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Abstract
We studied tracer distributions in positron emission
tomography of ligands for dopamine D1 receptors
([11C]SCH23390) and D2 receptors ([11C]raclopride) and
the dopamine precursor analog 6-[18F]fluoro-L-3,4-dihydroxyphenylalanine ([18F]FDOPA), as a measurement of
presynaptic dopaminergic function, in the brain after 6hydroxydopamine lesioning of the medial forebrain bundle in rats. The unilateral lesions were confirmed behaviorally by methamphetamine-induced rotation 2 weeks
after lesioning, and the brains were analyzed by tissue
dissection following an intravenous bolus of each tracer
3 weeks after lesioning. [11C]Raclopride, but not
[11C]SCH23390, showed a higher accumulation in the
striatum on the lesion side compared with that on the
non-lesioned (intact) side. On the other hand, a lower
accumulation of [18F]FDOPA was found in the striatum
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and cerebral cortex on the lesion side. Our studies demonstrate upregulation of dopamine D2 receptors in the
striatum and a decrease in FDOPA uptake in both the
striatum and cerebral cortex ipsilateral to the 6-hydroxydopamine lesions. Therefore, the combination of a D2
antagonist and FDOPA may provide a potentially useful
method for assessing the effects of dopamine depletion
in Parkinson’s disease.
Copyright © 2004 S. Karger AG, Basel

Introduction

6-[18F]Fluoro-L-3,4-dihydroxyphenylalanine ([18F]
FDOPA) is a positron-emitting analog of the dopamine
precursor L-DOPA and one of the earliest [18F]-labeled
compounds proposed as imaging agents for use in the
external in vivo examination of the central nervous dopaminergic system [1]. Therefore, [18F]FDOPA has been
used as an imaging agent in the study of dopamine terminals in the living brain using positron emission tomography [2, 3].
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Experimental animals in which the nigrostriatal pathway is destroyed are considered to be useful models of
Parkinson’s disease. One popular model in rats is produced by the unilateral stereotaxic injection of the neurotoxin 6-hydroxydopamine (6-OHDA) into the medial
forebrain bundle or substantia nigra [4]. In this model,
there is an immediate and almost complete destruction of
the dopamine neurons of the substantia nigra and of the
ventral tegmental area, resulting in near total depletion
(2% of normal) of dopamine in the ipsilateral striatum to
the 6-OHDA injections [5]. Immunohistochemical study
showed there is no evident damage of dopaminergic neurons and fibers in the brain contralateral to the 6-OHDA
injections [5, 6]. There have been many reports of enhanced behavioral (rotational behavior) effects of directly
acting dopamine agonists such as apomorphine after unilateral 6-OHDA lesioning. The rotational behavior induced by dopamine agonists has been attributed to postsynaptic dopamine receptor supersensitivity in the striatum that occurs following the unilateral destruction of
mesostriatal dopamine fibers [7]. From these observations, it is conceivable that the 6-OHDA-lesioned rat
model may be useful for evaluating brain functions in
Parkinson’s disease. However, little is known about
changes in dopamine receptors and FDOPA uptake in the
brain following 6-OHDA lesioning under the same experimental conditions.
In the present study, therefore, we studied the tracer distributions of ligands for dopamine D1 receptors
([11C]SCH23390), D2 receptors ([11C]raclopride) and of
[18F]FDOPA in the brain after 6-OHDA lesioning of the
medial forebrain bundle in rats.

[11C]SCH23390 was synthesized by the [11C]methylation reaction of SCH24518 in an automated synthesis apparatus (CUPID
C-100, Sumitomo Heavy Industries, Tokyo, Japan), according to the
method reported by Halldin et al. [9], with a slight modification. The
radiochemical purity of [11C]SCH23390 was 1 97.4%. The specific
activity of the product was 38.5–81.4 GBq/Ìmol. [11C]Raclopride
was synthesized by [11C]methylation of O-desmethylraclopride in the
CUPID C-100. The radiochemical purity of [11C]raclopride was
1 98.4%. The specific activity of the product was 32.6–88.9 GBq/
Ìmol. [18F]FDOPA was synthesized in a multipurpose synthetic system [10], according to the method reported by Namavari et al. [11],
with a slight modification. The radiochemical purity of [18F]FDOPA
was 1 98.5%. The specific activity of the product was 33.0–33.7
MBq/Ìmol.
The regional distribution of radioactivity in the rat brain was
examined after intravenous injection of [11C]SCH23390, [11C]raclopride or [18F]FDOPA 3 weeks after the 6-OHDA lesions. In previous
studies, many investigators reported that both degeneration of nigral
dopaminergic neurons and dopamine receptor supersensitivity in the
denervated striatum have been established at this time point after
6-OHDA lesioning [12, 13]. One hour ([11C]SCH23390 and [11C]raclopride) or 1.5 h ([18F]FDOPA) after the intravenous injection, the
rats were killed by decapitation, and the brains (each side) were dissected on ice into the different brain areas (striatum, cerebral cortex
and cerebellum) as described by Glowinski and Iversen [14] for the
rat brain. Brain samples were weighed, and radioactivity accumulation of each tracer was determined for each brain region bilaterally. Radioactivity was measured with a scintillation counter
(model 5003, Packard, Downers Grove, Ill., USA). Firstly, results
were expressed as radioactivity per unit wet tissue weight (cpm/g).
Then, the biodistribution of [11C]SCH23390, [11C]raclopride or
[18F]FDOPA was computed as a ratio of the lesion side to the intact
side of each brain region of the 6-OHDA rats.
Data of the lesion side/intact side ratio of each brain region were
analyzed nonparametrically using the Wilcoxon signed rank test.
p values ! 0.05 were regarded as significant.

Results
Materials and Methods

Table 1 shows the biodistribution of [11C]SCH23390,
and [18F]FDOPA in three brain regions
(cerebral cortex, striatum, and cerebellum) on the lesion
side of the 6-OHDA rats, represented as the ratio to the
intact side of the brain. In the striatum on the lesion side,
the biodistribution of [11C]raclopride was significantly
higher (p ! 0.01; 191% of the intact side) than that of the
striatum on the intact side of the 6-OHDA rats. On the
other hand, the biodistribution of [18F]FDOPA was lower
in both the striatum (p ! 0.05; 80% of intact side) and
cerebral cortex (p ! 0.05; 89% of intact side) on the lesion
side compared with the intact side. Regarding the three
regions, there was no significant difference in the biodistribution of [11C]SCH23390 between the lesion and intact
sides in any of the three regions of the brain.
[11C]raclopride

The subjects were male Wistar rats (Kiwa Laboratory Animals,
Kaisou, Japan) weighing 120–130 g at the beginning of the experiment. The experimental protocols used in this study were approved
by the ethical committees of animal experimentation at the Miyazaki
Medical College and Kyoto University. Rats were anesthetized with
pentobarbital (40 mg/kg, i.p.), and unilateral lesions of the left medial
forebrain bundle were made by injecting 8 Ìg of 6-OHDA hydrobromide (Sigma, St. Louis, Mo., USA) in 4 Ìl of sterile saline containing
0.01% ascorbic acid. Stereotaxic coordinates for the lesions were as
follows: anteroposterior 3.2 mm rostral to the interaural line, 1.3 mm
to the left of the midline, and 6.7 mm ventral to the dural surface,
with the incisor bar set 2.4 mm below the level of the ear bars [8].
Two weeks after the 6-OHDA treatments, the relative completeness
of the lesions was confirmed by testing for rotation following intraperitoneal injection of methamphetamine (3 mg/kg) [5, 6]. Animals
accomplishing no less than 7 turns/min on the methamphetamine
challenge were included in the study.
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Table 1. Biodistribution of each tracer in three brain regions of the
6-OHDA rats

Tracer

Region

Lesion side/intact
side, cpm/g

e[11C]SCH23390
(n = 7)

cerebral cortex
striatum
cerebellum

1.04B0.03
1.11B0.02
1.00B0.00

[11C]Raclopride
(n = 9)

cerebral cortex
striatum
cerebellum

1.14B0.02
1.91B0.04**
1.01B0.01

[18F]FDOPA
(n = 9)

cerebral cortex
striatum
cerebellum

0.89B0.02*
0.80B0.01*
0.99B0.00

* p ! 0.05, ** p ! 0.01, vs. corresponding values of the intact side
(Wilcoxon signed rank tests).

Discussion

In the present study, the biodistribution of
[11C]SCH23390 did not change in any brain region of the
6-OHDA animals. An upregulation of dopamine D1 receptors after lesioning of the medial forebrain bundle has
been demonstrated in receptor autoradiographic studies
[15, 16]. Furthermore, supersensitivity of dopamine D1
receptors has been reported in striatal tissue homogenates
after medial forebrain bundle lesioning with 6-OHDA
[17, 18]. In contrast, there are other contradicting results
showing no change or a decrease in the density of striatal
dopamine D1 receptors after denervation of the nigrostriatal dopaminergic pathway [19, 20]. The precise reason for these discrepancies is unknown. However, the discrepancies may be related to different methods (e.g. radioligand binding assay, autoradiography) used and/or
different time points after 6-OHDA lesioning in the earlier studies.
On the other hand, denervation of the nigrostriatal
pathway can cause the postsynaptic population of dopamine D2 receptors to become supersensitive [15, 16].
These observations are consistent with our present findings. Furthermore, consistent with the present findings,
Araki et al. also observed that the upregulation in D2
receptors was more pronounced than that in D1 receptors
in the striatum after 6-OHDA lesioning [21, 22].
The present study also showed that [18F]FDOPA uptake significantly decreased in both the striatum and cerebral cortex ipsilaterally after unilateral 6-OHDA lesion-

Cerebral [11C]Raclopride and [18F]FDOPA
Uptake in 6-OHDA Rats

ing. The degree of the decrease in the cerebral cortex,
however, was relatively slight compared with that in the
striatum. A lowered presynaptic dopamine function was
found not only in the striatum but also in the cerebral cortex on the lesion side. The [18F]FDOPA uptake was
reported to increase [23] or decrease [24] in the cerebral
cortex in patients with Parkinson’s disease. Taken together with the evidence that the degree of dopamine denervation in the 6-OHDA animals was almost complete [5], the
present findings suggest that the [18F]FDOPA uptake may
decrease in the cerebral cortex in parkinsonian patients in
an advanced stage. Further studies on the tracer distributions in rats with partial 6-OHDA lesions and/or in the
acute stage (e.g. days 1–7) following the complete 6OHDA lesioning may clarify the issue.
FDOPA is an exogenous substrate of DOPA decarboxylase which is the enzyme directly responsible for the synthesis of dopamine and serotonin, and indirectly of noradrenaline. In the central nervous system, DOPA decarboxylase is localized in both monoaminergic neurons [25]
and a subset of non-monoaminergic neurons [26]. In the
cerebral cortex, afferent fibers of serotonin and noradrenaline are distributed in most areas [27]. Previous cerebral
dialysis and immunohistochemical studies showed a
slight decrease in serotonin overflow and immunoreactivity, respectively, in the denervated striatum in 6-OHDA
rats [5]. Thus at least some of the cortical FDOPA uptake
could be accounted for serotonergic and/or noradrenergic
neuron innervation.
In conclusion, the present study demonstrates upregulation in dopamine D2 receptors in the striatum and
decrease in FDOPA uptake in both the striatum and cerebral cortex ipsilateral to the 6-hydroxydopamine lesions. Therefore, the combination of a D2 antagonist and
FDOPA may provide a potentially useful method for
assessing the effects of dopamine depletion in Parkinson’s
disease. However, we must be careful not to interpret the
results illogically. In spite of many similarities, the characteristics of acute 6-OHDA lesions may be rather different
from the slowly progressive course of Parkinson’s disease
in humans.

Acknowledgments
This research was supported by grants-in-aid for scientific research (11470193, 14370273, 14570935) and a 21st century COE
program at the Miyazaki Medical College from the Japan Society for
the Promotion of Science. We are grateful to Miss Okitsu (Kanazawa
University) for technical assistance.

Neurodegenerative Dis 2004;1:109–112

111

References
1 Firnau G, Nahmias C, Garnett ES: The preparation of [18F]5-fluoro-DOPA with reactor-produced fluorine-18. Int J Appl Radiat Isot 1973;
24:182–184.
2 Garnett ES, Firnau G, Nahmias C: Dopamine
visualized in the basal ganglia of living man.
Nature 1983;305:137–138.
3 Garnett S, Firnau G, Nahmias C, Chirakal R:
Striatal dopamine metabolism in living monkeys examined by positron emission tomography. Brain Res 1983;280:169–171.
4 Ungerstedt U: 6-Hydroxydopamine induced
degeneration of central monoamine neurons.
Eur J Pharmacol 1968;5:107–110.
5 Ishida Y, Hashiguchi H, Todaka K, Kuwahara
I, Ishizuka Y, Nakane H, Uchimura D, Nishimori T, Mitsuyama Y: Serotonergic activity in
the rat striatum after intrastriatal transplantation of fetal nigra as measured by microdialysis. Brain Res 1998;788:207–214.
6 Ishida Y, Todaka K, Kuwahara I, Ishizuka Y,
Hashiguchi H, Nishimori T, Mitsuyama Y:
Methamphetamine induces Fos expression in
the striatum and the substantia nigra pars reticulata in a rat model of Parkinson’s disease.
Brain Res 1998;809:107–114.
7 Ungerstedt U, Arbuthnott G: Quantitative recording of rotational behaviour in rats after 6hydroxydopamine lesions of the nigrostriatal
dopamine system. Brain Res 1970;24:485–
493.
8 König JFK, Klippel RA: The Rat Brain. A Stereotaxic Atlas of the Forebrain and Lower Parts
of the Brain Stem. Baltimore, Williams & Wilkins, 1963.
9 Halldin C, Stone-Elander S, Farde L, Ehrin E,
Fasth K-J, Långström B, Sedvall G: Preparation of 11C-labelled SCH 23390 for the in vivo
study of dopamine D-1 receptors using positron emission tomography. Int J Rad Appl
Instrum [A] 1986;37:1039–1043.

112

10 Magata Y, Mukai T, Tanaka A, Kitano H, Saji
H: Development of multipurpose synthetic system. J Labelled Compd Radiopharm 2001;44:
1047–1049.
11 Namavari M, Bishop A, Satyamurthy N, Bida
G, Barrio JR: Regioselective radiofluorodestannylation with [18F]F2 and [18F]CH3COOF:
A high yield synthesis of 6-[18F]Fluoro-L-dopa.
Int J Rad Appl Instrum [A]1992;43:989–996.
12 Mishra RK, Marshall AM, Varmuza SL: Supersensitivity in rat caudate nucleus: Effects of 6hydroxydopamine on the time course of dopamine receptor and cyclic AMP changes. Brain
Res 1980;200:47–57.
13 Zuch CL, Nordstroem VK, Briedrick LA,
Hoernig GR, Granholm A-C, Bickford PC:
Time course of degenerative alterations in nigral dopaminergic neurons following a 6-hydroxydopamine lesion. J Comp Neurol 2000;
427:440–454.
14 Glowinski J, Iversen LL: Regional studies of
catecholamines in the rat brain. I. The disposition of [3H]norepinephrine, [3H]dopamine and
[3H]dopa in various regions of the brain. J Neurochem 1966;13:655–669.
15 Dawson TM, Dawson VL, Gage FH, Fisher LJ,
Hunt MA, Wamsley JK: Functional recovery
of supersensitive dopamine receptors after intrastriatal grafts of fetal substantia nigra. Exp
Neurol 1991;111:282–292.
16 Narang N, Wamsley JK: Time-dependent
changes in DA uptake sites, D1 and D2 receptor binding and mRNA after 6-OHDA lesions
of the medial forebrain bundle in the rat brain.
J Chem Neuroanat 1995;9:41–53.
17 Buonamici M, Caccia C, Caepentieri M, Pegrass L, Rossi AC, Dichiara G: D-1 supersensitivity in the rat striatum after unilateral 6hydroxydopamine lesions. Eur J Pharmacol
1986;126:347–348.
18 Porceddu ML, Giorgi O, DeMontis G, Mele S,
Cocco L, Ongini E, Biggio G: 6-Hydroxydopamine-induced degeneration of nigral dopamine neurons: Differential effect on nigral and
striatal D-1 dopamine receptors. Life Sci 1987;
41:697–706.

Neurodegenerative Dis 2004;1:109–112

19 Langer SZ, Pimoule C, Reynolds GP, Schoemarker H: Dopamine denervation does not
affect [3H]-SCH 23390 binding in the rat striatum: Similarities to Parkinson’s disease. Br J
Pharmacol 1986;87(suppl):161.
20 Savasta M, Dobois A, Feuerstein C, Benavides
J, Scatton B: Localization of D1 receptors in
the rat brain by quantitative autoradiography:
Effect of dopaminergic denervation. Biogenic
Amines 1987;4:419–429.
21 Araki T, Tanji H, Kato H, Imai Y, Mizugaki
M, Itoyama Y: Temporal changes of dopaminergic and glutamatergic receptors in 6-hydroxydopamine-treated rat brain. Eur Neuropsychopharmacol 2000;10:365–375.
22 Araki T, Tanji H, Kato H, Itoyama Y: Sequential changes of dopaminergic receptors in the
rat brain after 6-hydroxydopamine lesions of
the medial forebrain bundle. J Neurol Sci 1998;
160:121–127.
23 Kaasinen V, Nurmi E, Bruck A, Eskola O,
Bergman J, Solin O, Rinne JO: Increased frontal [18F]fluorodopa uptake in early Parkinson’s
disease: Sex differences in the prefrontal cortex. Brain 2001;124:1125–1130.
24 Rinne JO, Portin R, Ruottinen H, Nurmi E,
Bergman J, Haaparanta M, Solin O: Cognitive
impairment and the brain dopaminergic system in Parkinson disease: [18F]Fluorodopa positron emission tomographic study. Arch Neurol 2000;57:470–475.
25 Hökfelt T, Fuxe K, Goldstein M: Immunohistochemical localization of aromatic L-amino
acid decarboxylase (DOPA decarboxylase) in
central dopamine and 5-hydroxytryptamine
nerve cell bodies of the rat. Brain Res 1973;53:
175–180.
26 Jaeger CB, Ruggiero DA, Albert VR, Joh TH,
Reis DJ: Immunocytochemical localization of
aromatic-L-aminoacid
decarboxylase;
in
Björklund A, Hökfelt T (eds): Handbook of
Chemical Neuroanatomy, vol 2, Classical
Transmitters in the CNS, Part I. Amsterdam,
Elsevier, 1984, pp 387–408.
27 Jones EG: Neurotransmitters in the cerebral
cortex. J Neurosurg 1986;65:135–153.

Ishida/Kawai/Magata/Takeda/Hashiguchi/
Abe/Mukai/Saji

