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The carbon-11-labeled selective adenosine A, antagonist KF15372
([1-propyi-' ' CJ8-dicyclopropyimethyi-1,3-dipropyixanthine) was eval-
uated in vivo as a PET ligand for mapping CNS adenosine A,
receptors. Methods: The regional brain distribution of [''CJKF15372
and the effects of adenosine antagonists on the distribution were
determined in mice by tissue sampling. In rats, in which the retinal
projection fibres to the superior colliculus had ed due to
unilateral eye removal, the brain distribution of [''CJKF15372 was
visualized by ex vivo autoradiography. Results: The mouse brain
uptake of [''CJKF15372 was 1.8% i.d./g at 5 min and then it gradually
decreased. The uptake was high in the hippocampus, cerebral cortex,
striatum and cerebellum, and was significantly reduced by A, antag-
onists but not by A, antagonists. The brain distribution of ''C
assessed by the tissue sampling and autoradiography was compati-
ble with that of the A, receptors. Autoradiography clearly visualized
unilaterally decreased A, receptor binding in the superior colliculus.
Conclusion: The results demonstrated that [“C]KF15372 is a selec-

tive and high-affinity adenosine A, receptor ligand and is useful for
detecting the degeneration of presynaptic neurons.
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Adenosine is present in large amounts in the mammalian
brain. Adenosine is an endogenous modulator that mediates the
effect of general depression of central nervous system (CNS)
activity (/-3). The biological effects of adenosine are mediated
via interaction with at least two classes of adenosine receptors
designated A, and A,. A, receptors have relatively high affinity
for adenosine and act on adenylate cyclase in an inhibitory
manner, while A, receptors have lower affinity for adenosine
and stimulate adenylate cyclase. It is now known that A,
receptors are G protein-linked and can act through effectors
other than adenylate cyclase, including potassium channels,
calcium channels, phospholipases A, and C and guanylate
cyclase (2).

A, receptors are present throughout the presynaptic region of
excitatory neurons (4-10), being rich in the hippocampus,
cerebral cortex, thalamic nuclei, the basal ganglia and the
cerebellar cortex in animals (//-/4) and humans (/5). Extra-
cellular adenosine may control the synaptic transmission in the
CALl region of the hippocampus (/6).

PET has been applied to studies of ligand receptor interac-
tions and has provided a significant amount of information
about the neurochemistry of neurodegenerative disorders
(17,18). Considering the physiological roles of adenosine and
its receptors, the visualization of A, receptors by PET could
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provide a new tool for evaluation of presynaptic function of the
CNS and damage in brain disorders.

Some xanthine derivatives are selective and high-affinity A,
antagonists and have been proposed as therapeutic agents for
cognitive deficits and renal failure (2,3). We (/9) synthe-
sized ''C-labeled 8-dicyclopropylmethyl-1,3-dipropylxan-
thine (KF15372, Fig 1), a potent A, antagonist (a Ki value
for the A, receptor is 3.0 nM) (20). The mouse brain uptake
of the [''C]KF15372 was significantly higher than that of the
weaker antogonist 7-[''C]methyl-KF15372, and reduced by
the co-injected carrier KF15372 but not by an A, antagonist
(19). The aim of this study was to evaluate the potential of
[''C]KF15372 as a PET radioligand for mapping CNS
adenosine A, receptors. We mvestlgated the regional brain
distribution of the [''C]JKF15372 in mice and the effect of
adenosine antagonists on the distribution. Ex vivo autora-
diography revealed the degeneration of presynaptic neurons
in the rat model with unilateral eye removal.

MATERIALS AND METHODS

8-Dicyclopropylmethyl-1,3-dipropylxanthine (KF15372) and
(E)-1,3-dipropyl-8-(3,4-dimethoxystyryl)-7-methylxanthine (KF17837)
were prepared as described (20-22). 8-Cyclopentyl-1,3-dipropyl-
xanthine (DPCPX) and 3,7-dimethyl-1-propargylxanthine (DMPX)
were used in this study. Caffeine was also used.

Carbon-11 KF15372 was synthesized as described (/9) (Fig. 1).
Briefly, [''C]propyl iodide was trapped in 0.2 ml of dry DMF
containing 1 mg of the 1-despropyl compound and 2 mg of NaH.
The solution was heated at 110°C for 5 min. After adding 1.0 ml of
0.1 M HC, the solution was loaded onto an ODS column (20 mm
i.d. X 150 mm), and eluted with a mixture of acetonitrile and water
(45/55, vIv) at a flow rate of 20 ml/min. The [''C]KF15372
fraction (retention time: 13~14 min) was evaporated to dryness.
The residue was dissolved in physiological saline containing
Tween 80, and its membrane filtration produced radiochemically
pure [''C]KF15372 with a specific radioactivity of 10~56 GBq/
pmole.

Male ddY mice (33~39 g) were divided into four groups. The
first group was intravenously injected with [''C]KF15372
(300~650 kBq/50~100 pmole) and killed by cervical dislocation
5, 15, 30 and 60 min postinjection. The blood was collected by
heart puncture and the tissues were harvested. Samples were then
assayed for ''C in an auto-gamma counter and weighed. The tissue
uptake of ''C was expressed as the percent injected dose per gram
of tissue.

The second group was also injected intravenously but with
[''CIKF15372 together with one of the following four adenosine
antagonists (1-to-100 nmole/animal): selective adenosine A, an-
tagonists KF15372 and DPCPX and selective A, antagonists
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["'CIKF15372: R, CH;CH,''CHy; R;, n-Pr; Ry, H; Ry, dicyclopropylmethyl
DPCPX: R, n-Pr; R;, n-Pr; R;, H; Ry, cyclopentyl

KF17837: R, n-Pr; Rs, n-Pr; Ry, Me; Rg, 3,4-dimethoxystyryl

DMPX: R,, propargyl; R3, Me; Ry, Me; Rg, H

caffeine: R, Me; R;, Me; R;, Me; Rg, H

FIGURE 1. Chemical structures of [''C]KF15372 and adenosine antagonists.

DMPX and KF17837. The brain uptake was measured 15 min after
injection.

The third group was administered [''C]JKF15372 intravenously
together with carrier KF15372 (100 nmole/animal), and the re-
gional brain distribution was determined at 5, 15 and 30 min later
by standard procedures. The brain was divided into the cerebral
cortex, hypothalamus, hippocampus, striatum, midbrain, medulla
oblongata and cerebellum (23).

In the fourth group of mice, the effects of co-injected adenosine
antagonists (100 nmole/head): DPCPX, DMPX, KF17837 or the
nonselective antagonist caffeine on the regional brain distribution
were measured after 15 min.

Metabolite Study

Mice were intravenously injected with [''C]JKF15372 (10~14
MBg/0.3~0.6 nmole), and killed by cervical dislocation at 5, 15
and 30 min postinjection. Long-Evans rats (56~76 g) were injected
intravenously with [''C]JKF15372 (75~90 MBgq/2.7~3.7 nmole),
and killed 15 min later. The cerebral cortex or cerebellum was
homogenized in 1 ml of 10% trichloroacetic acid in acetonitrile/
water (4/6, v/v). After centrifugation at 7000 g for 2 min, the
precipitate was resuspended in the same solvent followed by
centrifugation. This procedure was repeated once. The plasma was
denatured with an equivalent volume of 20% trichloroacetic acid in
acetonitrile. The mixture was processed as described above. Over
98% of the radioactivity was recovered in the supernatant. Com-
bined supernatants of the cortex, cerebellum or plasma were loaded
onto a Nova-pak C18 column equipped in an RCM 8 X 10 module
(8 mm X 100 mm, Waters) and eluted with a mixture of
acetonitrile and 3% triethylamine-H,PO, (pH 2.0) (4/6, v/v) at a
flow rate of 2 ml/min. The elution profile was detected with a
radioactivity monitor, and the amount of radioactivity in 1 or 2 ml
was measured with an auto-gamma counter. Recovery of the
radioactivity was essentially quantitative.

Autoradiography Study
At postnatal Day 10, Long-Evans rats (17~23 g) were anesthe-

tized and the right eye was removed. At 10, 14 and 20 days later,
the rats were killed 15 min after intravenous injection of
[''CIKF15372 (75~90 MBg/2.5~3.7 nmole). The brain was
rapidly dissected, frozen and cut coronally into 20-um thick
sections using a cryotome at —15°C. The sections were mounted
on glass slides, dried on a hot plate at 60°C and apposed to an
imaging plate.
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FIGURE 2. Tissue distribution of radioactivity in mice after an intravenous
injection of [''C]JKF15372 with and without carrier KF15372. Mean + s.d.
(h=4).

RESULTS
Biodistribution Study

A high uptake of [''C]JKF15372 was found in the liver
followed by the kidney, heart, muscle and brain (Fig. 2). The
11C levels of all these tissues gradually decreased. The blood
clearance rate was slow and the brain-to-blood ratio was
0.25~0.34.

Figure 3 shows the effects of co-injected doses of adenosine
antagonists on the whole brain uptake of [''C]JKF15372. The
uptake decreased depending on the dose of carrier KF15372 and
A, antagonist DPCPX, whereas A, antagonists DMPX and
KF17837 scarcely affected the brain uptake.

In the brain, the uptake of [''C]JKF15372 was high in the
hippocampus, cerebral cortex, striatum and cerebellum (Table
1). The "'C levels gradually decreased in all regions. The
co-injection of carrier KF15372 significantly reduced the up-
take at all three time points and in all brain regions sampled, in
which the ''C levels were comparable.

As shown in Figure 4, the uptake of [''C]JKF15372 was
significantly reduced in all brain regions by co-injection of the
A, antagonist DPCPX. On the other hand, little effect was
found when A, antagonist DMPX or KF17837, or the nonse-
lective weak antagonist caffeine was injected.
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FIGURE 3. Effect of a loading dose of adenosine ists on the brain
uptake 15 min after intravenous injection [''C]KF15372 into mice. The brain
uptake was nommalized as a percentage of the respective control (mean,
n = 4).
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TABLE 1
Regional Brain Distribution of Carbon-11-KF15372 in Mice and the
Effect of Carrier KF15372 on the Distribution

%I|D/g tissue control
carrier KF15372
5 min 15 min 30 min
-+ + +
Cerebral cortex 2.00 = 0.14 183 £ 028 0.83 = 0.19
1.03 = 0.06*° 123 = 0.16¢ 0.34 = 0.07"
+
Hypothalamus 140 = 0.16 149 * 0.18 091 * 0.26
097 = 0.11"  0.88 * 030 040 * 0.25'
<+ -+
Striatum 2.09 = 0.22 2.08 = 0.30 1.25 + 0.52
1.14 £ 023  0.89 = 027" 035 = 0.12*
184 + 020 1.81 * 0.28
Hi ous 0 1.39 *= 048
121 £ 0211 126 = 0.16¢ 069 = 0.23*
Midbrain 177 £ 0.10 134 = 033 075 = 0.15
096 + 0.07° 0.51 = 0.09° 034 * 0.09'
56 = 0. 131 = 0.
Medulla 1.56 = 0.26 31 2015 065 + 0.12
1.02 = 0.08' 073 = 0.13* 040 + 0.13*
2.00 * 0.18 164 =+ 040  0.85 + 0.07
Cerebellum
1.09 = 0.04* 095 * 0.15* 0.38 = 0.07*

Injected carrier KF15372: 100 nmole/animal. Mean * s.d. (n = 4~5).
Student’s t-test was performed to evaluate the control and the group given
carrier: *p < 0.05, 'p < 0.01 and *p < 0.001.

Metabolite Study

In the HPLC analysis of plasma, besides [''C]JKF15372
(retention time of 10 min), unidentified labeled metabolites one
and two were detected at retention times of 4.1 and 7.0 min,
respectively. As shown in Table 2, the labeled metabolites
increased with time in the plasma. In the cerebral cortex and
cerebellum, metabolites one and two were also detected. At 15
min after the injection 90% of the ''C was detected as
[''C]JKF15372 in both mice and rats.

Autoradiography Study

Figures 5 and 6 show the autoradiography images of the brain
sections of the rats that had undergone the right unilateral
orbital enucleation. The highest ''C density was found in the
cerebral cortex, thalamus (LD, MD and V), hippocampus (CA1
and CA3), lateral geniculate complex (LG), medial geniculate
nucleus (MG) and cerebellar cortex (molecular la?'er, Mol). As
clearly shown in Figure 6, a high density of ''C was also
observed in the superior colliculus of the right hemisphere (the
left side in the images), whereas the density in the left
hemisphere of the superior colliculus was greatly diminished at
7, 14 and 20 days postenucleation.

DISCUSSION

The evidence presented here suggested that [''CJKF15372 is
a selective and high-affinity adenosine A, ligand in vivo and
useful for detecting the degeneration of presynaptic neurons.

Tissue sampling showed that the regional brain distribution
of [''C]JKF15372 was consistent with that of A, receptors
(11-14). The ex vivo autoradiograms (Fig. 5) were similar to
the in vitro autoradiogram obtained with [*H]cyclohexylad-
enosine (/4). The levels of [''C]KF15372 gradually decreased
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FIGURE 4. Effects of adenosine antagonists on the regional brain distribution
of [''C]JKF15372 at 15 min after an intravenous injection into mice. The
injected dose of each antagonist was 100 nmole/animal. The brain uptake
was normalized as percentage of the respective control (mean, n = 4).
Student’s t-test was performed between the control and each group: *p <
0.05, "*p < 0.01 and **p < 0.001.

in all brain regions, suggesting reversibility of the tracer or
relatively low affinity in vivo. We point out that the A, receptor
selective uptake was even observed at 5 min after injection. The
selectivity of [''C]KF15372 for the A, receptors was demon-
strated by the fact that the brain uptake was reduced by the A,
antagonists KF15372 and DPCPX, but not by the A, antago-
nists KF17837 and DMPX. Because of weak affinity (Ki, >100
M) (20), the nonselective antagonist caffeine did not result in
a significant reduction in the brain uptake. The results indicated

TABLE 2
Percentages of Labeled Metabolites of Carbon-11-KF15372 in
Mice and Rats
Metabolites (%)
Metabolite 1 Metabolite 2 [''C]JKF15372
Plasma Mouse
5 min 38020 1720 60.2 + 4.0
15min 53567 30+1.0 37727
30min 649 * 12 1.7+09 144 + 46
Plasma Rat
15min  53.7+ 2.1 1.2+04 328 + 6.8
Cerebral cortex Mouse
5 min 70+25 0.1 +01 929 +24
15 min 70+25 08 +0.8 913+ 21
30min 21.1+69 04 +06 809 +25
Rat
15 min 8126 08+1.0 896 + 238
Cerebellum Mouse
5 min 49 + 06 nd 95.1 + 0.6
15 min 85+32 0807 90.2 + 3.8
30min 203 =47 15+26 783 +23
Rat
15 min 6.9 +20 04 +05 919 + 31

Mean * s.d. (n = 3). nd; not detected.
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FIGURE 5. Autoradiograms of the brain sections at 15 min after intravenous
injection of [''C]JKF15372 into a rat at 20 days after unilateral eye removal.
Left images show cresyl! violet staining, and the right represents autoradio-
graphic images. The right hand hemisphere of the brain was located in the
left of each image. CA1 and CA3, CA1 and CAS subfields of the hippocam-
pus; CP = caudate putamen; G = granule cell layer of cerebellar cortex;
LD = laterodorsal thalamic nucleus; LG = lateral geniculate complex; MD =
mediodorsal thalamic nucleus; MG = medial geniculate nucleus; Mol =
molecular layer of cerebellar cortex; SC = superior colliculus; V = ventral
thalamic nuclei.

that [''C]JKF15372, a ligand which displays 140-fold higher
affinity for A, than A, receptors in vitro (20), can also
distinguish between these receptors in vivo.

In the metabolite study, the presence of labeled metabolites
of [''C]JKF15372 in the brain tissues can be explained in two
ways. The [''C]KF15372 was degraded peripherally to metab-
olites, which were transferred from plasma to brain tissue.
Otherwise, the metabolites were produced in the brain tissue.
Considering the metabolism of caffeine and the retention times
of labeled metabolites in the HPLC, the metabolites may be
hydrophilic compounds such as desalkylated KF15372 and
hydroxylated compounds.

Another potential disadvantage of this compound in vivo is
the low brain-to-blood ratios of the radioactivity. As indicated
(19), ['"'"C]KF15372 was present in the plasma but not taken up
by blood cells. Lipophilicity of the compound facilitated the
penetration of the blood-brain barrier, whereas the binding to
the plasma proteins probably interferes with absorption of the
compound by the organs. In spite of these disadvantageous

FIGURE 6. Autoradiograms of rat brain sections 15 min after an intravenous
injection of [''CJKF15372 14 days after unilateral eye removal. Arrow indi-
cates the marked decreased uptake of [''C]JKF15372 in the left superior
colliculus connected to the right enucleated eye.

properties, the usefulness of [''C]JKF15372 was demonstrated
by the ex vivo autoradiography, in which we used a rat model
in which the right eye was enucleated (5,25,26). The rat has a
well-developed retinotectothalamocortical system in the visual
system. The majority of retinal impulses (65%) are transmitted
to the superior colliculus (27). A, receptors are abundant in the
synaptic terminals of retinal projection fibers (5,25). Retinal
projection fiber loss reaches a maximum at seven days after eye
removal (26). Therefore, the reduced uptake of [''C]KF15372
in the left superior colliculus which receives visual input from
the enucleated right eye (Figs. S, 6), indicates a loss of A,
receptors in the presynaptic terminal. The images reflect degen-
eration of the retinal projection fibers.

Because of localization of the A, receptors in the presynaptic
membranes, PET studies with [''CJKF15372 possibly assess
the activities in the presynaptic neurons, as demonstrated above
by the ex vivo autoradiography study. On the other hand, the
activities in the postsynaptic neurons are usually assessed by
other tracers measuring glucose metabolism (['*F]fluorodeoxy-
glucose) and blood flow (['*O]water or ['*0]CO,). Therefore,
trans-synaptic processes neuroanatomically associated with
neuronal damage or degeneration could be evaluated by PET.
Recently, Nagasawa et al. reported that alteration of the A,
receptors binding was involved in ischaemic foci as well as in
remote areas outside them (28).

CONCLUSION

Tissue sampling and ex vivo autoradiography suggest that the
regional brain distribution of [''C]KF15372 is consistent with
that of the adenosine A, receptors found in mice and rats. The
brain uptake of the [''C]JKF15372 was competitively reduced
by the co-administration of A, but not A, antagonists. The ex
vivo autoradiography on the rat model with unilateral orbital
enucleation, visualized the A, receptor deficiency in the pre-
synaptic terminals. These pieces of evidence demonstrated the
potential of [''C]KF15372 as a radioligand mapping for CNS
adenosine A, receptors.
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Iodine-123-5-Iodo-6-Nitroquipazine: SPECT
Radiotracer to Image the Serotonin Transporter
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Because serotonergic function has been implicated in the patho-
physiology of a number of diseases of the nervous system, efforts to
image this system in vivo have received considerable recent atten-
tion. Promising preliminary results with the tracer 5-iodo-6-nitroqui-
pazine (INQUIP) have prompted us to perform further studies
designed to validate the use of the tracer as an in vivo ligand for the
serotonin transporter. Methods: We studied six adult macaca
mulatta in eight experiments which involved SPECT imaging at 17 to
24 hr post-tracer injection, including three experiments with coinjec-
tion of the '23I- and '?%|-radiolabeled tracer for direct comparison of
autoradiography and SPECT, and three experiments in which ani-
mals were lesioned with the serotonergic neurotoxin (+)3,4-methyl-
enedioxymethamphetamine (MDMA). In addition, we evaluated the
metabolism of the tracer in the brain and periphery. Results: SPECT
images obtained at 17 and 24 hr reflected the known pattern of
distribution of serotonin transporters and also showed close corre-
spondence to the autoradiograms. Ratios of binding in the brain-
stem to binding in the cerebellum were close to 3 at 17 hr.
Autoradiograms from an MDMA-treated animal showed up to 95%
reductions of binding, while the SPECT data showed smaller reduc-

* Received May 10, 1995; revision accepted Aug. 16, 1995.
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Imaging, 55-121, Lawrence Berkeley Laboratory, Berkeley, CA 94720.

tions. Virtually all of the tracer in the brain stem was in the form of
unmetabolized parent compound, but plasma showed rapid periph-
eral metabolism of the tracer. Conclusion: These results demon-
strate that INQUIP SPECT images are sensitive measures of in vivo
binding to the serotonin transporter, and support the further devel-
opment of the tracer as a method for the in vivo study of seroton-
ergic neurons in humans.

Key Words: iodine-123-5-iodo-6-nitroquipazine; serotonin trans-
porter
J Nucl Med 1996; 37:1207-1214

Analysis of serotonergic (5-hydroxytryptamine, 5-HT) com-
ponents of the nervous system is potentially important in the
understanding of a number of pathological conditions. Seroton-
ergic neurons degenerate in both Alzheimer’s disease and
Parkinson’s disease (/,2), and reductions in serotonergic func-
tion have been linked to the presence of depression in Parkin-
son’s disease (3) and to specific behavioral characteristics in
Alzheimer’s disease (4). Differential degeneration of this neu-
rotransmitter system may thus play a role in defining the
clinical heterogeneity of these diseases and in producing dis-
tinguishing features which have been labeled as subtypes of the
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