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Abstract: Adenosine is an endogenous modulator of several physiological functions in the central nervous system (CNS).
The effect is mediated by a receptor family that consists of at least four subtypes: A, Asa, Asg and Az receptors. The
adenosine receptors play a role in neurological and psychiatric disorders such as Alzheimer’s disease, Parkinson’s disease,
epilepsy and schizophrenia. Knowledge on adenosine receptor densities and status are important for understanding the
mechanisms underlying the pathogenesis of diseases and for developing new therapeutics. Positron emission tomography
(PET) offers a non-invasive tool to investigate these features in vivo, provided that suitable radiopharmaceuticals are
available.

As a consequence of the development of xanthine-type adenosine receptor antagonists with high affinity and high selec-
tivity, several PET ligands labeled with carbon-11 (half-life of 20.4 min) and fluorine-18 (half-life of 109.8 min) have
been proposed for mapping the adenosine A; and A, receptors (AR and A,aR, respectively) and the adenosine uptake
site in the CNS since 1995. Later non-xanthine-type antagonists for A,oR were radiolabeled. So far two tracers for AR,
[*®F]CPFPX and [M'C]JMPDX, and a tracer for A,aR, [2CJTMSX (also called [*!C]KF18446), have been applied to hu-
mans. For the other subtypes and the adenosine uptake site no suitable radioligands have been developed yet.

This paper gives an overview of the current status on PET tracers for mapping adenosine receptors and the development

of new compounds that may lead to new PET tracers.
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1. INTRODUCTION

Adenosine is an endogenous modulator of a variety of
physiological functions in the central nervous system (CNS)
as well as in peripheral organs. The effect is mediated by the
family of adenosine receptors, which are Gi/o-protein cou-
pled receptors (coupled to ion channels, adenylyl cyclase or
phospholipases) and consist of four subtypes designated A,
Aoa, Azg and As receptors (A1R, AzaR, AR and A3R, re-
spectively) [1-4]. For the last two decades, the A;R and
A,nR have been extensively studied biologically and
pharmacologically. Increasing evidence emerges that AR
and AsR may be affected in pathophysiological events, and
manipulations of adenosine receptors influence sleep and
arousal, cognition and memory, neuronal damage and degen-
eration, as well as neuronal maturation [5-8,10]. There is
growing evidence that each receptor subtype could also be a
promising therapeutic target for neurodegenerative diseases
such as Alzheimer's disease and Parkinson's disease and for
other neurological pathologies such as epilepsy, ischaemic
brain disorders or sleep disorders, as well as in a wide range
of peripheral diseases, including cardiac ischaemic diseases,
renal failure, immune and inflammatory disorders and cancer
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[6,8-14]. The adenosine uptake site is also proposed as a
therapeutic target [12,15,16].

Many neuroreceptors have been visualized in vivo by
positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) with the corre-
sponding radioligands with high affinity and high selectivity.
These techniques have been applied to evaluate physiologi-
cal and pathophysiological states of the receptors in humans
with and without neurological and psychiatric disorders [17-
19].

PET is a non-invasive technique to measure metabolic
and functional processes in vivo in a quantitative way. By
administration of radiopharmaceuticals, PET uses naturally
occurring radionuclides that enable to prepare biologically
active compounds in labeled form, so without affecting its
properties by structural changes. The distribution throughout
the body of the PET-radiopharmaceuticals can externally be
measured in the tissues of interest as a function over time.
Very useful for this purpose is **C. The use of the radionu-
clide '®F (atom radius is comparable to a hydrogen atom) is
an alternative in several cases. Radioactive half-lives of the
most commonly used isotopes *C, *N, **0 and *®F are short,
being 20, 10, 2 and 110 min, respectively. Therefore, re-
peated studies within a short time span are possible. Syn-
thetic procedures for radiopharmaceuticals have to be rapid
and a medical cyclotron and radiochemistry laboratory are
required. The injected quantity (as expressed in mass units)
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of PET-tracers is very low (in the nanomolar range). Using
these subpharmacological doses offers the possibility that
highly potent compounds may be injected without any phar-
macological effects. With PET, 3D-images are acquired
yielding quantitative information on the distribution of the
PET-tracers as a function of time. Spatial resolution for
clinical PET-cameras is in the range of 4-8 mm, whereas this
resolution for animal PET-scanners is 0.5-2 mm. To account
for the fate of the tracer, kinetic modeling is applied. The
tracer can either be free, or bound (specific or non-specific)
or can be metabolized. Tracer kinetic modeling is a mathe-
matical description of the fate of the tracer in the human
body over time. Using PET, it is possible to measure pa-
rameters, such as enzyme activity, biosynthesis rate, and
receptor density/occupancy.

In addition, PET is increasingly used as a tool in CNS
drug discovery and development or evaluation of the effi-
cacy of drugs [20]. PET assessment of the adenosine recep-
tor system in the CNS probably offers us a new diagnostic
tool for neurological and psychiatric disorders as well as an
opportunity to understand the general neurotransmission
system more profoundly. The early work on developing PET
tracers for the adenosine receptor has been reviewed previ-
ously [21-23]. This paper describes an overview of the cur-
rent status of the development of PET radioligands for map-
ping adenosine receptors and the development of new lead
compounds for potential PET radioligands.

2. POST-MORTEM HUMAN BRAIN STUDIES ON
ADENOSINE RECEPTORS

A limited number of studies of the postmortem human
brains have been reported for the AjR and A,sR adenosine
receptors by both membrane and in vitro autoradiographic
receptor binding methods, but not for A,gR and AzR. First
distribution of A;Rs was quantitatively assayed by Fastbom
et al. [24]. Later, Svenningsson quantitatively visualized
distribution of A;Rs and AaRs in whole-hemisphere sec-
tions [25,26]. A1Rs were widely distributed, with the highest
densities in the striatum radiatum/pyramidale of the hippo-
campal region CAL. Jennings et al. found co-localization of
adenosine uptake sites and A;Rs [27], while Glass et al. re-
ported slightly different distribution patterns in the hippo-
campus [28]. On the other hand, A,ARs were abundant in the
putamen, nucleus caudatus, nucleus accumbens, and globus
pallidus pars lateralis, and were also found in certain tha-
lamic nuclei and throughout the cerebral cortex.

In patients with Alzheimer’s disease, density of A;Rs
was reduced in the hippocampus [29-32]. However, the re-
duction was also observed in other types of dementia and
was devoid of the specificity for Alzheimer’s disease [33].
The decreased density of A;Rs was also observed in the cau-
date and putamen [34]. In patients suffering from temporal
lobe epilepsy, upregulation of A;R (48% increase) was found
in the neocortex by Angelatou et al. [35], while Glass et al.
found that the A;Rs were reduced in epileptic temporal cor-
tex [36].

As for AyaRs, in patients with Huntington’s disease in
which selective degeneration of the striatopallidal neurons is
one of the pathological features, the density of A,aRs is sig-
nificantly reduced in the striatum [37,38]. The loss of A,aRs
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in the caudate nucleus, putamen and external globus pallidus
was more predominant than that of dopamine D, receptor
binding [38]. In patients with Parkinson’s disease character-
ized by selective degeneration of nigrostriatal dopamine neu-
rons, the density of A,aRs is not significantly affected [37].
In patients with schizophrenia, Kurumaji and Toru found a
significant increase in the A,aRs in the caudate and putamen
[39]. However, Deckert et al. reported that antipsychotic
medication induced upregulation of striatal A,oRs [40].

There are several limitations in the postmortem studies of
brain disorders. The effect of tissue perfusion is excluded.
The good preservation of the tissues is essential to avoid
autolysis and the duration preserving the tissues may alter
the findings. Furthermore, the progress of brain disorders
cannot be followed in the same subjects. From these points
of view, PET evaluation of the brain disorders has a much
advantage for pathophysiological studies.

3. ADENOSINE A; RECEPTOR LIGANDS

Adenosine presynaptically inhibits the release of many
neurotransmitters, especially excitatory ones such as the po-
tentially excitotoxic amino acid glutamate. This effect of
adenosine is mediated by presynaptic A;Rs linked via G-
proteins to both calcium and potassium ion channels. Thus,
ARs inhibit neuronal communication, and are the potential
theraeutic target for neurodegenerative diseases such as Alz-
heimer's disease and for other neurological situation such as
epilepsy. A large numbers of potent A;R agonists and an-
tagonists with high affinity and high selectivity have been
developed and reviewed [41-45]. Cyclohexyladenosine, an
adenosine agonist, and other related nucleosides have high
and selective affinity for A;Rs, and [*H]cyclohexyladenosine
has been used in vitro as a standard radioligand for A;Rs
[24,28,29,34]. However, they are not appropriate ligands in
vivo because of the low penetration of the blood-brain bar-
rier. On the other hand, xanthine derivatives such as DPCPX
[46,47] and KF15372 [48,49] are candidates for use as in
vivo tracer for mapping the A;Rs in CNS. [?H]DPCPX has
been used in vitro as a radioligand with high and A;-
selective affinity [25,31-33]. Several PET ligands derived
from xanthine derivatives have been evaluated (Fig. 1, Table
1) and two of them have been used in clinical studies up to
now. Recently, a nonxanthine-type PET ligand has been pre-
pared from pyrazolopyridine analogs [50].

3.1. PET Ligands

Ishiwata et al. proposed [*'C]KF15372 as a PET probe
for the AR [54,55]. The corresponding despropyl precursor
was labeled using [**C]propyl iodide with a relatively low
radiochemical yield of 5% based on [“C]propyl iodide.
['C]KF15372 showed promising characteristics in rodents
in vivo: reversible and receptor-specific uptake (70-80%)
into the brain and a regional distribution pattern in the brain
which was consistent with the distribution pattern of A;Rs in
vitro. They further found that the [*'CJethyl and [*'C]methyl
analogs (['CJEPDX and [“'C]MPDX, respectively) of
['C]KF15372 are also candidates for PET probes [56].
Among these three PET-ligands, ['*C]IMPDX was prepared
in a high radiochemical yield (20-30% based on [*C]methyl
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[**CIMPDX : R =1 CH,4
Fig. (1). PET ligands for the adenosine A; receptor
Table 1. Binding Affinities of Adenosine A; Receptor Ligands
Affinity (Ki, nM) Selectivity Reference
A Aon AoalAq
DPCPX 3.0 60 20 [52]
KF15372 3.0 430 143 [48]
EPDX 1.7 >100 >59 [56]
MPDX 4.2 >100 >24 [56]
CPFPX 0.183 812 4440 [63]
Kg: 0.63-1.37 Kq: 940 >700 [64]
FR194921 2.9 [67]

iodide) and could easily penetrate the blood-brain barrier. In
PET imaging studies of the cat and monkey brains, the levels
of radioactivity of ['*C]KF15372 and ["C]MPDX reached a
maximum at 10 min and 5 min, respectively. [**CJMPDX
levels decreased slightly faster than ['C]KF15372 due to its
low affinity for A;Rs [21,22,57,58]. The highest level of
["'C]MPDX [standardized uptake value (SUV, radioactiv-
ity/mL tissue x g body weight/total injected radioactivity)
was 3-5] was approximately twice that of [“'C]KF15372
(SUV = 2-25), suggesting again that penetration of
[MC]MPDX into the brain is easier than that of
['C]KF15372. The images of the two radioligands displayed
a similar tracer distribution, which corresponds well with the
regional distribution of A;Rs. Furthermore, an ex vivo
autoradiography study applying [M'CIMPDX to the rat
model, in which monocular enucleation was done to destroy
the anterior visual input, detected degeneration of the recep-
tors [59], and a PET study applying ["'*C]IMPDX in a cat
model demonstrated that [**CJMPDX could be a good indi-
cator of severe cerebral ischemic insult [60,61]. Thus, after
preclinical studies including dosimetry and toxicology [62],
[*"*C]MPDX was moved further to clinical studies.

Holschbach et al. examined a series of xanthine com-
pounds based on DPCPX as a leading compound for devel-
oping radioligands for PET and SPECT, and found several
candidates containing iodine or fluorine [63]. From these
series, they prepared [**F]JCPFPX by nucleophilic substitu-

tion with [**F]fluoride with a high radiochemical yield of
45% [64], and found that [**F]JCPFPX showed high receptor-
specific uptake (70-80%) in the brain of rodents in vivo
[64,69]. In a glioma bearing rat model, Bauer et al. found
that the binding of [**F]JCPFPX was increased in a zone sur-
rounding tumors (136%-146% as compared to control brain
tissue) due to upregulation of A;R in activated astrocytes
[65]. Furthermore in a preliminary study, the group demon-
strated A;R occupancy by caffeine in the rat brain by PET
with [**F]CPFPX [66].

Recently, Matsuya et al. proposed [“'C]JFR194921, a
highly selective, nonxanthine-type A;R antagonist [67]. The
tracer was prepared with a high radiochemical yield (38%
based on [*C]methyl iodide), and showed receptor-specific
uptake (50%) in the brain of rats in vivo. In PET imaging
studies of the monkey brain, the images were similar to those
of ["'CIMPDX (SUV = 3.05-3.5) [62], but the radioactivity
accumulated for 60 min (SUV = 0.5-0.7, calculated assum-
ing the body weight of the monkeys to be 4-5 kg) and then
slightly decreased, suggesting that the affinity for A;Rs may
be too high for imaging in the time-frame of the PET scan
using a **C-labeled tracer (60-90 min).

The other radioligand labeled with positron emitter was
5°-(methyl["°Se]seleno)-N°-cyclopentyladenosine (”°Se, half
life of 7.1 h) [68], but the biological evaluation of the tracer
has not been reported.
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3.2. Clinical Studies

In 2003 two groups visualized A;Rs in the human brain
by PET using [**F]CPFPX [69] and [*'C]MPDX [70,71]. For
[*®*F]CPFPX, the validity as a ligand for A;Rs was investi-
gated by comparing postmortem autoradiography [69] and
then using a displacement study with cold CPFPX [72]. The
spatial distribution of [*CJMPDX differed from regional
cerebral blood flow ([**O]H,O PET) and regional cerebral
metabolism of glucose ([**F]FDG PET), and the clinical pos-
sibility of [“'C]JMPDX was concluded. The affinity of
[**F]CPFPX for A;Rs was higher than that of [*CJMPDX
(Table 1); however, the latter was much more stable metab-
olically in humans than the former [71,73]. Thus, two tracers
showed almost same potential for visualization of A;Rs.
Fully guantitative methods to qualify the density of A;Rs
was proposed for [M'C]MPDX [74], and for [**F]JCPFPX
[75,76]. To efficiently perform PET clinical studies in pa-
tients with brain disorders, a non-invasive quantitative
method without any blood sampling was further proposed for
['CIMPDX [77], as well as a simplified method based on
venous blood sampling [*®F]CPFPX [78].

3.3. Pharmacokinetic Modeling
3.3.1. Compartmental Analysis for Radioligands

A ligand carried by blood flow enters into a brain tissue
by perfusion through the capillary wall. Then, a part of the
ligand in tissue binds to and dissociates from the receptor
sites dynamically. Since PET measures a total amount of
ligand in tissues that contain both unbounded and bound
ligands, some analytical approaches should be incorporated
to determine receptor binding.

The behavior of ligand in tissues can be described using a
compartmental model as shown in Fig. (2) [79,80]. In the
model, C,, represents concentrations of the ligand in arterial
plasma, and C; and C, denote unbound and specifically
bound ligand to a target receptor site, respectively. The
blood-brain barrier (BBB) is located between C, and Cx.
Ligand transportation from capillary to tissues is described
with K; [mL/min/g] containing a regional blood flow and
permeability-surface product. k, [1/min] represents the clear-
ance rate back to venous blood. k; [1/min] is a product of an
association rate of a ligand to a receptor and a receptor-
density (Bmax), and ks [1/min] is equal to a disassociation

BIBB
K4l
—t~
| Cr
Kol k4
I

Fig. (2). Compartment model describing the behavior of an admin-
istered ligand.

k3
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rate. Mathematically it is difficult to estimate By Instead, a
binding potential (B,) defined as ks/k, is utilized for quantifi-
cation of a receptor density which corresponds t0 Bax/Kp,
the ratio of the association and disassociation rate of a
ligand.

In kinetic analysis, By, is estimated from the dynamic PET
data C that is the sum of C¢+Cy and concurrently performed
arterial blood sampling to derive C,. But, the estimation is a
nonlinear optimization problem, which is not easy to do, and
the calculation speed is slow. Therefore, a graphical ap-
proach of the Logan plot is usually employed.

3.3.2. Logan Plot

A Logan plot [81] is a simple and effective algorithm for
receptor imaging. The operational equation of the Logan plot
is obtained by integrating differential equations related to the
compartment model; mathematical details are found in the
equations (1) to (4) in [81]. As a summary, a linear relation
is established between C and C,:

[cwa  [c,wdu
0 — Dv 0
c() c()

+B (Eq.1)

K
D, :k—zl(1+ B,) (Eq.2)

where the new quantity of D, corresponds to a distribution
volume. Logan showed that some minutes after the admini-
stration of ligand, the y-intercept,  becomes constant over
time, and the slope of the plot gives D, [82].

Then, B, can be obtained from distribution volumes un-
der the two assumptions: existence of a region in the brain
where the receptors are ignorable, and Ky/k, is common in
whole brain. The region is referred as a reference region, and
the cerebellum is a typical reference region for several neu-
roreceptors such as dopamine D, receptors. Under these as-
sumptions, Ky/k; is calculated as the distribution volume in
the reference region, and B, is computed as D,/(D, in the
reference region) — 1.

The Logan plot is fast and robust because it can be im-
plemented as an estimation of a line, and so it is suitable for
receptor imaging. However, it requires arterial blood sam-
pling to obtain C,. Arterial blood sampling requests an inser-
tion of catheter into the brachial artery. This is sometimes
painful and uncomfortable for patients, and has potential
risks of infection, occlusion, bleeding, pseudoaneurysm, or
thrombosis [83,84], thus it is preferable to omit arterial blood
sampling for clinical situation. Some schemes were pro-
posed: using predefined k, [85], RPM in which mathematical
reformulation is applied to the original compartmental model
[86], and EPICA where a statistical approach is utilized to
extract C, from measured PET data [77,87].

A typical Logan plot is demonstrated in Fig. (3). It is
derived from ['C]MPDX, and the slope in the striatum is
larger than one in the cerebellum.

3.3.3. Image of A;R

Fig. (4) demonstrates the effect of Logan graphical
analysis applied to a case of a young normal subject with
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['CIMPDX [74]. In the static images, the contrast between
cerebellum and major cortices is lower than those in the ba-
sal ganglia. The Logan graphical analysis clearly visualized a
spatial distribution of the A;Rs: low in the cerebellum and
high in the basal ganglia which was reported in [24,25,69].

60
o cerebellum
% striatum
40
Q
O 20
—

60

%

20 40
[Co/c

Fig. (3). Logan plot. It is derived from a dynamic [*C]MPDX
PET scan of a normal young subject. At 20 min after tracer ad-
ministration, a linear relationship is established. Cerebellum (cir-
cles) is an A;R poor region, and striatum (star) is a receptor rich
region. The slope of the plot reflects reversible receptor binding.

Fig. (4). Effect of Logan graphical analysis for adenosine A; recep-
tor using [*!'C]JMPDX. Column (A) is a set of summed images of
cross-sections of the cerebellum and the basal ganglia, and column
(B) shows images of the Bp of the same cross-sections calculated
by Logan plot graphical analysis.

3.4. Medicinal Chemistry
3.4.1. A; Agonists

Several highly selective agonists for the A;R have been
developed [42-44]. As is shown in Fig. (5), all high affinity
AR agonists have a chemical structure that is derived from
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adenosine. Substitution at the N® and C2 position of the ade-
nine moiety is allowed and could increase sensitivity and
subtype selectivity. The ribose ring in these compounds is
crucial for agonist activity and only minor alterations that the
5’-hydroxyl group are tolerated.

NHR;
N
NZ
Q
R, N Ny R
HO OH

Al-1a, -1b, -1c, -1d, -1e, -1f
A3-1a, -1b, -1c, -1d

R, OCH,

NH
NN N

\ 0
C|):|\IN>

NHCH,

HO OH

A3-2a, -2b, -2c

NH,
N
TS
N N
4 N Q/ OH
HO OH
A2A-1 (YT-146)

NH,
N
HO NF
)@E 2
N® N N o NH
\__

A2A-2 (CGS 21680) d Y,

Fig. (5). Adenosine receptor agonists.

Adenosine-5’-ethyluronamide (N-ethylcarboxamidoade-
nosine, NECA, Al-la) is a 5’-substituted derivative of
adenosine that is frequently used as an adenosine receptor
agonist in binding assays. NECA can in principle be labeled
with carbon-11 at the carbonyl group via an acylation reac-
tion with [**CJpropanoic chloride, in an analogous manner as
described for [**C]WAY 100635 [88]. However, ["CINECA
would not be a suitable PET tracer, because it lacks subtype
selectivity (Table 2).
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Table 2.  Affinities and Subtype Selectivities of a Selection of Adenosine Receptor Agonists
Compound R: Substituents LogP? hA; Ki (nM) hA; Ref.
Rz R3 X hAZa
A selective
Al-la CONHEt H N O -0.5 14 16 49 [90]
(NECA)
Al-1b 2-FPhOCH, H 3-THF O 1.7 12.7 [89]
Al-1c (CPA) CH,OH H cp’ 0 1.0 0.30 385 26 [90]
Al-1d CH,OH Cl cp° o] 2.1 0.35 580 30 [90]
(CCPA)
Al-le (R- CH,OH H (R)- O 19 0.6 750 53 [90]
PIA) CHsCHCH,Ph
Al-1f CH,OH 2- H O -1.0 20 125 81 [91]
MeOPhNHCON
HN=N
Asa selective
A2A-1 (YT- 15 211 12.1 [172]
146)
A2A-2 (CGS 0.2 >10000 51.3 [137]
21680)
Aj; selective
A3-1a (IB- CONHCH; H 3-IPhCH; O 21 20 44 [151]
MECA)
A3-1b (CI- CONHCH; Cl 3-IPhCH; O 3.1 99 14 [151]
IB-MECA)
A3-1c CONHCHg Cl 3-IPhCH; S 3.1 193 223 0.38 [152]
A3-1d CONHCHg Cl CH; S 0.5 1330 0.28 [152]
(LI530)
A3-2a OCH; O 0.8 1600 14 [153]
A3-2b Cl O 15 240 1200 15 [153]
A3-2c | 6] 21 200 430 0.58 [153]

@ Calculated logP values were retrieved from the SciFinder® Scholar database, version 2004.2 (American Chemical Society).” Abbreviations: 3-THF: 3-tetrahydrofuranyl; Cp: Cy-

clopentyl.

Morrison and coworkers described a series of 5’-aromatic
ethers and sulfides as potential A;R selective agonist [89].
Among these compounds, Al-1b, with a 2-fluorophenyl
group at the 5’-position and a tetrahydrofuranyl moiety at N°,
potentially could be converted into a PET tracer. It has a
fairly high affinity for the AjR (K; = 12.7 nM), a favorable
lipophilicity for brain penetration and an elimination half-life
of 0.3 h, but its affinity for the other adenosine receptor sub-
types is still unknown. Although compound Al-1b could - in
theory - be labeled at the fluorophenyl group with high spe-
cific activity fluorine-18, this might prove difficult because
the aromatic ring is not activated by electron withdrawing
substituents that could facilitate a nucleophilic substitution
reaction. Another drawback of compound Al-1b is that it
shows some metabolism in vivo, resulting in formation of a

high affinity full agonist after cleavage of the fluorophenyl
group.

The N°-substituted adenosine derivatives CPA (Al-1c),
CCPA (Al-1d) and R-PIA (Al-1e) are well-known AR
agonists with sub-nanomolar affinity, high subtype selectiv-
ity and appropriate lipophilicity [90]. Unfortunately, these
compounds do not appear to have any positions that can be
easily labeled with a positron-emitting isotope.

Beukers et al. investigated a series of adenosine deriva-
tives that are substituted at the C2 position with various ami-
nocarbonyltriazene groups [91]. In this series, labeling of
agonist Al-1f at the methoxy group by methylation with
[*Clmethyl iodide or [“'C]methyl triflate seems feasible.
However, the compound will probably not be suitable as a
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PET tracer, because its affinity and selectivity are insuffi-
cient. Moreover, compound Al-1f is probably not able to
penetrate into the brain, as it was calculated to have a logP
value of -1.0.

Thus, none of the available agonists appears to have fa-
vorable properties for a PET tracer for A;R imaging.

3.4.2. A; antagonists

A considerable number of A;R antagonists has been de-
veloped in the past decades, some of which may be con-
verted into promising PET tracers. In Fig. (6), a selection of
potent A;R antagonists that can be labeled with carbon-11 is
depicted. The AR antagonists usually contain a polyhetero-
cyclic core, but lack the ribose moiety that is essential for

AR agonists.

(6] HN
7 N 0
~ CO,CHs
N WO
)\Jb/ \NJ\H
T

AL A1-3 (LUF 5735)

HN

)0,
O \>—\J\
\

Al-4 (LUF 5608)
Fig. (6). Adenosine A; receptor antagonists.

The xanthine derivative DPCPX (Fig. 1) is probably the
best-known potent A;R antagonist. It displays a 20 and 60-
fold selectivity for the human A;R subtype over the A AR
and AsR subtypes, respectively [52]. A possible drawback of
DPCPX could be its relatively high lipophilicity, which may
give rise to high levels of nonspecific binding. Bisserbe et al.
first reported the potential of DPCPX as a PET probe for
labeling A;Rs [51]. It displays a 20 and 60-fold selectivity
for the human A;R subtype over the A;aR and A3R subtypes,
respectively (Fig. 1, Tables 1 and 2) [52]. They used the
tritiated DPCPX and found that it exhibited preferable char-
acteristics for a PET probe such as receptor-specific binding.
The compound can potentially labeled by alkylation using
[*'C]propyl iodide [53]; however, they did not advance fur-
ther studies.

Bulicz et al. described a number of pyrido[2,3-
d]pyrimidinediones as candidate A;R antagonists, of which
compound A1-2 displayed highest potency and good Aj/A;
selectivity. Likewise, LUF5735 (A1-3) was presented as the
most potent antagonist in a series of pyrimidine derivatives
[92]. Compounds Al1-2 and Al-3 can be transformed into
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PET tracers by [*'C]methylation of an N-methyl substituent
and by ["'Clacylation at the amide function, respectively.
Unfortunately, both compounds appear unsuitable as PET
tracers, because of their high lipophilicity, causing a high
extent of non-specific binding.

Among a series of substituted N°-cyclopentyl-adenine
derivatives that were tested as antagonists for the AR,
LUF5608 (A1-4) displayed highest affinity [95]. The com-
pound seems to have an acceptable logP of 2.9 and seems to
be readily labeled by N-methylation. When the intrinsic ac-
tivity of the compounds was determined in a [**S]GTPyS
binding assay in CHO cells expressing the human AR at
high density, LUF5608 and DCPCX proved to be an inverse
agonist instead of a neutral antagonist.

3.4.3. A; Allosteric Enhancers

Allosteric enhancers of the adenosine receptor are com-
pounds that augment the response of the receptor to adeno-
sine or other agonists by stabilizing the agonist-receptor-G
protein complex [20]. Consequently, the rate of dissociation
of the agonist from the complex is reduced. Moreover, allos-
teric enhancers were suggested to stabilize the active con-
formation of the receptor even in the absence of an agonist.
There is evidence that the A;R contains an allosteric binding
site that is distinct from the agonist binding site [93]. PET
imaging with radiolabeled allosteric enhancers may provide
valuable information on the mode of action of these com-
pounds. In this way the interaction of the allosteric enhancers
with agonists can be measured using competition studies.

The thiophene derivative PD 81,723 (Fig. 7, Al-5a) was
among the first A;R selective allosteric enhancers to be dis-
covered [20]. This enhancer, however, also displayed an-
tagonistic properties and therefore is not suited as a PET
tracer. Baraldi and coworkers synthesized a series of naphtyl
derivatives of PD 81,723 [93]. In this series, compound Al-
5b was the only representative with allosteric activity that
could easily be labeled by [**C]methylation of the methoxy
stubstituent. Unfortunately, A1-5b is too lipophilic for a suit-
able PET tracer (logP 5.5).

Chordia et al. described a selection of 6-arylindeno[1,2-
d]thiazoles with allosteric enhancer activities in the low mi-
cromolar to sub-micromolar range [96]. The representatives
Al-6a, Al-6b and Al-6c exhibited more than 4-fold greater
allosteric enhancement activity than PD 81,723, with an
ECs, that ranged from 0.9 to 2.2 uM. The free bases of these
compounds, however, show only minor allosteric enhance-
ment activity. In contrast to PD81,723, these compounds
displayed only weak A; and As; antagonistic activity. The
compounds are stable towards oxidation in DMSO solution
for months and their chemical structures allow labeling by
[*'C]methylation at oxygen or nitrogen. Thus, radiolabeled
allosteric enhancers Al-6a, A1-6b and Al-6¢ warrant further
investigation as PET tracers for the A;R allosteric binding
site.

4. ADENOSINE Ao RECEPTOR LIGANDS

AuaRs coupled with G-proteins exhibit a lower affinity to
adenosine and enhance neuronal communication. They are
restrictly distributed in the basal ganglia, particularly abun-
dant in the striatum, which are thought to play a crucial role
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A, allosteric enhancers

Al-5a: R =3-CF3Ph (PD 81,723)
A1-5b : R = 1-(4-CH;0-naphtyl

Ag allosteric enhancers

HyC

A3-12 (VUF 5455)
OCH,

Fig. (7). Allosteric enhancers for the adenosine receptor

in the control of motor behavior. Manipulation of A,aRs
might have therapeutic implications for neurodegenerative
diseases such as Parkinson's disease. First, 3,7-dimethyl-1-
propyl-xanthine was reported as an A,aR-selective antago-
nist, but it has low affinity and low A,sR-selectivity versus
A(Rs [97]. Shimada et al. have successfully introduced the
styryl group in the 8 position of xanthines to endow them
with selective A AR antagonistic properties [98,99]. On the
other hand, starting from the non-selective adenosine an-
tagonist CGS 15943 [100], a number of nonxanthine poly-
heterocycles have also been synthesized as A,aR antagonists.
Development of A,aR ligands has been reviewed in several
articles [41,101,102]. Tritiated CGS 21680 (Fig. 5, A2A-2)
is a standard radioligand in vitro for A,aR assays [25,37-40].
Also [*H]KF17837 [103], [*H]SCH 58261 [25,104,105],
[*H]ZM241385 [106,107] have high and A,aR-selective af-
finity and been used biochemical and pharmacological stud-
ies. So far KF17837 and several related xanthine analogs and
a derivative of SCH 58261 have been evaluated as PET
ligands (Fig. 8, Table 3), and only one xanthine-type ligand
has been used in clinical studies by PET to date.

4.1. PET Ligands

First, a xanthine compound KF17837 developed by Su-
zuki and co-workers [98,99,103] was labeled with carbon-11
bly N-methylation of the desmethyl compound using
[*C]methyl iodide by two groups [108-110]. Stone-Elander
et al. evaluated [*'C]KF17837 by PET imaging of the mon-
key brain and concluded the limited usefulness as a ligand
for mapping of A,aRs because of low brain uptake and the
apparently high nonspecific binding in vivo [109]. On the

Ishiwata et al.
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other hand, Ishiwata and co-workers found that [*C]
KF17837 was accumulated higher in the A aR-rich striatum
than in other brain regions (the uptake ratios to be up to 2.1)
in mice, rats and monkeys. However, they suggested that due
to the presence of high nonspecific binding as well as an
unknown but specific binding of ['*C]KF17837 in the other
brain regions, the receptor-binding sites of xanthine-type
ligands in vivo may be slightly different from those of nonx-
anthine-type A, antagonists [110].

Then, Ishiwata et al. investigated the other xanthine-type
radioligands, [*'C]KF18446, [*'C]KF19631 and [*'C]CSC in
rodents, and compared them with [*C]JKF17837 [111]
["'C]KF19631 and [*C]JCSC had similar properties as
['C]KF17837. However, ['"C]KF18446 (later designated as
['C]TMSX) showed more preferable characteristics for
mapping A,aRs: a high incorporation into the brain and a
high uptake ratio of striatum to the other regions (up to 3.2).
PET imaging of the monkey brain showed high incorpora-
tion and a rapid clearance pattern, but the striatum was
clearly visualized. [*C]CSC with less affinity for A,aRs was
also reported by Marian et al. [112]. [*'C]KF18446 was fur-
ther characterized in vitro and in vivo [113]. KF18446 had
very low affinity in vitro for 13 neuroreceptors including
adrenergic, dopamine and serotonin receptors. In a blocking
study using various AR and A;R ligands in vivo, the cere-
bral cortex and cerebellum showed A,sR-specific uptake of
["'C]KF18446 in a much lesser extent than the striatum. The
Kq values of [*'C]KF18446 in vitro were 9.8 nM at the stria-
tum and 16 nM at the cerebral cortex. These findings dem-
onstrated that the binding sites of [“'C]KF18446 were
slightly different between striatum and other regions of the
brain. Fredholm and co-workers also observed the
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Fig. (8). PET ligands for adenosine A,a receptor

Table3  Binding Affinities of Adenosine A5 Receptor Ligands

Affinity (Ki, nM) Selectivity Reference
A Aoa AdlAoa

KF17837 62 1.0 62 [94]
KF19631 860 35 250 [111]
KF18446 = TMSX 1600 5.9 270 [111]
Kg, 9.8 [113]

CSC 28000 54 520 [21]
BS-DMPX 2300 7.7 300 [119]
IS-DMPX >10000 8.9 >1100 [119]
KF21213 >10000 3.0 >3300 [122]
KW-6002 150 2.2 68 [123]
SCH442416 1800 0.50 3600 [130]

1100 (h) 0.048 (h) 23000 (h)

binding sites of an A;aR radioligand in the cerebral cortex gamma-aminobutyric acid-ergic-enkephalin neurons induced
and hippocampus, and defined other A,AR subtypes, atypical by intrastriatal injection of quinolinic acid, a Huntington's
AR, in contrast to the classical AR in the striatum disease model, degeneration of A,aRs in the lesioned stria-
[114,115]. In a rat model of degeneration of striatopallidal tum was detected by PET and ex vivo and in vitro autoradio-
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graphy using ['C]KF18446 to a similar extent as degenera-
tion of dopamine D, receptors [116]. Furthermore, an ex vivo
autoradiography study showed that ['C]KF18446, but not
[*C]raclopride for dopamine D, receptors, was incorporated
into the globus pallidus to a lesser extent (the striatum-to-
globus pallidus uptake ratio = approximately 0.6) and re-
markably reduced uptake in the lesioned side [117]. The
findings suggest that [**C]KF18446 is a candidate tracer for
imaging the pallidal terminals projecting from the striatum.
Thus, after preclinical studies including dosimetry and toxi-
cology [118], ["'C]KF18446 (designated as [**C]TMSX) was
applied to clinical studies.

Ishiwata et al. further advanced seeking A,aR-selective
radioligands from two angles. First, they investigated the
potential of brominated and iodinated styrylxanthine deriva-
tives: [*'C]BS-DMPX and [*'C]IS-DMPX [119], based on
BS-DMPX and its chlorinated analog CS-DMPX proposed
by Miiller et al. [120,121]. The former is potentially labeled
with the positron emitter bromine-75 (half-life of 1.7 h) or
bromine-76 (half-life of 16.1 h) and the latter with iodine-
124 (half-life of 4.18 days) and iodine-123 (half-life of 13.3
h), resulting in the formation of PET and SPECT ligands,
respectively. Both radioligands had high and selective affin-
ity for A,aRs, but showed similar characteristics as observed
for [*C]KF17837, ['C]KF19631 and [*'C]CSC. The tracers
accumulated slightly more in the striatum than in other re-
gions of the brain, but the uptake ratios of striatum to other
regions were low. In addition, the tracers not only exhibited
specific binding to AyaR in the target striatum, but also had
specific binding to a certain extent and/or high nonspecific
binding in the non-target tissues such as the cerebral cortex
and cerebellum. Moreover, the search for radioligands with
more pronounced A aR-selectivity, in other words much less
affinity for non-target tissues, led to ['C]JKF21213 [122]. In
mice, the uptake ratio of striatum to cortex and striatum to
cerebellum increased to 8.6 and 10.5, respectively, at 60 min
postinjection, and the A,aR-specific uptake was not detected
in the cerebral cortex and cerebellum. In spite of these pref-
erable properties of [*'C]KF21213 in rodents, [*'C]KF18446
([**C]TMSX) exhibited a larger signal-to-noise ratio (differ-
ence uptake between striatum and cerebellum) than
['C]KF21213 in a preliminary PET study of the monkey
brain, suggesting that [**C]TMSX is the most suitable tracer
for mapping A;aRs by PET among the xanthine-type tracers
proposed to date. Furthermore, a preliminary PET study in a
monkey showed better brain kinetics for [*C]TMSX than for
[M'C]KF21213.!

The other xanthine-type radioligand [*'C]JKW-6002 was
also investigated by Hirani et al. [123]. This tracer again
showed similar characteristics as observed in [*'C]KF17837,
and had a limited potential for mapping A,aRs. Still
['C]KW-6002 may be applied in the development of the
unlabeled compound as the antiparkinsonian agent
[124,125], and KW-6002 (istradefylline) is currently under-
going clinical evaluation [126,127].

! Ishiwata, K.; Tsukada, H.; Kimura, Y.; Kawamura, K.; Harada, N.; Hendrikse, N.H.
In vivo evaluation of ["'C]TMSX and [*C]KF21213 for mapping adenosine A,a recep-
tors: brain kinetics in the conscious monkey and P-glycoprotein modulation in the
mouse brain. 22nd International Symposium Cerebral Blood Flow, Metabolism, and
Function & 7th International Conference of Quantification of Brain Function with PET,
2005, BP-76, Amsterdam.

Ishiwata et al.

All of the xanthine-type radioligands described above
were prepared by N- or O-methylation of the corresponding
demethyl compounds using [*'C]methyl iodide with high
radiochemical yields suitable for routine clinical use. As the
methylating agent, [**C]methyl triflate could be also used
more efficiently as shown for the synthesis of [*'C]TMSX
[128]. On the other hand, it should be noted that a styryl
group in xanthine derivatives is isomerized by exposure to
visible light to form a stable equilibrium mixture of E-isomer
and Z-isomer and the Z-isomer is less active than the E-
isomer [129]. Therefore, in the experimental and clinical
studies, all procedures from radiosynthesis to metabolites
analysis of plasma samples of animals or humans for quanti-
tative evaluation of ligand-receptor binding, should be care-
fully done under the exclusion of light [118].

As for the non-xanthine type radioligands, Todde et al.
proposed [*'C]SCH442416 derived from SCH 58261 [130].
In rats, the level of radioactivity in the striatum increased for
the first 15 min after the injection of ['*C]SCH442416 and,
then gradually decreased. The maximal uptake ratios of stria-
tum to cortex or to cerebellum were 4.6 at 15 min postinjec-
tion. Using various ligands, Moresco et al. [131] demon-
strated in a blocking study in rats that the striatal uptake of
['C]SCH442416 is A,aR-selective. Tracer uptake was sig-
nificantly reduced following quinolinic acid-induced lesion
as was found for ["*C]TMSX [117]. In PET studies in mon-
keys, the binding potential values reflecting the binding of
['C]SCH442416 to A,aRs were 0.74, 0.16 and 0.13 in the
striatum, cerebral cortex and cerebellum, respectively. These
findings indicate that ['*C]SCH442416 is a promising tracer
for mapping A,aRs. Regarding the uptake ratio of striatum to
reference tissues in the rat brain and the brain kinetics in the
monkey brain, [*'C]SCH442416 may be a better tracer than
[*'C]TMSX.

4.2. Clinical Studies

The first visualization of A,aRs in the human brain was
reported by Ishiwata and co-workers using [*C]TMSX PET,
and was compared with dopamine D, receptors ([**C]raclo-
pride PET) and A;Rs ([**CJMPDX PET) [132]. They dem-
onstrated that infusion of theophylline reduced the
[*'C]TMSX-binding evaluated Dv.

The group preliminary applied [*'C]TMSX PET to Park-
inson’s disease. Fig. (9) demonstrates the change of A,aRS in
patients with early Parkinson’s disease measured by
['C]JTMSX2. Three characteristics of neurosynaptic situa-
tions are shown: the dopamine transporter with [*'CJCFT,
the dopamine D, receptor with [“'C]raclopride, and the A,aR
with ["'C]TMSX. The B, was computed using EPICA [87]
with the central semiovale as a reference region [133].

In early Parkinson’s disease, release of dopamine is
asymmetrically affected. In the patient in this study, the
symptoms of Parkinson's disease were right dominant. The
left-side dopamine transporter was more decreased than the

2 Mishina, M.; Ishii, K.; Kitamura, S.; Kimura, Y.; Naganawa, M.; Hashimoto, M.;
Suzuki, M.; Oda, K.; Hamamoto, M.; Kobayashi, S/; Katayama, Y.; Ishiwata, K. Dis-
tribution of adenosine Ay receptors in de novo Parkinson's disease using HC-TMSX
PET — a preliminary study, Targeting adenosine A, receptors in Parkinson's disease
and other CNS, P-44, Boston, MA, 2006.
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Fig. (9). PET Images of adenosine A, receptor using [*C]TMSX in Parkinson's disease. The upper and lower rows represent a normal
subject and a patient with Parkinson’s disease, respectively. The [M'C]JCFT and ['C]raclopride images are static images, while the
[*C]TMSX images represent binding potentials which are related to a density of receptor binding sites.

right-side one, and the D, receptors bindings was increased
bilaterally. The A,aR was decreased on the left side. These
observation imposes that the changes in A,aR binding meas-
ured with ["C]TMSX are coupled with the asymmetry of the
symptoms. The pathophysiological interpretation still has to
be investigated in future work. Since a reciprocal relation-
ship between dopamine D, receptors and A,aRs was reported
previously [134], A,aRs imaging with ["'C]TMSX warrants
further investigation.

4.3. Medicinal Chemistry
4.3.1. Aya Agonists

Promising candidate agonists for PET-labeling have not
been described in the literature thus far. Potent A AR subtype
selective compounds have been reported but none of these
are amenable for labeling with carbone-11 or fluorine-18. An
example is YT-146 (A2A-1, Fig. 5), an octynyl derivative of
adenosine, which has an appropriate logP value and a fairly
good selectivity of Aya over A;. An AyaR subtype selective
agonist that can be labeled in the ethyl group is the estab-
lished compound CGS 21680 (A2A-2). This compound is
used as a standard for A,aR in in vitro studies, but the low
log P value will make the PET-labeled form of CGS 21680
not suitable for investigating cerebral adenosine receptors.

4.3.2. Ay Antagonists

Antagonists for this receptor subtype can be divided in
two main categories, i.e. xanthine-type and polyheterocyclic
compounds. AR antagonists are orally effective in a vari-
ety of rodent models of Parkinson's disease [13]. Extensive

optimization among the xanthine derivatives has already led
to the clinical candidate KW-6002 (Fig. 8) (Kyowa Hakko
Kogyo Co Ltd) [124-127], which was labeled with carbon-
11 (see section 4.1). However, there is an increasing interest
among researchers in this field to explore other classes of
compounds as potential antagonists for this particular recep-
tor.

From both classes of compounds potent and selective
candidates have emerged that are amenable for labelling with
carbon-11 or fluorine-18 (Fig. 10). These compounds have
high affinity, selectivity and a suitable lipophilicity to pene-
trate the blood brain barrier. The selectivity is based on A;
and A, affinities, and no affinities for A,g or A; have been
determined. As described above, most obvious labeling pos-
sibilities are [“'C]methylation of one of the aromatic
methoxy groups or the N-methyl in the xanthine part. The
1C-labeling procedure for this N-methyl group has been
developed for other xanthines previously and can be applied
to candidate A2A-3 [173].

Several potent candidates from the polyheterocyclic class
have also been proposed. These compounds have excellent
Ao over A; selectivity and logP values ranging from 0.6 to
3.3. These compounds can be labeled with carbon-11 or
fluorine-18, but as illustrated for compounds (A2A-7, -8 and
-12) evaluated by Holschbach et al. [135,136], these proper-
ties are no guarantee to become a useful PET-tracer. In par-
ticular the compounds as described by Minetti et al. (A2A-4,
-5 and -6) [137], Peng et al. (A2A-9, -10 and -11) [138], Vu
et al. (A2A-13, -14 and -15) [139,140] and by Matasi et al.
(A2A-16 and -17) [141,142] are candidates for PET-
labeling.
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Fig. (10). Adenosine A, receptor antagonists

5. ADENOSINE A,s RECEPTOR
5.1. Introduction

While the AiR, AzaR and AzR have been pharmacologi-
cally characterized through the use of highly potent and se-
lective agonists and/or antagonists, the study of the AR
subtype has been precluded due to the lack of selective
ligands, and the absence of an appropriate binding assay. To
date, the most potent, but nonselective, agonist for this sub-
type is NECA (Table 2), with affinity in the micromolar
range [4]. No PET tracer for this subtype has been described
so far.

The AzsR has been implied in vascularization, cell pro-
liferation, differentiation and in mast-cell-mediated activa-
tion of angiogenesis. This last effect is the result of a coop-
erative action of the A;Rs [143]. Peripherally, activation of
the receptor leads to release of inflammatory cytokines. An-
tagonists are believed to be useful in the treatment of asthma.

It has not been demonstrated whether A,gRs are present
in the brain or what their function would be. For the sake of
completeness and anticipating to possible future applications
for the A,gR subtype for neuroscience, some potential com-
pounds will be described in section 5.2.

5.2. Medicinal Chemistry

Regarding suitable agonists, no compound has been re-
ported that has high affinity, selectivity or an acceptable
lipophilicity and is amenable for labeling with carbon-11 or
fluorine-18.

A2A-15

R,
A2A-16, -17

With respect to antagonists, several candidates draw at-
tention (Table 4, Fig. 11). Except for OSIP-339391 (A2B-6)
[174], all compounds belong to the class of xanthines. A2B-
1 has very high affinity for the AR, but for the other
adenosine receptor subtypes, affinities are very low [175].
The xanthine moiety contains 2 N-methyl groups. One of
these could be replaced by an [*'C]methyl group. Replace-
ment of the CFs-group in A2B-1 by a fluorine atom de-
creases the affinity and selectivity for the A,gR but may still
yield a suitable PET-tracer that may be labeled with fluorine-
18 (A2B-2) [176].

llas et al. reported potent A,gR ligands for electron par-
amagnetic resonance [144]. Ji et al. developed quite analo-
gous compounds by replacing the radical part in A2B-3 by a
cyanophenyl group (A2B-5) [145]. This compound dis-
played even higher affinity for the A,gR and retained its se-
lectivity, but has a high logP possibly resulting in high non-
specific binding. A2B-4 as reported by Baraldi et al. offers
labeling possibilities by N-methylation with [*C]methyl
iodide or [**C]methyl triflate on the pyrazole ring [146]. An
alternative approach could be [*'C]propylation on the amidic
nitrogens in the xanthine ring. Finally, OSIP-339391 has the
highest affinity and a good selectivity for the A,gR. PET-
labeling may be possible by [**C]acetylation.

6. ADENOSINE A; RECEPTOR
6.1. Introduction
Among the human adenosine receptor subtypes, the AzR

subtype was most recently characterized [7,8,147]. The AzR
is a 318 amino acid protein that exhibits only 72% and



PET Tracers for Mapping Adenosine Receptors as Probes

Central Nervous System Agents in Medicinal Chemistry, 2007, Vol. 7, No. 1 69

Table 4.  Affinities and Subtype Selectivities of a Selection of Adenosine Receptor Antogonists

Compound Substituents Ki (nM)

R; R, LogP? hA; hAz hA,;, hA; Ref.
A selective
DPCPX 34 3.0 60 243 [52]
Al-2 5.7 25 1540 [52]
Al-3 (LUF 4.4 3.7 [92]
5735)
Al-4 (LUF 2.9 7.7 14200 [95]
5608)
A2A selective
A2A-3 3.0 >10000 44 [173]
A2A-4 H -0.5 0.4 46.3 [137]
A2A-5 Pentyl 1.8 26.2 3.3 [137]
A2A-6 EtPh 18 80 4.7 [137]
A2A-7 p-OMe 1.7 22 24 [135]
A2A-8 p-F 1.8 22 29 [135]
A2A-9 m-F 16 3300 0.2 [138]
A2A-10 o-F 1.6 >500 0.9 [138]
A2A-11 p-F 1.6 >500 4 [138]
A2A-12 11 1570 22 [136]
A2A-13 15 750 6.5 [139,140]
A2A-14 0.6 1300 3 [139,140]
A2A-15 F-isomers 11 >250 2.8 [139,140]
A2A-16 MeO H 3.3 442 3.3 [141]
A2A-17 F F 3.2 744 2.2 [142]
A2B selective
A2B-1 CF3 Unknown 990 690 1 1000 [175]
A2B-2 F Unknown 460 200 27 [175]
A2B-3 Unknown 15 1270 48 350 [144]
A2B-4 3.0 248 >1000 1.7 >1000 [146]
A2B-5 5.0 >50 >50 1.2 >50 [145]
A2B-6 (OSIP- 1.4 37 328 0.5 450 [174]
339391)
A; selective
A3-3a Et 4-MeOPh 21 1026 1045 0.28 [146]
A3-3b nPr 4-MeOPh 2.7 1197 141 0.29 [146]
A3-3c Me 4- Unknown 355 110 >1000 0.014 [154]

pyridinyl.HCI

A3-4a F 3.2 510 0.25 [155]
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(Table 4) contd....
Compound Substituents Ki (nM)
R. R, X LogP? hA, hAz hAz hAs Ref.
A3-4b NMe, 3.4 >10000 0.67 [155]
A3-4c OMe 3.2 398 892 1030 0.18 [155]
A3-5 (PSB-11) 1.4 440° 2100° 23 [156]
A3-6 2.4 1078 >20000° 32 [158]
A3-7 0.6 >10000 >20000° 47 [159]
A3-8 3.0 >10000" >10000° 4.0 [160]
(VUF5574)
A3-9a CH 23 >10000 >10000 3.0 [161]
A3-9b N 21 >10000 >10000 0.79 [161]
A3-10 5.9 11500° 7330° 42 [162]
A3-11 6.3 49° 1.9 [163]

@ Calculated logP values were retrieved from the SciFinder® Scholar database, version 2004.2 (American Chemical Society). ® K; for the rat adenosine receptor. © K; for the bovine

adenosine receptor
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Fig. (11). Adenosine A,g receptor antagonists.

85% sequence homology with its rat and sheep equivalents,
respectively. The tissue distribution of the AzR mRNA is
considerably different from the distribution of other human
adenosine receptor subtypes and the rat AzR. Highest expres-
sion of the human AzR was found in the lung and liver, mod-
erate expression in the brain, aorta and testis and no detect-
able expression in spleen or kidney. Although only little is
known about the physiological function of the AsR in the
CNS, some evidence indicates that the receptor is involved
in neuroprotection and neurodegeneration. For example,
chronic treatment with an AzR agonist resulted in a reduction
of post-ischemic cerebral damage, whereas acute treatment
had an adverse effect [148]. Moreover, activation of the AzR
on astrocytes was found to induce the release of neurotrophic
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factors that reduce neuronal damage [149]. The neuroprotec-
tive role of the receptor was also demonstrated in AR
knock-out mice, which were more vunerable to neuronal
damage after CO-induced hypoxia than wild-type animals
[150]. Thus, intervention at the AsR could provide an attrac-
tive strategy for treatment of brain injury. In addition, selec-
tive AsR antagonists have been proposed as potential drugs
for the treatment of asthma and inflammation.

Despite the fact that the AsR is an interesting target for
imaging, no PET tracers for this receptor have been de-
scribed so far. However, a number of high affinity AsR
ligands that are amenable for labeling with carbon-11, fluo-
rine-18 or iodine-124 have been described. The most promis-
ing candidates will be discussed in the following paragraph.
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6.2. Medicinal Chemistry
6.2.1. Az Agonists

The majority of selective AsR agonists are N°® and/or C2
substituted adenosine derivatives with an N-methylamide
substituent at the 5’ position. In theory, a carbon-11 label can
be introduced in these compounds by N-methylation. The m-
iodobenzyl derivative IB-MECA (A3-1a) is an important
lead compound for AsR agonists (Table 2, Fig. 5. IB-MECA
is in phase Il clinical trials for the treatment of colorectal
cancer and rheumatoid arthritis now, but it is only moder-
ately selective for the AsR subtype and therefore not an ideal
candidate for a PET tracer. The A;/A; selectivity was in-
creased by substitution of a chlorine atom at C2, as in CI-1B-
MECA (A3-1b), although the affinity for the AzR was
slightly reduced [151]. When the oxygen atom in the ribose
ring is additionally replaced by sulfur, as in A3-1c, the affin-
ity and selectivity is further increased [152]. Besides labeling
with carbon-11, the m-iodobenzyl substituent also allows
labeling of compounds A3-1a, -1b and -1c with iodine iso-
topes for SPECT imaging or with the long-lived PET isotope
iodine-124 (half-life of 4.18 days). The most potent and As-
selective thioadenosine derivative that was reported by Jeong
and coworkers, was the N°-methyl compound LJ530 (A3-1d)
[152], which can be labeled with carbon-11 either at the 5’-
amide or at N®. Unfortunately, this compound appears too
hydrophilic (logP 0.5) for brain penetration.

AsR binding is favored when the ribose ring is in the 2’-
exo-(N) twist conformation. As an approach to increase As-
selectivity by increasing the rigidity of the ribose moiety,
Tchilibon et al. prepared a series of 2,N®-disubstituted (N)-
methanocarba adenosine derivatives [153]. Compounds A3-
2a, -2b and -2c are some representatives from this study with
a high affinity and selectivity for the AsR. These compounds
are readily labeled by [“C]methylation at the methoxy
group. In addition, compound A3-2c can also be labeled with
various iodine isotopes for SPECT or PET. Based on the
lipophilicity of these compounds, iodide A3-2c seems to be
the most likely candidate as a PET tracer for imaging the
CNS A3R.

6.2.2. Az Antagonists

In contrast to the strict structural limitations of AsR ago-
nists, highly potent antagonists of this receptor subtype from
various distinct classes of compounds have been described.
Baraldi and coworkers prepared several pyrazolo[4,3,-e]-
1,2,4-triazolo[1,5-c]pyrimidine derivatives [146]. From these
compounds, A3-3a and -3b were depicted in Fig. (12) and
Table 4, as highly potent representatives with high selectiv-
ity for the AzR. Both substances can be labeled with carbon-
11 and have favorable lipophilicity for crossing the blood-
brain-barrier. To increase the water solubility of these com-
pounds, positively charged pyridine substituents were at-
tached to the carbamate moiety, resulting in e.g. compound
A3-3c [154]. This compound had an exceptionally high af-
finity and selectivity for the AsR, but it is unclear whether
this charged compound could penetrate the brain. The free
base of A3-3c had similar affinity and selectivity as the hy-
drochloride salt and a logP of 1.1. The closely related com-
pounds A3-4a, -4b and -4c are representatives of the 1,2,4-
triazole[5,1-i]purine class of AzR antagonist that were pub-
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lished by Okamura et al. [155]. These antagonists have sub-
nanomolar affinity and excellent selectivity for the AzR sub-
type. Purines A3-4b and -4c are amenable for
["'C]methylation, whereas A3-4a can be labeled by nucleo-
philic substitution with [*®F]fluoride. The imidazopuridinone
derivative PSB-11 (A3-5) was described by Muller et al. as a
high affinity, selective A; antagonist that is approximately 4
times more potent than its S-enantiomer [156]. PSB-11 was
radiolabeled with tritium and applied in binding assays
[157]. Remarkably, non-specific binding of [*H]PSB-11 in
these assays was extraordinary low (approximately 2%).
PSB-11 might therefore be an attractive candidate PET
tracer, as it can readily be labeled by N-[**C]methylation.

The structurally closely related pyrazolo[3,4-c]quinoline
A3-6 [158] and 1,2,4-triazolo[4,3-a]quinoxaline A3-7 [159],
the isoquinoline VUF5574 (A3-8) [160], the thiazole A3-9a
and the thiadiazole A3-9b [161] have a methoxy substituent
that can be exploited for labeling with carbon-11. All these
compounds have an affinity for the AsR in the low nanomo-
lar range and all are highly selective antagonist for this re-
ceptor subtype. Compounds A3-6, -8, -9a and -9b seem to
have a favorable lipophilicity for brain imaging, whereas the
logP of A3-7 may be to low for brain penetration.

Finally, Li and coworkers reported various substituted
pyridine derivatives as selective Az antagonists, such as fluo-
ride A3-10 [162] and methoxy compound A3-11 [163].
These pyridine derivatives, however, are not likely candi-
dates for PET tracers, because of their high lipophilicity.

6.2.3. A; Allosteric Enhancers

Isoquinoline derivative VUF5455 (A3-12) was among
the first allosteric enhancers of the Az;R to be discovered
[164] and can readily be labeled by [*'C]methylation at the
methoxy group (Fig. 7). VUF5455 significantly reduced the
dissociation rate of an Az agonist, but did not affect the dis-
sociation of an Az antagonist. VUF5455 did not show any
binding to the AjR and AaR, but it had a weak affinity for
the binding site of the AsR.

Quinoline derivative DU124,183 has been used as a lead
compound for allosteric enhancers of the AsR, but it can not
easily be labeled with carbon-11. Compound A3-13 is the
methoxy-substituted analogue of DU124,183, in which a
[*'C]methyl group can be introduced at the methoxy sub-
stituent. Compound A3-13 exhibits similar allosteric en-
hancement activity as DU124, 183 and hardly displays any
affinity for the binding sites of the different adenosine recep-
tor subtypes [165].

A potential drawback for application of radiolabeled
VUF5455 or A3-13 as a PET tracer could be their relatively
high lipophilicity (logP 3.6 and 3.7, respectively).

7. ADENOSINE UPTAKE SITE
7.1. Introduction

Hydrophilic nucleosides, including adenosine, rely on
carrier proteins for their transport across membranes [166].
Two families of transporters have been identified, the equili-
brative and concentrative nucleoside transporters (ENT and
CNT, respectively). Although nucleoside salvage is the main
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Fig. (12). Adenosine Az receptor antagonists

function of the transporter, recent data indicate functions
beyond metabolic recycling. In the brain and spinal cord, for
example, the transporters regulate synaptic levels of neuroac-
tive purines, such as adenosine, and thus have effect on
physiological processes modulated through G-coupled
adenosine receptors. Novel identified functions of the trans-
porters within CNS are related to sleep, arousal, addiction,
nociception and analgesia.

Regarding ENTSs, two subtypes have been characterized,
the es (equilibrative sensitive), also known as ENT1 and the
ei (equilibrative insensitive) transporter, ENT2 [166]. These
differences are based on the (in)sensitivity to inhibition by
S°-(4-nitrobenzyl)-mercaptopurine riboside (AUS-1a, also
called 4-nitrobenzylthioinoisine, NBTI), and dipyridamole
(AUS-2), a non-nucleoside, that inhibits both ENT1 and
ENT2 (Fig. 13). Both NBTI and dipyridamole inhibit ENT1
at low nanomolar concentrations. Recently, two new sub-
types, ENT3 and ENT4 were identified, but not yet charac-
terized. ENTSs are distributed all over the mammalian tissues,
whereas the CNTs are especially abundant in the intestine,
kidney, and liver. The CNT proteins can be divided in 3 sub-
types, CNT1, CNT2, and CNT3. CNTs are insensitive to-
wards inhibition by NBTI.

Ishiwata et al.

A3-8 (VUF 5574)

7.2. PET ligands

For PET-imaging only two papers appeared. [1-methyl-
11C]-3-[1-(6,7-dimethoxyquinazolin-4-yl)piperidin-4-yI]-1,6-
dimethyl-2,4(1H,3H)-quinazolinedione ([1101KF21652) with
a K; value of 13 nM was prepared by N-['C] methylation
(Fig. 14) [167]. In biodistribution studies, the highest uptake
was found in the liver, followed by the kidney and small
intestine, and carrier-saturable uptake was observed only in
the liver (about 30%). Although the brain uptake was very
low in vivo probably because of relatively high lipophilicity
(logP 3.6), in vitro autoradiography showed binding of
["'C]KF21562 to adenosine transporters with a high fraction
of nonspecific binding (specific binding, less than 25% of
total binding).

The other labeled tracer is [“*C]adenosine monophos-
phate (["CJAMP) [168]. Extracellular adenylates undergo
rapid conversion: ATP -> ADP -> AMP -> adenosine, fol-
lowed by cellular uptake and intracellular rephosphorylation
to ATP. Adenylate imaging of cancer would be possible be-
cause of increased import/export of radiolabeled adenylates
associated with tumor metabolism as well as adenylate inter-
actions with adenosine receptors. ["*CJAMP was produced
by reacting [**C]formaldehyde with the corresponding
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R,  AUS-1a:R;=H;R,=NO, (NBTI)
AUS-1b : R; = NHCHj3 ; R, = H
AUS-1c: Ry = NHC,Hs ; Ry = H
AUS-1d : Ry =H ; R, =4-F
AUS-1e:R; =H; R, =4
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amino-imidazolyl-carboxamide (Fig. 14). Besides biodis-
tribution studies, the effect on ["*CJAMP uptake by blocking
with dipyridamole was investigated. At 60 min postinjection
lung uptake was reduced to about 40%. Uptake of [*'C]JAMP
was highest in the lung, blood and heart. The value of this
radioligand need to be further investigated.

7.3. Medicinal Chemistry

KF24345 (AUS-3) was developed as a novel anti-
inflammatory agent and binds to both ENT1 and ENT2 (Fig.
13) [169]. As NBTI (K; of 0.7 nM) the K; for ENT1 was 0.4
nM, but KF24345 was 50-fold more effective at blocking
ENT2 (K; of 100 nM). KF24345 is an interesting candidate
for PET-labeling. [*'C]Methylation on the amidic nitrogen is
a potential labeling strategy.

A related series of analogs was developed with alky-
lamino substituents at the purine ring [170], aiming to pre-
pare less polar compounds than NBTI (logP 1.20). This polar
nature hinders its oral availability and passage through the
blood brain barrier. It was shown that the addition of this
alkylamino group had the concomitant advantage that affin-
ity was greatly increased. K; values were in the nanomolar
range, whereas without alkylamino these values were 53 nM.
From the point of view of development of a PET-ligand, the
NHMe compound is to be preferred, but increasing the alkyl
group to ethyl or propyl further increases lipophilicity and
affinity. In fact, introduction of the NH-methyl and NH-ethyl
groups results in more polar compounds (AUS-1b and AUS-

1c, K; values of 28 nM and 9.5 nM, respectively) (logP 0.64
and 1.17, respectively). Larger alkyl groups, such as cyclo-
hexyl, result in even more potent and lipophilic substances.

Another modification to increase effectiveness has been
investigated by Gupte et al. [171]. Starting from NBTI as a
lead compound, the nitro group was replaced by halogens in
ortho, meta and para position. All the para-compounds with
Br, Cl, | and F yielded the most potent inhibitors with K;
values in the nanomolar range. The 4-fluoro compound
(AUS-1d), a candidate for ‘®F- -labeling with a logP of 152,
has a K; of 9.02 nM. Alternatively, ***I-labeling would yield
a compound (AUS-1e) with a K; of 3.88 nM.

CONCLUSION

Development of high-affinity and subtype-selective
ligands for adenosine receptors for last two decades has en-
abled quantitative measurement of A;Rs of the human brain
by PET using [**F]JCPFPX or ['C]JMPDX as an in vivo
probe. The PET using these two tracers could be applied to
evaluate the pathophysiological states of the receptors in
humans with neurological and psychiatric disorders. Pre-
liminary data on mapping of AaRs in the human brain were
generated using [*'C]TMSX, but more studies are essential
for establishing the method. On the other hand, in spite of
increasing evidence charactering pathophysiological events
in the other subtypes, AR and AsR, and adenosine uptake
site, their function has not clearly understood yet, and there
were only limited trials for developing PET ligands for these



74 Central Nervous System Agents in Medicinal Chemistry, 2007, Vol. 7, No. 1

binding sites to date. However, continued efforts for seeking
high-affinity and selective ligands in medicinal chemistry
will lead PET probes suitable for these binding sites near

future.

ABBREVIATIONS

CNS
AR
AzaR
AR
AsR
PET
SPECT

DPCPX
KF15372

MPDX
EPDX
CPFPX
FR194921
BP

Dy
NECA (Al-1a)

CPA (Al-1c)
CCPA (Al-1d)
CPA (Al-1e)

LUF5735 (A1-3)
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PD 81,723
CGS 15943

CGS 21680

KF17837

SCH 58261

Central nervous system
Adenosine A, receptor
Adenosine Aa receptor
Adenosine Ag receptor
Adenosine Aj receptor
Positron emission tomography

Single photon emission computed
tomography
8-Cyclopentyl-1,3-dipropylxanthine
8-Dicyclopropylmethyl-1,3-
dipropylxanthine
8-Dicyclopropylmethyl-1-methyl-3-
propylxanthine
8-Dicyclopropylmethyl-1-ethyl-3-
propylxanthine
8-Cyclopentyl-3-(3-fluoropropyl)-1-
propylxanthine
2-(1-Methyl-4-piperidinyl)-6-(2-
phenylpyrazolo[1,5-a]pyridin-3-yl)-
3(2H)-pyridazinone

Binding potential

Distribution volume

Adenosine-5’-ethyluronamide (N-
ethylcarboxamidoadenosine)

N°-Cyclopentyladenosine
2-Chloro-N°-cyclopentyladenosine

R-PIA; R-N°-(phenylisopropyl)-
adenosine
N-(4,6-diphenyl-2-pyrimidinyl)- bu-
tanamide

N°-cyclopentyl-8-(N-
methylisopropylamino)-9-
methyladenine
(2-Amino-4,5-dimethyl-3-thienyl)-[3-
(trifluoromethyl)-phenyl)-methanone
5-Amino-9-chloro-2-(2-furyl)-[1,2,4]-
triazolo[1,5-c]quinazoline
2-p-(2-Carboxyethyl)-
phenethylamino-5'-N-
ethylcarboxamidoadenosine
(E)-8-(3,4-dimethoxystyryl)-1,3-
dipropyl-7-methylxanthine
7-(2-Phenylethyl)-5-amino-2-(2-
furyl)-pyrazolo[4,3-€]-1,2,4-

ZM 241385

KF18446
KF19631
CSC
BS-DMPX
IS-DMPX
CS-DMPX

SCH442416
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Cl-IB-MECA
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triazolo[1,5-c]pyrimidine
4-(2-[7-amino-2-{2-
furyl}{1,2,4}triazolo{2,3-
a}{1,3,5}Hriazin-5-yl-
amino]ethyl)phenol
(E)-8-(3,4,5-trimethoxystyryl)-1,3,7-
trimethylxanthine
(E)-1,3-diallyl-7-methyl-8-(3,4,5-
trimethoxystyryl)xanthine
(E)-8-(3-chlorostyryl)-1,3,7-
trimethylxanthine
(E)-8-(3-bromostyryl)-3,7-dimethyl-
1-propargylxanthine
(E)-3,7-dimethyl-8-(3-iodostyryl)-1-
propargylxanthine
(E)-8-(3-chlorostyryl)-3,7-dimethyl-
1-propargylxanthine
5-Amino-7-(3-(4-
methoxyphenyl)propyl)-2-(2-furyl)-
pyrazolo[4,3-€]-1,2,4-triazolo[1,5-
c]pyrimidine

2 3-Carbomethoxy-33-(4-
fluorophenyl) tropane
N-(2-{2-phenyl-6-[4-(2,2,3,3-
tetratritio-3-phenylpropyl)-
piperazine-1-carbonyl]-7H-
pyrrolo[2,3-d]pyrimidin-4-ylamino}-
ethyl)-acetamide
N°-(3-lodobenyl)adenosine-5’-N-
methyluronamide
2-Chloro-N°-(3-iodobenyl)adenosine-
5’-N-methyluronamide
1-[2-Chloro-6-(methylamino)-9H-
purin-9-yl]-1-deoxy-N-methyl-4-thio-
B-D-ribofuranuronamide
(8R)-8-Ethyl-1,4,7,8-tetrahydro-4-
methyl-2-phenyl-5H-imidazo[2,1-
i]purin-5-one
N-(2-Methoxyphenyl)-N-[2-(3-
pyridyl)quinazolin-4-ylJurea
4-Methoxy-N-[7-methyl-3-(2-
pyridinyl)-1-isoquinolinyl]benzamide
2-Cyclopentyl-4-phenylamino-1H-
imidazo[4,5-c]quinoline

Equilibrative nucleoside transporter
Concentrative nucleoside transporter

S°-(4-Nitrobenzyl)-mercaptopurine
riboside (4-nitrobenzylthioinoisine)
3-[1-(6,7-Dimethoxyquinazolin-4-
yDpiperidin-4-yl]-1,6-dimethyl-
2,4(1H, 3H)-quinazolinedione
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KF24345 = 3-[1-(6,7-Diethoxy-2-
morpholinoquinazolin-4-yl)piperidin-
4-yl]-1,6-dimethyl-2,4(1H, 3H)-
quinazolinedione hydrochloride
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