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INTRODUCTION

ADENOSINE is an endogenous modulator of a number of
physiological functions in the central nervous system
(CNS) as well as in peripheral organs.1–3 Among four
subtypes i.e., A1, A2A, A2B, and A3 receptors in the CNS,
adenosine A1 receptors exhibit a higher affinity for aden-
osine and inhibit adenylyl cyclase, and are present both
pre- and post-synaptically in many regions, being rich in
the hippocampus, cerebral cortex, thalamic nuclei, the

basal ganglia and the cerebellar cortex.4–8 Adenosine A2A

receptors exhibit a lower affinity for adenosine, stimulate
adenylyl cyclase and are highly enriched in the striatum,
nucleus accumbens and olfactory tubercle, in which
dopamine D1 and D2 receptors are localized at very high
densities.8–10 The in situ hybridization technique has
demonstrated co-expression of adenosine A2A receptor
mRNA and dopamine D2 receptor mRNA mainly in
striatopallidal γ-aminobutyric acid (GABA)-ergic-
enkephaline neurons.11–14

A limited number of post-mortem human studies on the
adenosine A2A receptors have been reported. In patients
with Huntington’s disease in which selective degenera-
tion of the striatopallidal neurons is one of the pathologi-
cal features, the adenosine A2A receptor density is signifi-
cantly reduced in the striatum.15,16 A loss of adenosine
A2A receptor binding in the caudate nucleus, putamen and
external globus pallidus was more predominant than that
of dopamine D2 receptor binding.16 In patients with
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Parkinson’s disease characterized by selective degenera-
tion of nigrostriatal dopamine neurons, the adenosine A2A

density is not significantly affected.15 On the other hand,
a significant decrease in the level of adenosine A2A

receptor mRNA was found in the anterior and posterior
caudate nucleus and anterior dorsal putamen of the pa-
tients who died of Parkinson’s disease and who were
receiving treatment with dopaminergic drugs, whereas a
significant increase was observed in the substantia nigra
pars reticulata when compared to age-matched controls.17

In the post-mortem brain of the schizophrenic patients,
there was a significant increase in the specific binding of
adenosine A2A selective [3H]CGS21680 in the putamen
and caudate, but not in the globus pallidus of the externa,
compared to those of controls.18 Therefore, positron emis-
sion tomography (PET) with selective radioligands has
the potential to investigate the physiological roles of the
adenosine A2A receptors in the human brain, and can
provide a new diagnostic tool for neurological and psychi-
atric disorders.

Based on the these backgrounds, we have proposed
several positron-emitting ligands for mapping the CNS
adenosine A2A receptors . 19–24 Among them,
[11C]KF1844621,22 {[7-methyl-11C]-(E)-8-(3,4,5-
trimethoxystyryl)-1,3,7-trimethylxanthine} and
[11C]KF2121324 {[7-methyl-11C](E)-8-(2,3-dimethyl-4-
methoxystyryl)-1,3,7-trimethylxanthine} have promising
properties as PET ligands. [11C]KF18446 has been suc-
cessfully applied to the imaging of the adenosine A2A

receptors in the monkey striatum by PET.21 In the present
study, to demonstrate the usefulness of [11C]KF18446,
we investigated whether [11C]KF18446 PET can detect
the change in adenosine A2A receptors in a rat model of
Huntington’s disease, in which quinolinic acid, an
excitotoxin, was injected into the striatum to degenerate
dopaminergic neurons. We also compared the degenera-
tion of dopamine D1 and D2 receptors in the same rat
model. Ex vivo and in vitro autoradiography was also
performed to validate the PET signals. The rat model used
has been well established.25–29 Although the rat brain is
small for quantitative PET measurement, the changes in
dopamine D2 receptors in the rat model were semi-
quantitatively evaluated.30,31

MATERIALS AND METHODS

Materials
2-Chloroadenosine, cis-(z)-flupentixol, haloperidol hy-
drochloride and ketanserin were purchased from Re-
search Biochemical, Inc. (Natick, MA, USA). Quinolinic
acid was purchased from Sigma (St. Louis, MO, USA).
Adenosine diaminase was purchased from Boehringer
Mannheim (Indianapolis, IN, USA). Other chemicals
were purchased from Wako Pure Chemical Industries
(Tokyo, Japan).

Radiosynthesis of [11C]KF18446,21 [11C]SCH 23390,32

[11C]raclopride33 and [11C]flumazenil34 was carried out
by 11C-methylation of the respective demethyl compound
as described previously.

Quinolinic acid-lesioned rats
Male Wistar rats were obtained from Tokyo Laboratory
Animals Company (Tokyo, Japan). The animal studies
were approved by the Animal Care and Use Committee of
Tokyo Metropolitan Institute of Gerontology.

The rat model for the degeneration of striatal striato-
pallidal neurons was prepared by intrastriatal injection of
quinolinic acid as described previously.27,30 Briefly, the
rat (8–10 weeks old) was anesthetized with pentobarbital
(50 mg/kg, i.p.) and the head was positioned in a stereo-
taxic frame. The quinolinic acid solution (500 nmol in 2
µl) in 0.1 M phosphate buffer (pH 7.2) was infused into the
right striatum at the coordinates AP = + 0.0 mm, L = + 3.0
mm, V = + 4.0 mm from the bregma in the atlas of Paxinos
and Watson35 over a 10-min period by using a micro-
infusion pump. Five days after the treatment, a total of 26
rats weighing 199 ± 50 g were used in the experiments
described below. Nine rats weighing 295 ± 36 g were
used as the control after treatment with the phosphate
buffer without quinolinic acid in the same manner.

PET study
PET measurement was performed in 12 quinolinic acid-
treated rats and in six control rats with a model SHR-2000
camera (Hamamatsu Photonics K.K., Hamamatsu, Ja-
pan) as described previously.30,31,36,37 The camera pro-
vides a set of 14-slice images at center-to-center intervals
of 3.25 mm with an image spatial resolution of 4.0 mm full
width at half maximum and an axial resolution of 5.0 mm
full width at half maximum. Each rat was anesthetized
with isoflurane (2.0%) and was positioned prone on a
stereotaxic head holder. After a transmission scan to
correct for photon attenuation, the 11C-labeled ligand was
injected through the tail vein via a catheter and a time
sequential tomographic scan was performed for 60 min
(20 frames by 30 sec and 50 frames by 1 min). Up to three
radioligands, in the order [11C]KF18446, [11C]raclopride
and [11C]SCH 23390, were given at 90–120 min intervals,
and the PET scanning was successively performed on the
same animals. Because the half-life of 11C was 20 min, the
residual radioactivity was negligible in the succeeding
PET measurements. In two quinolinic acid-treated rats
that had an MRI scan as described below, PET measure-
ment with [11C]flumazenil (n = 2) was performed last to
acquire data for PET-MRI registration. Altogether seven
quinolinic acid-treated rats were scanned for each of
the three radioligands. Three, 5 and 4 of the six control
rats were scanned with [11C]KF18446, [11C]SCH 23390
and [11C]raclopride, respectively. Injected doses of
radioligands were 9.9 ± 0.8 MBq/0.33 ± 0.08 nmol for
[11C]KF18446, 10.6 ± 1.7 MBq/0.48 ± 0.33 nmol for
[11C]SCH 23390, 10.7 ± 0.8 MBq/0.46 ± 0.24 nmol for
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[11C]raclopride and 11 MBq/0.19 or 0.13 nmol for
[11C]flumazenil. To measure the radioactivity in the stria-
tum and cerebellum, regions of interest (ROIs) were
placed based on early PET images, a stereotaxic atlas of
the rat brain35 and the MRI images prepared below. The
striatal ROI with 25 mm2 was placed on the bregma slice.
The cerebellar ROI (60 mm2) was placed on the slice at
a distance of 9.75 mm from the bregma. The decay-
corrected radioactivity value was expressed as the per-
centage of the injected dose per ml of tissue volume (%ID/
ml).

To evaluate the partial volume effect on the activity in
the ROIs, PET measurement also performed with two
plastic tubes of 3.1 mm and 9.6 mm inside diameter (i.d.)
as phantoms for the striatum and cerebellum, respec-
tively. We also used the other tube with 13.1 mm i.d. that
is taken as the cerebral cortex. At the center of the tube,
two tubes of 3.1 mm i.d. were set at a distance of 2.0 mm
apart as a couple of striata. The wall thickness of the 3.1-
mm tube was 0.1 mm, and all tubes were approximately
5 cm long. PET measurement was carried out at the
concentrations of 0.43 MBq/ml in the 3.1-mm phantom
and of 0.086 MBq/ml in the 9.6-mm and 13.1-mm phan-
toms, and the radioactivity was measured in the 25-mm2

and 60-mm2 ROIs placed on the 3.1-mm and 9.6-mm
phantoms, respectively.

The kinetic analysis of the binding of [11C]KF18446,
[11C]SCH 23390 or [11C]raclopride to striatal receptors
was performed according to the method described by
Hume et al. based on the reference tissue model,38 in
which the striatal radioactivity was composed of free
ligand and receptor-bound ligand. The concentration of
the striatal free ligand was assumed to be equal to the
radioactivity in the cerebellum, and the receptor-bound
ligand was assessed as the difference between the total
radioactivity in the striatum and that in the cerebellum.
The association and dissociation rate constants were esti-
mated by means of a non-linear least squares fitting
procedure with the free ligand as the input, and their ratio,
which represents the binding potential of 11C-labeled
ligand to striatal receptors, was calculated.

MRI scanning and PET-MRI image registration
Two quinolinic acid-treated rats had MRI under isoflurane
inhalation anesthesia the day prior to the PET study as
previously described.37 The MRI scan was carried out on
a 4.7 Tesla experimental imager/spectrometer system
(Unity plus SIS 200/330, Varian, PaloAlto, CA, USA).
T2-weighted images were obtained perpendicular to the
base of the brain.

PET imaging of the two rats was carried out with
[11C]flumazenil and with the three other radioligands as
described above. Based on the [11C]flumazenil PET, the
PET images of the other three radioligands were regis-
tered to the MRI images by the method of Ardekani et
al.,39 which has been slightly modified to apply to the rat

brain by Hayakawa et al.37

Ex vivo autoradiography
Ex vivo autoradiography was performed with imaging
plates and a type BAS 2500 bioimaging analyzer (Fuji
Photo Film Co., Ltd., Tokyo, Japan) in 12 quinolinic acid-
treated rats as previously described.40 The rats were killed
30 min postinjection of each radioligand (n = 3). Injected
doses of radioligands were 180 ± 19 MBq/4.2 ± 0.8 nmol
for [11C]KF18446, 100 ± 14 MBq/3.8 ± 0.4 nmol for
[11C]SCH 23390 and 94 ± 12 MBq/3.2 ± 1.4 nmol for
[11C]raclopride. The brain was quickly removed, and
coronal brain sections 20-µm thick were dried on a hot
plate at 60°C and exposed on imaging plates. The
radioligand distribution was visualized, and the sym-
metrical ROIs were placed on the entire striatal regions of
both hemispheres based on the histological images of the
brain sections. The total binding ratio of lesioned striatum
to non-lesioned striatum was calculated.

In vitro autoradiography
In vitro autoradiography was performed in nine quinolinic
acid-treated rats and three control rats. Three of the nine
quinolinic acid-treated rats had undergone ex vivo autora-
diography with each of the three tracers as described
above. The other six had only in vitro autoradiography.
All the three control rats had undergone PET measure-
ment. The brain was frozen and coronal brain sections 20-
µm thick were prepared immediately or after storage at
−80°C. Within two days after preparation of the brain
sections, in vitro autoradiography was carried out as
described previously.40

The binding assay for adenosine A2A receptors and
dopamine D1 and D2 receptors was carried out according
to the slightly modified method of Levivier et al.27 For
adenosine A2A receptor binding, brain sections were pre-
incubated in 50 mM Tris-HCl, pH 7.4, containing 10 mM
MgCl2 and 0.2 IU/mL adenosine deaminase for 30 min at
room temperature. Then the sections were incubated in
the same buffer containing 2.4 ± 0.7 nM (100 kBq/mL)
[11C]KF18446 with and without 20 µM 2-chloroadenosine
for 60 min at 4°C. For dopamine D1 receptors binding,
brain sections were pre-incubated in 50 mM Tris-HCl, pH
7.4, containing 120 mM NaCl, 5 mM KCl, 2 mM CaCl2,
1 mM MgCl2 for 10 min at room temperature. Then the
sections were incubated in the same buffer containing 4.2
± 1.9 nM (100 kBq/mL) [11C]SCH 23390 and 50 nM
ketanserin with and without 20 µM cis-(z)-flupentixol for
30 min at 37°C. For dopamine D2 receptor binding, brain
sections were pre-incubated in 50 mM Tris-HCl, pH 7.4,
containing 120 mM NaCl for 10 min at room temperature.
Then the sections were incubated in the same buffer
containing 2.2 ± 0.6 nM (100 kBq/mL) [11C]raclopride
with and without 20 µM haloperidol for 25 min at room
temperature.

After the binding assay, the brain sections were washed
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with ice-cold 50 mM Tris-HCl, pH 7.4, for 5 min, dipped
in ice-cold distilled water, dried on a hot plate at 60°C, and
apposed on an imaging plate. The tracer distribution was
visualized and the ROI was placed on the striatum, and the
binding ratio of lesioned striatum to non-lesioned stria-
tum was calculated in the same manner as in the ex vivo
autoradiography.

RESULTS

PET study
Figure 1 shows PET and MRI images of the quinolinic
acid-lesioned rat brain. The PET images were superim-
posed on the MRI by the registration technique which
utilized [11C]flumazenil-PET.37,39 In the MRI images of
the quinolinic acid-lesioned rat, a hyperintense area spread
in the quinolinic acid-lesioned hemisphere. The three
ligands all showed a lower uptake on the quinolinic acid-
lesioned side than on the normal side. The reduced uptake
of [11C]KF18446 and [11C]SCH 23390 was visualized
more prominently than that of [11C]raclopride. In the case
of [11C]KF18446, extracranial radioactivity was also ob-
served. At the bregma the extracranial radioactivity clearly
covered a part of the cortical region and may affect the
striatal activity, especially on the quinolinic acid-lesioned

side. In the phosphate buffer-injected control rats, PET
with each of the three radioligands clearly showed the
striatum images with bilateral symmetry (not shown).

Figure 2 represents the time-activity curves of the three
radioligands in the striatum and cerebellum of the
quinolinic acid-treated rat shown in Figure 1. The stri-
atal activity of [11C]SCH 23390 remained high for 60
min in the non-lesioned striatum, but gradually decreased
on the quinolinic acid-lesioned side. The activity of
[11C]KF18446 and [11C]raclopride decreased, and the
levels were slightly lower on the lesioned side than on the
non-lesioned side after 5 min. Compared with the time-
activity curves of [11C]raclopride, those of [11C]KF18446
were very noisy, especially on the quinolinic acid-lesioned
side, probably because of the extracranial activity.

In an experiment with three types of phantoms, when the
25-mm2 ROI was placed on the 3.1-mm phantom with no
activity outside, 45% of the total activity was recovered. The
corresponding value was 44% on a 60-mm2 ROI in the 9.6-
mm phantom. Nevertheless, when the 25-mm2 ROI was
placed on the 3.1-mm phantom in the 13.1-mm phantom,
recovery corresponded to 66% of the total activity (0.43
MBq/ml in the 3.1-mm tube and 0.086 MBq/ml outside)
and 92% for 0.43 MBq/ml in the 3.1-mm tube.

As shown in Table 1, the binding potential on the

Fig. 1   Brain PET-MRI registration image of the quinolinic acid-lesioned rat scanned with [11C]flumazenil,
[11C]KF18446, [11C]SCH 23390 and [11C]raclopride. Four PET scans were carried out in the order of
[11C]KF18446, [11C]raclopride, [11C]SCH 23390 and [11C]flumazenil in the same individual. The
images were acquired from 20 min to 40 min postinjection for [11C]flumazenil and [11C]raclopride, from
10 min to 30 min postinjection for [11C]KF18446 and from 30 min to 60 min postinjection for [11C]SCH
23390.
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non-lesioned side was the largest for [11C]SCH 23390,
followed by [11C]raclopride and [11C]KF18446. The
quinolinic acid lesioning significantly decreased the bind-
ing potential of each of the three radioligands. In the
control rats, the left-to-right ratios of the binding potential
were 1.01 ± 0.01 (n = 3) for [11C]KF18446, 0.98 ± 0.08 (n
= 5) for [11C]SCH 23390 and 1.01 ± 0.04 (n = 4) for
[11C]raclopride.

Ex vivo and in vitro autoradiography
To demonstrate the difference between ex vivo and in
vitro autoradiography, images of the three radioligands in

the same individuals are shown in Figure 3. The binding
of each radioligand significantly decreased (p < 0.001) on
the lesioned striatum by both ex vivo and in vitro autora-
diography, when compared to the non-lesioned striatum.
The reduced binding area was widespread over the stria-
tum for all the radioligands. Table 2 shows that the
binding ratios of the lesioned side to non-lesioned side
for [11C]SCH 23390 were smaller than those for
[11C]raclopride and [11C]KF18446 both ex vivo and in
vitro. The in vitro binding ratios for all radioligands were
approximately two-third of the ex vivo binding ratios. In
the control rats, the in vitro binding ratios were 0.97 ± 0.05

Fig. 3   Ex vivo and in vitro autoradiograms of the rat brain with [11C]KF18446, [11C]SCH 23390 and
[11C]raclopride. The ex vivo autoradiography was performed at 30 min after an intravenous injection of
11C-labeled tracers. After decay-out of the radioactivity, the adjacent brain sections of the same rat were
applied to in vitro autoradiography. Upper and lower lines show ex vivo autoradiograms and in vitro
autoradiograms, respectively. Thick arrows indicate the side in which the probe was inserted to inject
quinolinic acid, and thin arrows show the area presenting a slight accumulation of [11C]SCH 23390 in
the cerebral cortex.

Fig. 2   Time-activity curves of [11C]KF18446 (A), [11C]SCH 23390 (B) and [11C]raclopride (C) on the
quinolinic acid-lesioned rat brain after intravenous injection of 11C-labeled tracers. The time-activity
curves were obtained from the same individual rat presented in Figure 1. Open circle, striatum of non-
lesioned side; filled circle, striatum of quinolinic acid-lesioned side; and triangle, cerebellum.
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for [11C]KF18446, 0.96 ± 0.05 for [11C]SCH 23390 and
0.97 ± 0.01 for [11C]raclopride (n = 3), but the binding was
scarcely affected in the brain section ± 1 mm from the
bregma.

The ex vivo  binding of [11C]KF18446 and
[11C]raclopride in the cortex was not changed by the
quinolinic acid lesioning, but [11C]SCH 23390 slightly
accumulated ex vivo in the forelimb area of the cortex, in
which the probe was inserted to inject quinolinic acid, and
in the cortex overlying the injured striatum. On the other
hand, the in vitro binding of each radioligand in the same
cortical region was slightly reduced.

DISCUSSION

In the present study we have demonstrated that
[11C]KF18446 PET can detect change in the adenosine
A2A receptors in a rat model of the Huntington’s disease.
It is well known that the striatal injection of excitotoxins
such as quinolinic acid and kainic acid induces degenera-
tion of post-synaptic neurons. In vitro autoradiography

and membrane binding assay of the rat brain have demon-
strated degeneration of adenosine A2A receptor and dopa-
mine D1 and D2 receptors.25–29,41–43 Those reports show
that the dopamine D1 receptors are reduced more promi-
nently than the dopamine D2 receptors,27,42,43 and that the
reduction in adenosine A2A receptors is comparable to
that in dopamine D2 receptors.27,28 The striatonigral
and striatoentopeduncular GABAergic neurons contain
dopamine D1 receptors,11,44,45 whereas dopamine D2 re-
ceptor mRNA and adenosine A2A receptor mRNA are co-
localized in the striatopallidal GABAergic-enkephaline
neurons.11–14 The present PET measurement showed that
the binding potential for each radioligand significantly
decreased, but no significant difference was found among
three receptors, when compared to the ratio of the quinolinic
acid-lesioned side to the non-lesioned side. We confirmed
the location of the striatal lesion in two rats by the image
registration technique with [11C]flumazenil-PET and
MRI.37 The registration was able to be performed because
the [11C]flumazenil binding was not greatly affected by
the quinolinic acid-lesioning, although the [11C]SCH
23390 binding was differently affected in vitro and ex vivo
in the cerebral cortex overlaying the lesioned striatum, as
described below.30,37 Furthermore, the PET signal was
validated with both ex vivo and in vitro autoradiography.

In the present study we injected a supramaximal dose of
quinolinic acid (500 nmol) into the striatum and evaluated
the condition five day after the treatment25 to certify
detecting the changes in adenosine A2A and dopamine
receptors in a small animal model by PET, which showed
the severe degeneration of the receptors investigated.
Consequently, the susceptibility of the three neurorecep-
tors could not be clearly discriminated. Furthermore, the
quantitative comparison of the changes in the three recep-
tors may be problematic in the present rat model. In the
case of [11C]KF18446, a high accumulation of the radio-
activity was found in the extracranial region (Fig. 1). No
such radioactivity was found in [11C]SCH 23390 or
[11C]raclopride, or in the case of the other adenosine A2A

ligand [11C]KF21213.24 The extracranial radioactivity of
[11C]KF18446 may be present in and around the salivary
glands. The three radioligands also showed a high accu-
mulation in and around the Harderian glands (not shown)
as previously reported for [11C]raclopride.36 These activi-
ties may influence the radioactivity in the ROIs on the
striatum and cerebellum because of the partial volume
effect based on the small rat brain contrasted with the PET
camera used. Indeed, the reduction in the [11C]SCH
23390 binding and [11C]KF18446 binding was not
significantly different.

As for the partial volume effect, we carried out an
experiment with three types of phantoms assuming the
striatum only, cerebellum and cerebral cortex containing
striata. The recovery yields in the 25 mm2 and 60 mm2

ROIs on the striatal and cerebeller phantoms, respec-
tively, were comparable (45% and 44%), but the recovery

Table 1   Binding potential of [11C]KF18446, [11C]SCH 23390
and [11C]raclopride in the quinolinic acid-lesioned rat brain
measured by PET

Binding potential

Non-lesioned Lesioned
Ratio*side side

[11C]KF18446 0.59 ± 0.11 0.43 ± 0.06b 0.75 ± 0.13
[11C]SCH 23390 2.40 ± 0.36 1.58 ± 0.60b 0.64 ± 0.18
[11C]Raclopride 0.79 ± 0.03 0.63 ± 0.09a 0.75 ± 0.10

*Values are expressed as the ratios of binding potential in the
treated side to that in the intact side. Mean ± s.d. (n = 7).
aP < 0.001 and bp < 0.01 (Student’s t-test, compared with non-
lesioned side).

Table 2   Binding ratios of [11C]KF18446, [11C]SCH 23390 and
[11C]raclopride in the quinolinic acid-lesioned rat striatum
measured by ex vivo and in vitro autoradiography

Binding ratio*

Ex vivo In vitro
autoradiography autoradiography**

[11C]KF18446 0.54 ± 0.05a 0.35 ± 0.08a

[11C]SCH 23390 0.30 ± 0.05a 0.21 ± 0.07a

[11C]Raclopride 0.62 ± 0.10a 0.43 ± 0.17a

*Binding ratios of lesioned striatum to non-lesioned striatum
are calculated from the total binding in ex vivo autoradiography
and from the specific binding in in vitro autoradiography.
**Data obtained after ex vivo autoradiography were excluded.
Mean ± s.d. (n = 4 for ex vivo autoradiography and n = 6 for in
vitro autoradiography).
aP < 0.001 (Student’s t-test, compared with non-lesioned stria-
tum).
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in the 25-mm2 ROI was greatly increased inside the
phantom of the cerebral cortex. The activity ratios for
striatum to cerebral cortex were very different among
three radioligands and changed with time, and also differ-
ent from those of striatum to cerebellum: striatum-to-
cerebral cortex uptake ratios, 2.7–2.5 [11C]KF18446 (un-
published), 2.5–6.5 for [11C]SCH 23390 (unpublished)
and for 3.0–4.9 for [11C]raclopride36; and striatum-to-
cerebellum uptake ratios, 2.0–2.1 [11C]KF18446 (unpub-
lished), 5.2–19.6 for [11C]SCH 23390 (unpublished) and
for 4.2–6.5 for [11C]raclopride36 in rats for 15–60 min
after the tracer injection. Therefore, the appropriate cor-
rection for the partial volume effect was not carried out in
the present study. These effects also make it hard to
compare changes in the three receptors in the present rat
model.

The diagnosis of neurological disorders by PET target-
ing adenosine A2A receptors is of great interest. So far a
large numbers of PET and SPECT studies have been
performed to characterize degeneration of pre-synaptic
nigrostriatal and post-synaptic striatopallidal neurons of
the stratum in patients with neurological disorders.46–48

The pre-synaptic function was evaluated with the dopa-
mine synthesis ability and the dopamine transporter den-
sity, whereas the post-synaptic function was usually evalu-
ated with the density of dopamine D2 receptors. Parkinson’s
disease is differentially diagnosed from other parkinson-
ian syndromes to a certain extent, but clinical variation in
the symptoms, therapeutic response and prognosis of
Parkinson’s disease cannot be explained only by evaluat-
ing the metabolic profiles and dopaminergic system.
Furthermore, parkinsonian syndromes such as multiple
system atrophy, progressive supranuclear palsy,
corticobasal degeneration and diffuse Lewy Body disease
showed degeneration of post-synaptic as well as pre-
synaptic dopaminergic functions,46–48 but PET and SPECT
discrimination among each of the parkinsonian syndromes
has been hardly established, so that the adenosine A2A

receptor can be used as a marker as the dopamine D2

receptor, because both receptors are co-expressed on
GABAergic–enkephaline neurons.11–14 Nevertheless, a
number of studies including signal transduction, gene
expression, neurotransmitter release and behavioral re-
sponses, showed that the adenosine A2A receptors had
opposite effects on dopamine D2 receptor mediated-ef-
fects, although A2A-D2 receptor interaction was also sug-
gested.49 Therefore, [11C]KF18446 PET may be an alter-
native diagnostic tool, being different from [11C]raclopride
PET, although the difference between the reduced bind-
ing of [11C]KF18446 to adenosine A2A receptors and the
reduced binding of [11C]raclopride to dopamine D2 recep-
tors was not significant probably because of the partial
volume effect in the present rat model.

When PET and ex vivo and in vitro autoradiography
were compared, degeneration of three receptors was visu-
alized much more prominently with in vitro autoradiogra-

phy than with PET and with ex vivo autoradiography.
First, it is pointed out that the binding ratios in the in vitro
autoradiography were evaluated from specific binding
while those in the ex vivo autoradiography were from the
total binding (Table 2). Second, a distinct difference
exists between in vitro and in vivo in terms of ligand
delivery. The in vitro autoradiography data are acquired
in the equilibrium state reflecting the maximal ligand-
receptor binding, whereas the ligand is not in equilibrium
with the receptors in PET and ex vivo autoradiography. As
for the difference between the ex vivo autoradiography
data and the PET data, one should also keep in mind that
the PET data were quantitatively evaluated from the
kinetics for 60 min, whereas the ex vivo autoradiography
data were obtained qualitatively at a single time. In ex vivo
autoradiography, free ligand may be withdrawn from the
brain after decapitaion. The PET striatum signal is much
lower than the signal for radioactivity uptake directly
recovered from the tissue sample because of the partial
volume effect.

We applied two or three tracers to the same individuals
for PET studies (Fig. 1) for comparison of the character-
istics of three receptor radioligands, or performed ex vivo
and in vitro autoradiography on the same individuals (Fig.
3) to demonstrate the difference between ex vivo and in
vitro. To minimize the effect of proceeding experiments
on subsequent PET measurements, a ligand with weaker
affinity, i.e. [11C]KF18446 or [11C]raclopride, was inves-
tigated first, followed by higher affinity [11C]SCH 23390.
Because of the high-specific activity of the ligands used,
we detected hardly any sign of remaining ligand mol-
ecules affecting the kinetics of the tracer in succeeding
PET studies. Nevertheless, the results in the ex vivo
autoradiography with [11C]KF18446 (Table 2), the dose
of which was more than 10 times larger (mean = 21 nmol/
kg body weight) than the dose in PET studies (mean = 1.7
nmol/kg body weight), may be underestimated. We con-
firmed previously no significant decrease in the striatal
uptake of [11C]KF18446 until 8.5 nmol/kg in mice but a
12% reduction at 29 nmol/kg.21 In a comparative study of
three dopamine D2-like receptor ligands, [11C]raclopride,
[11C]N-methylspiperone and [11C]nemonapride, in the
same animal model, the larger dose of [11C]raclopride did
not apparently change the PET image or the time-activity
curve.30 In in vitro autoradiography, no significant differ-
ence between the rats that had ex vivo autoradiography
before and those that did not was found in the ratio of
radioactivity on the lesioned side to that on the non-
lesioned side.

An unexpecting finding was an increased binding of
[11C]SCH 23390 ex vivo in the cerebral cortex overlaying
the lesioned striatum, in spite of decreased binding in
vitro. A similar phenomena was not clear for the binding
of either [11C]raclopride nor [11C]KF18446, but found for
the binding of the other two dopamine D2-like receptor
ligands, [11C]N-methylspiperone and [11C]nemonapride,
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in the same rat model.34 But the phenomena did not seem
to substantially affect the PET measurement with [11C]SCH
23390. It is well known that injection of excitotoxins into
the brain causes marked gliosis and severe inflammation
around the injection site.29 Töpper et al. immunocy-
tochemically detected microglial activation in these
cortical areas as well as in the striatum after intrastriatal
injection of quinolinic acid (240 nmol).26 Kelly et al.50

showed an increase (15%) of glucose utilization in the
sensory-motor cortex after injection of kainic acid into
the rat striatum by ex vivo autoradiography with
[14C]deoxyglucose, suggesting inflammation.51

CONCLUSION

We have demonstrated that the binding of [11C]KF18446
to the striatal adenosine A2A receptors significantly de-
creased in rats after intrastriatal injection of quinolinic
acid by PET. The PET measurement was validated with
both ex vivo and in vitro autoradiography. [11C]KF18446
PET will provide a new diagnostic tool for characterizing
post-synaptic striatopallidal neurons of the stratum.
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