR antagonisten als
PET-radioliganden in gezonde ratten en in dieren met een bepaalde
ziekte is het onderwerp van dit proefschrift. Verschillende liganden
voor het afbeelden van AiR en Az;aR met behulp van PET zijn
onderzocht.

Het proefschrift begint met een algemene inleiding over adenosine,
en de rol onder normale omstandigheden en bij ziektes, over de
regulering van extracellulair adenosine, een beschrijving van de
principes van PET, reeds gebruikte radioliganden voor AiRs en
A2aRs en hun biologische evaluatie in knaagdieren, primaten en de
mens (Hoofdstuk 1 & 2). Verder worden mogelijke nieuwe
chemische structuren voorgesteld voor de ontwikkeling van nieuwe
AzaR antagonisten en PET radioliganden (Hoofdstuk 2).
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Het eerste deel van dit proefschrift houdt zich bezig met de
ontwikkeling van subtype-selectieve radioliganden met hoge
affiniteit om A2aRs in de hersenen af te beelden. Ons doel was om
PET-radioliganden voor AzaRs te ontwikkelen om hogere striatum /
cerebellum ratios, een betere in vivo farmacokinetisch profiel en een
hogere absolute hersenopname te bereiken dan de reeds beschreven
radioliganden [!'1C]SCH442416 of ['8F]FESCH (['8F]fluorethyl
SCH442416).

Hoofdstuk 3 beschrijft de selectie, synthese, radiolabelling, in vitro
autoradiografie en preklinische in vivo evaluatie van twee
gefluorineerde  A2aR  liganden, [!8F]FPSCH ([!8F]fluorpropyl
SCH442416) en ['8F]FESCH in gezonde ratten. Deze liganden hebben
logistieke voordelen ten opzichte van C-11 gemerkte radioliganden,
en kunnen getransporteerd worden naar ziekenhuizen die niet in
het bezit zijn van een duur cyclotron. Een systematische vergelijking
tussen deze twee homologen van SCH442416 is uitgevoerd. Een
dynamische PET studie is beschreven waarbij ook arterieel bloed
werd geanalyseerd bij gezonde ratten. Naast een controle groep
werd een andere groep voorbehandeld met de AR antagonist
KW6002. Ex vivo biodistributie studies en in vitro autoradiografie
(ARG) werden gebruikt om informatie te krijgen over de regionale
verdeling van de radioactiviteit in de hersenen. Analyse van
metabolieten met microsomen (in vitro) en in plasma (in vivo) werd
uitgevoerd met behulp van de zogenaamde ultra-high-performance
vloeistof = chromatografie @/  quadrupole-time-of-flight-mass
spectrometry en radio-TLC.

Een retrosynthetische benadering werd gekozen voor de bereiding
van gefluorineerde SCH442416 analogen. The radioactive labeling
van [18F]FPSCH en [18F]FESCH werd gedaan in twee reactiestappen.
De opname van beide radioliganden in het rattenbrein
weerspiegelde de aanwezigheid van A2sR. Resultaten van in vitro en
in vivo metabolieten analyse wezen op de aanwezigheid van een of
meerdere hydrofiele radiometabolieten die waarschijnlijk niet de
bloed-hersen-barriere (BHB) passeren. Afgaande op vergelijkbare
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target-to-non-target ratios gevonden bij de ex vivo biodistributie en
microPET, presteren beide radioliganden even goed waarbij kleine
verschillen werden gevonden in de kinetiek. Uit deze studie werd
ook duidelijk dat verlenging van de fluoralkyl keten (van methyl en
ethyl naar propyl groep) geen nadelig effect heeft op de
farmacokinetiek en metabole stabiliteit van de SCH442416 analoga
en daardoor mogelijkheden biedt om eigenschappen van deze
radioliganden te optimaliseren.

In hoofdstuk 4 wordt de synthese en preklinische evaluatie
beschreven van [!1C]preladenant als mogelijke PET tracer het
afbeelden van A2aRs in de hersenen. Er werd opnieuw gekozen voor
een retrosynthetische aanpak om de O-desmethyl precursor te
maken. [!1C]Preladenant werd verkregen met hoge specifieke
activiteit en zuiverheid. De regionale verdeling van het radioligand
werd bestudeerd met PET, ex vivo biodistributie en in vitro
autoradiografie. Al deze studies geven aan dat de regionale opname
van [!1C]preladenant goed overeen kwam met de verdeling van
A2aRs zoals die bekend is in de literatuur. Vanwege de hoge
striatum-cerebellum ratio in het rattebrein kan geconcludeerd
worden dat [!1C]preladenant een geschikte radioligand kan zijn om
A2aR met PET te meten.

In het tweede deel van dit proefschrift worden studies beschreven
om de mogelijkheden te onderzoeken of met PET fysiologische en
biochemische veranderingen kunnen worden gemeten door AR
farmacologisch te beinvloeden.

In hoofdstuk 5 onderzochten we of de tijdelijke opening van de BHB
door middel van behandeling niet-radioactieve adenosine A1 and Aza
receptor agonisten kon worden gemeten door gebruik te maken van
hydrofiele PET-radioliganden. Hydrofiele liganden passeren
normaliter niet de BHB maar zouden dit wel kunnen bij tijdelijke
opening van de BHB. In deze verkennende studie werd de CXCR4
antagonist [!1C]CH3-AMD3465 gebruikt als hydrofiel PET-
radioligand. De opname in de hersenen en het distributie volume
(V1) van dit radioligand nam echter niet toe na behandeling van de
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ratten met de AR agonist CPA of de A2sR agonist Rapiscan. Meer
studies zijn nodig om te bepalen of dit negatieve resultaat te wijten
is aan de farmacokinetische eigenschappen van de PET-radioligand
of dat de opening van de BHB onvoldoende is geweest.
Spectrofotometrische analyse van de Kkleurstof Evans Blue
hersenextracten gaven aan dat de BHB niet geopend was tijdens de
PET studie.

In hoofdstuk 6 onderzochten we of [11C]-MPDX geschikt is om AR in
het rattenbrein af te beelden. De opname van radioactiviteit was
hoog en receptor-specifiek in striatum, hippocampus, en cerebellum.
Deze hersengebieden hebben relatief hoge expressie van AR zoals is
bepaald met ARG. Wij lieten ook de concentratie van extracellulair
adenosine toenemen[door middel van toediening van 20 %
oplossing van ethanol in fysiologisch zout (2 mL) met 1 mg van de
adenosine kinase inhibitor 4-amino-5-(3-bromophenyl)-7-(6-
morpholino- pyridin3-yl) pyrido [2,3-d] pyrimidine dihydrochloride
(ABT-702)]. Wij waren echter niet in staat om competitie van deze
toegenomen concentratie van adenosine met [11C]-MPDX voor
binding aan AiR te meten. Er werd juist een toename van binding
van [11C]-MPDX (40 % to 45 %) in de hersenen gemeten. Kinetische
analyse resultaten lieten zien dat deze toename niet het gevolg was
van een veranderde doorbloeding of BHB-passage maar wel van
verhoogde binding aan de receptor.
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