
cyclase;andA2receptors,whichexhibita loweraffinityto
adenosine and stimulate adenylyl cyclase. Recent advances
in molecular biology and pharmacology have demonstrated
the presence of at least 4 subtypes: A,, A2a, A2b, and A3
receptors(1â€”3).

In the CNS, adenosine A, receptors are present both pre
and postsynaptically in many regions, being abundant in the
hippocampus, cerebral cortex, thalamic nuclei, basal gan
glia, and the cerebellar cortex in animals (4â€”6)and humans
(7). On presynaptic terminals, their main action is to limit
the availabilityof calciumto the excitation-secretioncou
pling mechanism involved in the exocytotic release of
neurotransmitters such as glutamate, acetylcholine, dopa
mine, 5-hydroxytryptamine, and several peptides (8). Post
synaptically,adenosineA, receptorsusuallyinducehyperpo
larization of cells, at least partly by opening potassium
channels (8).

Adenosine A2a receptors are highly concentrated in the
striatum, nucleus accumbens, and olfactory tubercle, in
which dopamine D, and D2 receptors are localized with very
high densities, whereas A2,, receptors show a ubiquitous
distribution (9, 10). Recent studies also demonstrated the
presenceof A@,receptorsin the hippocampusandcortex
(11â€”14).The A2a receptors have been reported to induce
effects opposite to those of A, receptors. By the in situ
hybridization technique, adenosine A@,receptor mRNA and
dopamine D2 receptor mRNA are found to be mainly
expressedin striatopallidalâ€˜y-aminobutyricacid (GABA)
ergicâ€”enkephaline neurons (15, 16). In patients with Hunting
ton'schoreawithselectivedegenerationof thestriatopalhidal
neurons,theadenosineA,@,receptordensityis significantly
reduced in the striatum, whereas the density is not signifi
cantly affected in patients with Parkinson's disease, charac
terized by selective degeneration of nigrostriatal dopamine
neurons (1 7). One of the most potentially important actions
of adenosine relevant to motor control is that of modulating
dopamine receptors. Activation of adenosine A2a receptors
reduced the affinity of dopamine D2 receptors for agonist
higands (18). The selective adenosine A,.@receptor agonist
CGS 21680 was found to reduce apomorphine-induced
turning (19). On the other hand, it is known that a typical
neuroleptichaloperidolincreasedthedensityof adenosine

To develop PET ligands for mapping central nervous system
(CNS) adenosine A@receptors that are localized in the striatum
andarecoupledwithdopaminereceptors,3 11C-labeledxanthine
typeadenosineA28antagonists,[11C]KF18446([7-methyl-11C]-(E)-
8-(3,4,5-tnmethoxystyryl)-1 ,3,7-trimethyIxanthine), [11C]KF19631
([7-methyl-11C]-(E)-1,3-diallyl-7-methyl-8-(3,4,5-tnmethoxystyryl
)xanthine),and [11C)CSC([7-methyl-11CJ-8-chlorostyrylcaffeine),
were comparedwith [11C]KF17837 ([7-methyl-11C]-(E)-8-(3,4-
dimethoxystyryl)-1 ,3-dipropyl-7-methylxanthine). Methods: The
regional brain uptake of the tracers, the effect of the coinjected
adenosineantagonistson the uptake,and the metabolismwere
studiedinmice.Inrats,theregionalbrainuptakeofthetracers
was visualizedby ex vivo autoradiography(ARG). The A2a
receptor binding of antagonist 1 was also measured by in vitro
ARG. Imagingofthe monkeybrainwasperformedwithPETwith
antagonist 1. Results: In mice, the highest stnatal uptake was
found for antagonist 1 followed by antagonists 2 and 4. The
uptake was inhibited by each of 3 KF compoundsand by CSC,
but not by an A1antagonistKF15372.Anotherselectivenonxan
thine-typeA2aantagonistSCH 58261significantlydecreasedthe
striatal uptake of only antagonist 1, the labeled metabolitesof
whichwere lessthan 20% in the plasma30 mmpostinjection,but
were negligible in the brain tissue. In ex vivo ARG, antagonist I
showedthe higheststriataluptakeandthe highestuptakeratioof
the striatum to the other brain regions. A high and selective
binding of antagonist I to the striatumwas also confirmedby in
vitro ARG. PET with antagonist 1 visualized adenosine A2a
receptors in the monkey stnatum. Conclusion: These results
indicate that antagonist 1 ([11C]KF18446) is the most suitable
PETligandfor mappingadenosineA2areceptorsin the CNS.

Key Words:11C-KF18446;adenosineA2areceptor;striatum;
centralnervoussystem;PET
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denosineisanendogenousmodulatorof severalphysi
ological functions in the central nervous system (CNS) as
well as in peripheral organs. The effect is mediated by 2
major subtypes of receptors: adenosine A, receptors, which
exhibit a higher affinity to adenosine and inhibit adenylyl
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A2a receptors in the rat striatum (20). Thus, recent pharmaco

logical and biochemical data suggest the presence of a
receptor-receptor interaction between adenosine A@, and
dopamine D2 receptors in the striatum (21,22).

Adenosinereceptorsin centraland peripheralnervous
systemshavebeenconsideredastargetsfor newdrugsin
many neurological diseases (8,22â€”24).In treating patients
with Parkinson's disease, L-dopa is not effective for approxi
mately40% of thepatients,andits useoverseveralyears
may lead to loss of efficacy. Adenosine therapy offers
promiseasanalternativeor adjuncttherapy(8). In treating
schizophrenia with neuroleptics, chronic administration of
haloperidol or fluphenazine frequently results in the develop
ment of severe movement disorders (25). Animal experi
mentssuggestthatadenosineA2areceptorsare associated
with antipsychotic activity of the neuroleptics through
interaction with dopamine receptors (26). The various
therapeutic possibilities of agonists or antagonists of adeno
sinereceptorsinneurologicalandpsychiatricdisordershave
been reviewed (22â€”24).

Based on this background, PET assessment of the adeno
sine receptor system probably offers a new diagnostic tool
for neurological disorders as well as an opportunity to
understand the neurotransmission system more completely
from the viewpoint of neuroscience. Therefore, we have
developed PET ligands for the 2 adenosine receptor sub
types: [@C]KFl5372 ([3-propyl-â€•C}-8-dicyclopropylmethyl
1,3-dipropylxanthine) (27) and its methyl and ethyl deriva
tives (28) for adenosineA, receptors,and [â€˜1C}KF17837
([7-methyl-â€•C]-(E)-8-(3,4-dimethoxystyryl)-1 ,3-dipropyl-7-
methyhxanthine) for the adenosine A@ receptors (29,30). In
previousstudies(27), the selectivityof [â€œC]KF15372and
its derivatives as PET adenosine A, receptor higands have
been demonstrated, and the decreased A, receptor density in
the superior colliculus was detected by ex vivo autoradiogra
phy (ARG) in rats deprived of retinocohlicular fibers by
contralateral eye enucleation. As an adenosine A2a receptor
ligand, [â€˜1C}KF17837,which has a high affinity for the A2a
receptors, was preferentially taken up by the striatum in
mice, rats, and monkeys (30) and was also taken up to a
smallerextentby thecortexandcerebellum.In rodents,the
uptake of [â€œC]KF17837 was shown to be A@,-receptor
mediated, because the striatal uptake was blocked by
adenosine A@receptor antagonists but not by an A, receptor
antagonist. A similar blocking effect was also observed in
the cortex and cerebellum, suggesting that the selectivity of
[â€œC}KF17837for the adenosine A@,receptors may not be
sufficient as a PET tracer. Furthermore, Stone-Elander et al.
(31) did not detect with PET any significant blocking effect
ofunlabeledKF17837 onthestriataluptakeof[â€•C]KF17837
in monkeys measured, probably because of low signal-to
noiseratioasaresultoflow penetrationofthe[@C]KFl7837
into the bloodâ€”brain barrier and low administered dose.
Therefore, we decided to find a more selective PET ligand
for mapping the adenosine A@receptors in the CNS.

In this study, we prepared 3 other xanthine-type adenosine A@

receptor antagonists: [â€œC1KF18446([7-methyl-â€•C]-(L)-8-(3,4,
5-trimethoxystyryl)-l,3,7-trimethylxanthine), [l â€˜CJKFl9631
([7-methyl-' â€˜C]-(E)-1,3-diallyl-7-methyl-8-(3,4,5-trime
thoxystyryl)xanthine), and [â€˜â€˜C}CSC([7-methyl-' â€˜C]-8-
chlorostyrylcaffeine,[7-methyl-'â€˜C]-8-chhorostyryl-1,3,7-
trimethylxanthine), and compared them with [â€œC]KF17837.
Chemical structures ofthe 4 â€œC-labeledtracers are shown in
Figure 1. KF18446 and KF19631 are new adenosine A,@
antagonists. CSC is currently used in pharmacological
studiesas a selectiveadenosineA2aantagonist,but its
affinity for the A@ receptors (K@,54 mnoLfL) (32) is lower
than that of KF17837 (K@,1.0 nmollL) (33). Among the 4
tracersthe most selectivecandidateas a PET ligand is
[Iâ€˜C]KFl8446.

MATERIALS AND METHODS

KF17837, KF18446, KF19631, CSC, and their desmethyl
compounds, a nonxanthine adenosine A@antagonist 5-amino-7-(2-
phenylethyl)-2-(2-furyl)pyrazolo[4,3-e]- l,2,4-triazolo[l ,5-c]pyri
dine (SCH 58261), and an adenosine A, antagonist KF15372 were
prepared by Kyowa Hakko Kogyo Company (Shizuoka, Japan).
2-[p-(2-carboxyethyl)phenethylamino]-5'-N-ethylcarboxamidoad
enosine (CGS 21680) was purchased from Research Biochemical,
Inc. (Natick, MA) and [3H]CGS 21680 and N6-[3H]cyclohex
yladenosinewereobtainedfromNewEnglandNuclear(Boston,
MA).

Male ddY mice (7â€”9-wk-old)were obtained from Tokyo Labora
tory Animals Company (Tokyo, Japan). Young male Wistar rats
(8â€”9-wk-old)weresuppliedbytheAnimalLaboratoryoftheTokyo
MetropolitanInstituteof Gerontology.

TheanimalstudieswereapprovedbytheAnimalCareandUse
Committee of the Tokyo Metropolitan Institute of Gerontology.

Radiosynthesis
[â€œC]KF17837,[â€œC]KF18446,[â€œC]KF19631,and [â€œC]CSC

were prepared by â€œC-methylationof the respective desmethyl
compounds with [â€œC]methyliodide by the method previously
described, with modifications for high-performance liquid chroma
tography (HPLC) separation (29). [â€œCjMethyliodide was trapped
in 0.25 mL N,N-dimethylfonnamide containing 0.5 mg 7-des
methyl compound and 5 mg Cs2CO3.The solution was heated at

FIGURE1. Chemicalstructuresof4 11C-labeledxanthine-type
adenosineA2aantagonists.

[â€œC]KF19631Ki=3.5nM[â€œC]KF17837Ki=1.0nM

IÂ¼jH3

M@j@NOM:

Me

IllClCsC Ki=54nM[11C1KF18446 Ki=5.9nM
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Amountsofcoinjectedantagonistswere100nmoVanimal,except
for50nmol/animalforKF17837.

tP< 0.001.
:tP< 0.05(ttest,comparedtocontrol).
Â§Partofdatawasalsopresentedin reference30.
@IP< 0.01.
K@valuesfortheadenosineA@andA1receptorsare:5.9 nmol/L

and 1600nmol/Lfor KF18446,3.5 nmoVLand >10,000 nmoVLfor
KF19631,1.0 nmoVLand 62 nmol/Lfor KF17837,54 nmollLand
28,000nmoVLfor CSC,2.3 nmoVLand 121nmollLfor SCH58261,
and 430 nmol/Land 3.0 nmol/Lfor KF15372.Mean Â±SD (n = 4,
unlessindicatedin the parenthesis).Injecteddoses:0.8â€”i.3 MBq/
â€”33â€”72pmoVL.

mm. The precipitate was resuspended in 0.5 mL of 10% trichloro
acetic acid in acetonitrile, followed by centrifugation. The treat
ment was repeated once. The striatum or cortex was homogenized
in 0.5 mL of 10% trichioroacetic acid in acetonitrile. The homog
enate was centrifuged at 7000g for 2 mm, and the precipitate was
treated as described earlier. Over 98% of radioactivity was
recovered in the combined supematant fractions. The supernatant
for plasma, striatum, or cortex was diluted with water to make it
40% as acetonitrile. The sample of 0.5â€”1mL was loaded onto a
Nova-Pak C,8 column equipped in an RCM 8 X 10 module (8 X
100 mm; Millipore-Waters, Milford, MA). The mobile phase was a
mixture of acetonitrile and 50 mmol/L sodium acetate (pH 4.5; 4/6,
v/v) at a flow rate of 2 mL/min. The elution profile was detected
with a radioactivity monitor (FLO-ONE1@3A-200; Radiomatic

120Â°Cfor 1â€”5mm.Afteradding1.25mL0.05mol/LHC1,the
reaction mixture was loaded onto an octyldecyl saline column
(10-mm inside diameter/250 mm). The mobile phase was a mixture
of acetonitrile and water at a flow rate of 10 mLlmin. The ratios of
acetonitrile to water (v/v) of the mobile phase and the retention
times were 80/20 and 4.8 mm for [â€œC]KF17837,60/40 and 5.5 mm
for [â€œC]KFl963l,60/40 and 6.0 mm for [â€œC]CSC,and 60/40 and
3.0 mm for [â€œC]KF18446, respectively. The â€œC-labeledligand
fraction was collected and evaporated to dryness. The residue was
dissolved in physiological saline containing 0.25% (v/v) Tween 80.
The radiochemical purity of each of the â€œC-labeledligands was
>99%, whichwasdeterminedbyHPLCanalysisasdescribed(30).
The final product included no starting materials. The radiochemical
yields of 4 tracers were 25%â€”46%,and the specific radioactivity
was 10â€”72GBq/p.tmolat 20â€”25mm from the end of irradiation. All
procedures were performed under dim light to prevent isomeriza
tion of the compounds (29).

In VitroAffinityforAdenosineA@Receptors
In vitro affinity of KF18446 and KF19631 for adenosine A@and

A, receptors was determined using the rat striatal membrane and
[3H]CGS 21680 as a radioligand and the rat forebrain membrane
and IV@-[3H1cyclohexyladenosine,respectively, as described (33).
The affinity of other antagonists was available in the literature
(Table 1).

Biodistribution in Mice
Each â€˜â€˜C-labeledtracer (0.54â€”1.3 MBq/14â€”72pmol) was intra

venously injected into male ddY mice (33â€”41g). They were killed
by cervical dislocation at 5, 15, 30, and 60 mm postinjection. The
blood was collected by heart puncture, and the tissues were
harvested and weighed. The â€œCin the samples was counted with an
auto-'y-counter. The tissue uptake of â€œCwas expressed as the
percentage injected dose per gram tissue (%ID/g).

Regional Brain Distribution Study in Mice
The â€˜â€˜C-labeledtracer was intravenously injected into male ddY

mice. They were killed by cervical dislocation at 5, 15, 30, and 60

mm postinjection. The brain was removed and divided into the
striatum, cerebellum, cortex, and remaining tissue. The tissue
uptakeof radioactivitywasmeasuredas the %ID/g.

In another group, the tracer was coinjected together with 1 of 6
compounds: 4 xanthine-type adenosine A,,, antagonists, KF17837,
KF18446,KF19631,and CSC; a nonxanthine-typeadenosineA,@,
antagonist SCH 58261 (34); and an A, antagonist KF15372 (35).
The regional brain distribution of the radioactivity was measured at
15mmafterinjection.Theamountof thecoinjectedantagonists
was 50 nmol/animal for KF17837 and 100 nmol/animal for the
others.

In a third group, [â€œC]KF18446with a different amount of carrier
KF18446 was injected. The regional brain distribution of the
radioactivity was measured at 15 mm postinjection.

Metaboilte Study
Mice were intravenously injected with [â€˜â€˜CJKF18446(10â€”li

MBqIO.59â€”0.68nmol) and killed by cervical dislocation at 5, 15,
and 30 mm postinjection (n = 3â€”4).All procedures described next
were performed under dim light to prevent photoisomerization of
[â€œC]KF18446(29). Blood was obtained by heart puncture using a
heparinizedsyringe and was centrifugedto obtain plasma. The
plasma was denatured with a third volume of 20% trichloroacetic
acid in acetonithle.The mixture was centrifugedat 7000g for 2

TABLE I
Effectsof CoinjectedAdenosineAntagonistson Regional

BrainDistributionof Radioactivityat 15 MinutesAfter
Intravenous Injection of 3 11C-LabeledTracers into Mice

[â€˜1C]KF18446

[11C]KF19631

Control(15) 0.61Â±0.09 1.27Â±0.19 1.51Â±0.19 1.55Â±0.25
KF17837 1.63Â±0.10 0.70Â±0.09t 1.04Â±0.44@0.83Â±0.13t
KF19631 2.04 Â±0.18 0.75 Â±0.06t 1.09 Â±0.19t 0.89 Â±0.04t
KF18446 1.27 Â±0.22 1.21 Â±0.32 1.76 Â±0.36 1.49 Â±0.47
CSC (9) 1.66 Â±0.23 0.88 Â±0.14t 1.37 Â±0.32 0.99 Â±0.19t
S@H58261(8) 0.67Â±0.08 1.73Â±027 2.02Â±0.53 2.16Â±0.36
l(I@15372 0.55 Â±0.05 1.43 Â±0.16 1.66 Â±0.39 1.71 Â±0.15

[11C]KF17837@

Control(23) 1.41 Â±0.35 1.55 Â±0.25 4.39 Â±0.97
KF17837 1.50Â±0.27 0.97Â±0.05t 1.23Â±0.30t
KF19631 1.38Â±0.30 1.11Â±0.12t 1.52Â±0.15t
KF18446 1.63 Â±0.27 1.42 Â±0.07@1.55 Â±0.16t
CSC (8) 1.63 Â±0.10 1.51 Â±0.10 3.04 Â±0.50t
S@H58261(9) 1.51 Â±024 1.54 Â±0.12 2.10 Â±025t
KF15372 121 Â±0.12 1.59Â±0.09 4.12Â±0.66

1.62 Â±0.24
1.01Â±0.lOt
1.13Â±0.15t
1.50 Â±0.13
1.35Â±0.13t
1.81Â±0.15
1.62 Â±0.08

Control(28)0.86 Â±0.131.68 Â±0.202.30 Â±0.431.97 Â±0.29KF178371.19
Â±0.051.14 Â±0.02t1.32 Â±0.09t1.10 Â±0.03tKF196311.54
Â±0.271.26 Â±0.12t1.52 Â±0.42t1.32 Â±024tKF184461.34
Â±0.151.40 Â±0.151.73 Â±0.22t1.55 Â±0.14tCSC1

.16Â±0.181 27 Â±0.26@2.02Â±0.51I .38Â±0.29tSCH
582611 .07Â±0.082.45 Â±0.392.75 Â±0242.77 Â±0.55KF153721

.06Â±0.091 .83Â±0.172.31 Â±0.372.07 Â±0.32
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Instruments & Chemical Company Inc., Tampa, FL). The radioac
tivity was recovered quantitatively. The retention time of
[â€œC]KF18446was 6.2 mm.

Ex Vivo ARG Study in Rats
Male Wistar rats (8â€”9-wk-old)were killed 15 mm after intrave

nous injection of each of the 4 â€œC-labeledtracers (0.34-1.0
MBq/4.iâ€”65nmol/kg). The effect of coinjected carrier KF17837
(700 nmol/animal, approximately 2.8 jimol/kg) on the brain uptake
of [â€œC]KF18446was also measured at 15 mm postinjection.
Coronal and sagittal brain sections were prepared as described
previously (27,28,30). Regional brain uptake was analyzed using
an imaging plate and a bioimaging analyzer of type BAS 3000
(FUJIX; Fuji Photo Film Co., Tokyo, Japan). The regional brain
uptake of radioactivity was represented as the photostimulated
luminescence (PSL), and expressed as the PSLJmm2/MBq, in
which the injected dose was decay-corrected at the contact time.

In VitroARGStudyof [â€˜1C]KF18446inthe RatBrain
Section

In vitro ARG was performed according to the method of
Przedborski et al. (36). Coronal brain sections 20 pm thick were
prepared from young male Wistar rats. The brain sections were
preincubated in 50 mmol/L Trisâ€”HC1,pH 7.4, containing 10
mmol/L MgCl2and0.2 IU/mL adenosinedeaminasefor 30 mm at
room temperature.Then, the sectionswere incubatedin the same
buffer containing 2.3 nmol/L (100 kBq/mL) [â€œC]KF18446with
and without 20 pmol/L cold KF18446 for 30 mm at room
temperature. Blocking effect of 20 jimol/L SCH 58261 or CGS
21680 on the [â€œCJKF18446-bindingwas also examined. After
being washed with ice-cold 50 mmol/L Trisâ€”HCI,pH 7.4, contain
ing 10 mmoLFLMgCl2, the brain sections were dried on a hot plate
at 60Â°Cand then apposed on the imaging plate. The tracer binding
was measured as described earlier.

PET Study In a Monkey
A female rhesus monkey (22-y-old, 5.0 kg) was anesthetized

with 0.Oi%-0.05% isoflurane, and PET scanning was performed as
describedpreviously(30).[â€œC1KF18446(102MBq/2.2nmol)was
injected intravenously into the monkey, and time-sequential tomo
graphic scanning was performed in the transverse section of the
brain parallel to the orbitomeatal line for 60 mm (10 frames for 1
mm, 4 frames for 5 mm, and 3 frames for 10 mm). The PET camera
was a model SHR 2000 (Hamamatsu Photonics, Hamamatsu,
Japan). The camera consists of 4 ring detectors and acquires 7
slices at a center-to-center interval of 6.5 mm with a resolution of
4.0 mm full width at half maximum in the transaxial plane. Based
on MRI images as described below, regions of interest (ROIs) were
placed on the striatum, cortex, cerebellum, and thalamus, and the
timeâ€”activitycurve in the ROl was obtained for each scan of the
brain as described (30). The decay-corrected radioactivity value
was expressed as the standardized uptake value (SUV), (([regional
activity/milliliter volume])/injected activity/gram body weight).

Blood was collected from a vein at 1, 5, 15, 30, and 60 mm after
the tracer injection, and after centrifugation the plasma was
obtained.The radioactivitylevelof theplasmawasassessedas the
sUv, andthe labeledmetaboliteswereanalyzedas previously
described.

For MRI, the monkey, anesthetized with isoflurane, was posi
tioned prone, and MRI was performed in the T2-weighted sequence
(echo time/repetition time = 2000/80) parallel to the orbitomeatal
line on a 4.7-T experimental imager/spectrometer system (Unity

plus SIS 200/330; Varian, Palo Alto, CA). The slice thickness was
3 mm.

RESULTS

in Vftro Affinfty for Adenosine A1@@Receptors
The K@values of KF18446 were 5.9 nmol/L for the

adenosine A@ receptors and 1600 nmol/L for the adenosine
A, receptors, and those of KF19631 were 3.5 nmol/L for
the A@ receptors and > 10,000 nmol/L for the A1 receptors.
The affinityof the 2 compoundsfor theA@receptorswas in
the same magnitude of order as KF17837 (K1, 1.0 nmolIL for
the A@ receptors and 62 nmoIJL for the A, receptors) (33),
and was approximately 10-fold higher than that of CSC (K@,
54nmol/LfortheA@receptorsand28,000nmol/LfortheA,
receptors)(32). Thus, the highestin vitro A@JA,selectivity
was found for KF19631 (>2800), followed by [â€œC]CSC
(520),[â€œC]KF18446(270),and[â€œC]KF17837(62).

Biodistribution in Mice
Figure 2 shows the radioactivity levels (%ID/g) in the

brain, plasma, heart, and kidney after injection of
[â€œC]KF18446,[â€œC]KF19631,[â€œC]CSC,or [â€œC]KF17837
into mice. [â€œC]CSCshowed the highest brain uptake at 5
mm after injection, followed by [â€œC]KF18446,
[â€œC]KF19631,and[â€œC}KF17837.However,theradioactiv
ity of [â€œC]CSCwas rapidly washed out, whereas that of
[â€œC]KF18446 decreased more slowly and that of
[@C]KF19631 remained constant. The time course of
[â€œC}KF18446and [11C]KF19631 in the other tissues was
similar to that of [â€˜1C]KF17837 (29). The distribution
patternof [â€œC]CSCwasslightlydifferentfromthatof the3
KF compounds. The uptake of [â€œC]CSCwas relatively high
in the lung and small intestine, and the radioactivity levels in
all examined tissues decreased rapidly.

Regional Brain Distribution Study in Mice
Figure 3 summarizes the regional brain uptake of the 3

â€œC-labeledKF compounds in mice. The striatal uptake of
[@C}KF18446was greater than that of [â€œC]KF19631or
[â€œC]KF17837.The uptake of [â€œC]KF18446gradually de
creased with time, whereas that of [â€œC]KF19631increased.
The uptake of [â€œC]KF17837increased until 30 mm and then
decreased. In the cortex and cerebellum, the uptake of
[â€œC]KF19631 also increased until 30 mm and then de
creased, whereas that of [â€œC]KF18446and [@C]KF17837
gradually decreased. [â€œC]KF18446 showed the highest
uptake ratios of striatum-to-cortex and striatum-to-cerebel
lum. The ratios increased for the first 15â€”30mm, and then
slightly decreased at 60 mm. The uptake ratios for
[â€œC]KF19631and [â€œCJKF17837increased with time.

To characterize the binding sites of 3 11C-labeled KF
compounds, the blocking effects of the adenosine receptor
antagonists on the regional brain uptake of the tracers were
examined (Table 1). Each of the 4 xanthine A@ antagonists
reduced the striatal uptake of [â€œC]KF18446 and
[@C]KF17837. The order ofthe blocking effect (KF17837>
KF19631 > KF18446 > CSC) paralleled their in vitro
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affinity. In the case of the striatal uptake of [â€œC]KF19631,
the blocking by KF18446 was not significant. A nonxanthine
adenosineA@antagonist,SCH 58261 (K@,2.3 nmol/L for the
A@, receptors and 121 nmol/L for the A, receptors) (34)
significantly decreased the striatal uptake of only
[â€œC]KF18446. The uptake of 3 tracers in the cortex and
cerebellum was also slightly decreased with the coinjection
of xanthine antagonists, but some of them did not have a
significant effect. On the other hand, an adenosine A,
antagonist KF15372 (K@,3.0 nmol/L for the A, receptors and
430 nmollL for the A@ receptors) (35) did not block the
uptake of the 3 tracers in any regions.

Figure 4 shows the effect of carrier dose on the regional
brain uptake of [â€œC]KF18446.The striatal uptake remained
high up to 0.3 nmol ofthe injected dose (â€”8.5nmol/kg), and
gradually decreased with increasing dose. The uptake by the
cortex was significantly decreased to 78%â€”92%at the dose
of 3 nmol and more. The significant reduction in the

cerebellum was found only at 30 nmol. At the highest dose
(100 nmol/animal, 2.9 gimol/kg), the uptake levels were

comparable among the 3 regions.

Metabolite Study in Mice

In the HPLC analysis of plasma, in addition to
[â€œC]KF18446(retention time of 6.2 mm), unidentified
labeled metabolites 1 and 2 were found at the retention times
of 1.7 and 3.8 mm, respectively. Percentage of unchanged
[â€œC]KF18446in the plasma gradually decreased: 86.0 Â±3.5
(n = 3) at 5 mm, 83.0 Â±5.3 (n = 3) at 15 mm, and 80.8 Â±
7.3 (n = 4) at 30 mm. In the striatum and cortex, >98% of
radioactivity was detected as the unchanged form over 30
mm. Only a negligible amount of metabolite 2 was detected
at l5and30min.

Ex Vivo ARG Study in Rats
Figures 5Aâ€”Dshow the ex vivo autoradiographic images

of the rat brain at 15 mm postinjection. In the sagittal and
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FIGURE3. Regionalbraindistributionof
radioactivityafter intravenousinjectionof
[11C]KF18446(A), [11CJKF19631(B), or
[11C]KF17837(C)Intomice.
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Tracer
(no.of rats)Uptake*

Uptakeratio
stnatumto

Stnatum Cortex cortex

TABLE 2
StnatalUptakeof4 11C-LabeledTracersAssessed

by Ex VivoARG inYoungMale Wistar
Rats at 15 Minutes After Intravenous Injection

6
â€”0W--- Striatwn

@ Cortex
D@ Cerebellum

*

5@

4@

3

[11C]KF18446(5)2.19 Â±0.490.73 Â±0.203.16 Â±0.24with
KF17837(3)0.58 Â±0.190.43 Â±0.191 .42 Â±0.17[11C]KF17837t

(4)0.89 Â±0.180.59 Â±0.101.51 Â±0.08with
KF17837t(3)0.61 Â±0.140.45 Â±0.111 .36 Â±0.17[11C1KF19631

(2)1 .02 Â±0.530.67 Â±0.291 .50 Â±0.06[11C]CSC(1)1.641.101.31

2

P1â€”
1

0
0.1 1 10

KF18446dose(nmol)
100

*Uptakein AOl was assessedas the PSL/mm2/MBq.Injected
dose(MBq)wasdecaycorrectedtocontacttime.MeanÂ±SD.

tDatafor[11C1KF17837wereobtainedfromreference30.

ARG images of the control rat injected with [â€œC]KF19631
(Fig. SB), [â€œC]CSC(Fig. SC), and [â€œC}KF17837(Fig. SD),
the contrastbetweenthe striatumand the other regionswas
lessclearthanthat for [â€œC]KF18446.The uptakein the
striatum and cortex and the uptake striatum-to-cortex ratios
were assessed as the PSIJmm2IMBq and are summarized in
Table 2. Both the striatal uptake of [â€œC]KF18446and the

FIGURE 4. Effectof carrierdoseon regionalbrainuptakeof
[11C]KF1844615 mm after intravenousinjection in mice. Signifi
cant reductionwas tested againstcontrol. *@< 0.001for uptake
by stnatum;tP < 0.001, :$:P< 0.01, and â€˜@1P< 0.05for uptakeby
cortex;andÂ§P< 0.05foruptakebycerebellum(ttest,compared
withcontrol).

coronal sections ofthe control rat injected with [â€œC]KF18446
(Fig. 5A-1 and A-3), a high â€œCdensity was observed in the
caudate putamen, nucleus accumbens, and olfactory tu
bercle; the â€œCdensity was low in the other regions. In the

A-2

N@ @:

conIroi

A-3

FIGURE5. Exvivo(Aâ€”D)andinvitro(E)
autoradiogramsof rat brain section of 11C-
labeled tracers. Ex vivo ARG was per
formed 15 mmafter intravenousinjectionof
11C-labeledtracers. (A-l) [11C]KF18446;
(A-2) [11C]KF18446 withKFI7837 loading;
(A-3) [11C]KF18446 (left side) and
[11C]KF18446with KF17837 loading (right
side), in which right hemisphereof control
and left hemisphere of rat given carrier
loading tracer were put side by side for
comparative demonstration. Coinjected
dose of KF17837 was 700 nmol; (B)
[11C]KF19631; (C) [11C]CSC; and (D)
[â€˜1C]KF17837. (E) In vitroautoradiograms
with [11C]KF18446 (E-l) and with
[11C]KF18446and KF18446 loading (E-2).
CP = caudate putamen; NA = nucleus
accumbens;OT = olfactorytubercie.

controi â€˜

E-1 E-2

tots@binding non-specificbinding
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Percentage

Blocker* StnatumblockadeCortex

*20pmoVL.K@valuesfor the adenosineA@andA1receptorsare
5.9nmolILand1600nmol/LforKF18446;2.3nmoIILand121nmoVL
for SCH58261; and4.5 nmol/Land420nmoIILfor CGS21680(33).

uptake striatum-to-cortex ratio were approximately twice as
large as those of 3 other tracers. The high accumulation of
[â€˜â€˜C]KF18446in the striatum was diminished to 26% of the
control by coinjection of an excess amount of KF17837 (Fig.
5A-2 and A-3). The uptake level in the cortex was also
reducedto 59%.

In VitroARGStudyof [â€˜1C]KF18446
in RatBrainSection

Figure 5E shows the in vitro autoradiographic images of
the coronal brain sections with [â€œC]KF18446. The total
binding of [â€œC]KF18446 was also concentrated in the
caudate putamen, nucleus accumbens, and olfactory tubercle

TABLE3
Blocking Effects ofAdenosine Antagonists

on [11C]KF18446-Bindingto the Rat Brain Section
Measuredby In VitroAutoradiography

(Fig. SE-i). The total binding striatum-to-cortex ratio was
8.4 Â±2.2 (n = 3). Table 3 summarizes blocking effects of an
excess amount of KF18446 (Fig. 5E-2), SCH 58261, and
CGS 21680 on the [â€˜â€˜C]KFl8446-binding. KF1 8446 showed
the largest blockade (>90%), followed by SCH 58261 and
CGS 21680. In the cortex, approximately half of the
[â€œCJKF18446 binding to the cortex was blocked by
KF18446, but the blocking effect of SCH 58261 and CGS
21680 was smaller.

PET Study in a Monkey
Figure 6 showsimagesof the rhesusmonkeybrain

acquired by PET with [â€œC]KF18446and T2-weighted MRI
of roughly corresponding slices. A high uptake of radioactiv
ity was observed in the striatum. The uptake was also
visualizedin the cortex,cerebellum,and thalamus.ROIs
were placed based on the MRI, and the timeâ€”activitycurves
in the these regions during 60 mm are shown in Figure 7.
The radioactivity level (SUV) in the striatum was slightly
higher than those in other brain regions. The striatal activity
levelwasretainedfor theinitial20 mmandthengradually
decreased with time. The uptake ratios of striatum to cortex
and striatum to cerebellum gradually increased to approxi
mately 1.5 at 60 mm (Table 4). SUVs in plasma were 2.22 at
1 mm, 0.91 at 5 mm, 0.68 at 15 mm, 0.43 at 30 mm, and 0.28
at 60 mm. Percentagesof unchanged[â€œC]KF18446in the
plasma were >99% at 1 mm, 67.2% at 5 mm, 57.9% at 15
mm, 41.7% at 30 mm, and 28.7% at 60 mm.

KF1844691.354.3SCH5826184.827.6CGS2168075.725.0

Al

B

sUv
9000

Striatum Cerebral cortex

Cerebellum

FIGURE6. BrainPETimageofanesthetizedmonkeyscannedwith[11C]KF18446.(A)PETimages;(B)MRimages.PETimages
wereacquiredfor50 mmstartingat 10mmafterinjection.Injectiondosewas102MBq/2.2nmol.ValuesincolorscaleareSUV x 10g.
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TracerUptakesite5mm15mm30mm60mm[11CIKF1

8446MouseStnatum/cortex

Stnatum/cerebellum2.322.082.822.712.852.642.532.55RatStnatum/cortex

Stnatum/cerebellum3.162.67MonkeyStnatum/cortex

Stnatum/cerebellum1.301.201.401.221.471.261.561.46[11C]KF1
9631MouseStnaturn/cortex

Stnatum/cerebellum1
.03

0.941
.19

0.971
.33

1.031.571.23RatStnatum/cortex

Striatum/cerebellum1.501.24[11C]KF1
7837tMouseStriatum/cortex

Stnatum/cerebellum1.020.901.371.171.431.142.142.03RatStnatum/cortex

Stnatum/cerebellum1.511.17MonkeyStriatum/cortex

Stnatum/cerebellum1.181.051.311.181.281.191.291.27tData

for [11C]KF17837wereobtainedfromreference30.

accumulated in the cortex and cerebellum in the same way as
was previously observed for [â€œC]KF17837 (30), whereas
[â€œC]KF18446gradually decreased in these tissues.

As for the striatal uptake and the uptake ratios of striatum
to other regions, [â€œC]KF18446may be the most suitable
PET ligand among the 4 tracers. The [â€œC]KF18446showed
higher uptake ratios of striatum to other regions in 3 animal
speciesthan did the other 3 compounds (Table 4), which was
clearly demonstrated in the ex vivo ARG (Fig. 5). The
uptake ratios of striatum to other regions were lower in
monkey brain than in rat and mouse brain. This difference is
explained mainly by the partial-volume effect based on
liniited spatial resolution of PET. When the partial-volume
effect was simulated mathematically, based on the resolution
of PET camera used, and the area of monkey striatum
measured by MRI (37), the striatal activity was underesti
mated by about 40% by PET. Thus, the uptake ratio in
monkey brain may be compatible with that in rat and mouse
brain. In monkey brain, the isofiurane anesthesia may also
affect the regional brain uptake of [â€œC]KF18446. The
striatal uptake of [â€œC]KF18446was approximately twice as
large as that of [â€œC]KF17837in mice and rats (Table 4).
Although Stone-Elander et al. (31) pointed out low penetra
tion of the [â€œC]KF17837through the bloodâ€”brainbather in
monkeys, the striatal uptake of [â€œC]KF18446in a monkey
measured by PET (Fig. 6) was approximately 10-fold higher
at 5â€”10mm compared with our previous results with
[â€œC]KF17837 (30), and the uptake ratios of striatum to
cortex and striatum to cerebellum were slightly improved in
the monkey (Table 4). Compared with [â€œC1KF17837, a
slightly lower affinity of [â€œC]KF18446(K@,5.9 nmoLfL for
[â€œC]KF18446and 1.0 nmol/Lfor[â€•C]KF17837)resulted in
a gradual decrease in the striatal uptake ofthe [â€œC]KF18446.

The in vivo blocking study (Table 1) suggests again the
superiority of [â€œC}KF18446compared with [â€œC]KF19631
and [â€œCJKF17837.Coinjection of KF17837, which has the
highest affinity for A,,@receptors among the 4 xanthine
antagonists examined, reduced the uptake of [â€œC]KF18446
to 28% ofthe control in the striatum, whereas the correspond
ing values were 67% for [â€œC]KF19631 and 57% for
[â€œC]KF17837.

As for the [â€œC]KF18446bindingto rat brain,the total
binding ratio of striatum to cortex in the in vitro ARG study
was approximately threefold as large as that in the cx vivo
ARG study, although the ARG was performed at 15 mm
postinjection, when high uptake ratios of striatum to cortex
and striatum to cerebellum were found in mice. The
nonspecific binding in the striatum was only 9% in vitro,
whereasit was 26% ex vivo. The mostprobablereasonfor
this discrepancy is the methodological basis. The nonspecifi
cally bound ligand is most likely washed away more
efficiently in the in vitro experiments, compared with the
slower in vivo clearance. The effect of metabolism of
[â€œC]KF18446on the nonspecific binding in vivo may be
negligible as discussed below.

As for metabolism, [â€œC}KF18446was stable to metabolic

. Striation
â€”0-â€” Cortex

â€”&-- Thaiam@

â€”0--- CerebellumI
I

0 30 60
Time after injection (mm)

FIGURE7. Timeâ€”actMtycurveson rhesusmonkeybrainafter
intravenous injection of [11C]KF18446.

DISCUSSION

In this study, we compared the potential of 4 â€œC-labeled
xanthine-type adenosine A2a receptor antagonists as PET
ligands for mapping adenosine A@receptors in the CNS, and
have found that [â€œC]KF18446is the most suitable tracer.

By the tissue-sampling method in mice and ex vivo ARG
in rats, all 4 tracers were taken up by the striatum, which is
rich in adenosine A@ receptors, at a higher level than by the
other brain regions. This is consistent with the distribution of
the adenosine A,@,receptors measured by an in vitro binding
assay with the brain membrane fraction (9) or by in vitro
ARG (10). Among the 4 tracers, [â€œC}CSCwas rapidly
washed out from the brain in vivo (Fig. 2). [â€œC]KF19631

TABLE 4
Uptake Ratios of 3 11C-LabeledTracers in Mice,

Rats, and a Monkey
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alteration. Over 80% of the radioactivity in the plasma of
mice was detected in the unchanged form for 30 mm
postinjection, when the analysis was carefully undertaken
under dim light to prevent the isomerization of[â€•C]KF18446.
A preliminary metabolite study in monkeys suggested that
peripheral degradation of [â€˜â€˜C]KF18446seemed to be faster
than in mice. On the other hand, the labeled metabolites
were negligible in the brain tissues of mice. This is a striking
contrast to the metabolism of the xanthine-type adenosine A,
ligand [â€œC]KF15372and its derivative (27,28). They were
degraded faster in the plasma than in [â€œC]KF18446, and
their labeled metabolites were also detected in brain tissues.

This study also showed the presence of saturable binding
sites for the 3 â€˜â€˜C-labeledKF compounds in the cortex and
cerebellum that had been considered to lack A@ receptors
(Table 1). For example, coinjection of KF17837 reduced the
uptake of [â€œC]KF18446to 63% and 62% of the control in
the cortex and cerebellum, respectively, and the correspond
ing figures were 55% and 54% for [â€œC]KFl963l and 68%
and 56% for [â€œC]KF17837.However, recent in vitro studies
also showed that the An-like receptors were also found in
the hippocampus and cortex (11â€”14).The binding of a
standard A2areceptor ligand [3H]CGS 21680 in these tissues
may be distinctly different from the classic adenosine A@,
receptors present in the striatum and was also different from
other defined receptor subtypes.

The reported Bm@and K@,values are 353 pmol/mg protein
and 58 nmollL in the hippocampus, 264 pmol/mg protein
and 58 nmol/L in the cortex, and 419 pmollmg protein and
17 nmollL in the striatum (14). The cortical binding site of
[3H}CGS 21680 was clearly discriminated with another
selectiveadenosineA@receptorantagonistSCH58261(38).
These findings may explain why the 3 â€˜â€˜C-labeled KF
compounds bound to specific binding sites (atypical A2a
receptors) in the cortex and cerebellum in this study. Figure
3 indicates that the time courses of the uptake of these
compounds in the cortex and cerebellum were qualitatively
different from those in the striatum, suggesting that the
tracer binding in the cortex and cerebellum may have
different kinetics from that in the striatum. PET measure
ment of monkey brain also showed a comparable tracer
uptake in the thalamus, cortex, and cerebellum. The specific
binding of [3HJCGS 21680 and [3H]SCH 58261 was also
found in certain thalamic nuclei and throughout the cerebral
cortex by in vitro ARG of postmortem human brain (39).

Currently, a selective A@receptor agonist [3H]CGS 21680
is widely used as a standard ligand for in vitro studies of
adenosineA,@,receptors.Thecharacteristicsof radiolabeled
KF18446 were slightly superior to those of [3H]CGS21680.
In the membrane binding studies, the A@,/A, selectivity was
270 for [â€œC}KF18446and 94 for [3H]CGS 21680 (33). By
in vitro ARG, nonspecificbinding of [â€œC]KF18446in the
striatum was 9% of the total binding, whereas the corresponding
value for @HJCGS21680 was estimatedto be 19% (10). The
totalbindingratioofstriatum to cortexwas 8.4for [â€œC]KF18446
and 4.6 for @HICGS21680 (13). The present in vitro ARG study

(Table 3) shows that the [â€œC]KF18446-bmdingto the striatum
was competitively reduced by CGS 21680 and another selective
adenosine A@ receptor antagonist SCH 58261, whereas the
blocking effect was the largest in the self-competition
(KF18446 > SCH 58261 > CGS 21680). A similar but smaller

blocking effect was also found in the [â€œC}KF18446-bindingin
the cortex.These results indicate that the major binding sites of
these 4 compounds are typical adenosine A@receptors in the
stiiatum. The results also provide additional evidence for the
presence of unknown specific sites (atypical adenosine A@

receptors)thatdifferfrom any ofthe definedadenosinereceptors
as discussed previously (11-14,38). We performed an in vitro
membrane binding assay of KF18446 for several other neurore
ceptors:adrenergica@,a2, and @3,;dopamineD, and D2;agonist
site of GABAA@ benzodiazepinesite of GABAA;histamine
H, and H2; nonselective muscarine; mcotinic acetylcholine; and
serotonin 5HT,A and 5-HT2. The affinity of KF18446 could not
be detectedfor anyofthese receptors(< 10pmol/LofK@values).

An interestingfinding is that a nonxanthine-typeadeno
sineA@,receptorantagonistSCH 58261 significantlyre
duced the striatal uptake ofonly [â€œC]KF18446in the in vivo
experiment (Table 1). Although the K@value of SCH 58261
for the A@ receptors (34) is the same magnitude of order as
those of the 3 KF compounds in the membrane binding assay
using [3H]CGS 21680 as a radioligand, the blocking effect of
SCH 58261 was smaller than that of the 3 KF compounds.
The 3 xanthine-typeKF compoundsand SCH 58261 may
recognize in vivo different binding sites besides the typical
A@receptors as discussed earlier. We also reported a similar
phenomenon supporting this speculation. In a previous
study, the striatal uptake of [â€œC]KF17837was not blocked
by SCH 58261 or by another nonxanthine antagonist, ZM
241385 (30). Among the peripheral organs, [â€œC]KF17837was
taken up by the heart in mice (29) and in rabbits (40), which
suggestsits affinity for the myocardial adenosineA@receptors.
The PEF study in rabbits showed that the blocking effect of
SCH 58261 and ZM 241385 on the myocardial uptake of
[â€œC]KF17837was smaller than that of CSC (40). The different
blocking effects between xanthine and nonxanthine adenosine
A@,antagonists on the myocardial uptake of [â€œC}KF19631in
micewere alsofound(unpublisheddata).Blockadeofthe striatal
uptake of [â€œC]KF18446by SQl 58261 may reflect that the
affinityof KF18446for adenosineA@receptorsis slightlylower
than that of KF17837 and KF19631, and that KF18446 may
have a property analogous to SCH 58261 for the A@receptors.
The binding properties of various A@ receptor antagonists and
agornsts is now under investigation in vitro and in vivo.

CONCLUSION

The regional brain distribution and blocking studies in
mice and the ex vivo ARG with blocking studies in rats have
shown that all 4 â€˜â€˜C-labeled xanthine-type antagonists
demonstrate specific accumulation in the striatum, in which
adenosine A@ receptors are exclusively localized. However,
the presenceof atypical binding sites for these xanthine
compounds was suggested in other brain regions, such as the
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receptors in the postmortem human brain: an extended autoradiographic study.
Synapse. 1997;27:322â€”335.

40. Ishiwata K, Sakiyama Y, Sakiyama T, et al. Myocardial adenosine A@ receptor
imaging ofrabbitby PE1'With carbon-I 1-KF17837. Ann Nod Med l997;l 1:219â€”225.

cerebral cortex and cerebellum. As for the selectivity for the
striatum, [â€œC]KF18446is much superior to [â€œC}KF19631
or [â€˜â€˜C]KF17837. As demonstrated in a PET study of a
rhesusmonkey,[â€œC]KF18446has a potentialas a PET
tracer for mapping adenosine A@,receptors in the brain.
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