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INTRODUCTION

IN VIVO IMAGING of dopamine transporters (DATs) by
positron emission tomography (PET) and single photon
emission computed tomography is a useful technique for
the diagnosis of degenerative brain disorders involving
dopaminergic systems such as Parkinson’s disease.

PET studies with rats are useful for noninvasive char-
acterization of neuroreceptor functions and directly com-
pared with in vitro studies. Several PET studies have been
applied to characterize the radioligand binding to dopa-
mine receptors or dopamine transporters in the striatum of
rat models.1,4,7,14 As for PET measurement of age-related
changes of neuroreceptors in rats, Suzuki et al.13 reported
that the binding potentials of [11C]SCH23390 to dopa-
mine D1 receptors and of [11C]raclopride to dopamine D2

receptors in the striatum were decreased with age. We
found that the [11C]raclopride binding in the rat striatum

was enhanced by the dopamine D2 receptor gene transfer
mediated by adenoviral vectors.12,16

The aim of present study clarified the age-related
changes of the binding of [11C]2-β-carbomethoxy-3-β-
(4-fluorophenyl)tropane ([11C]CFT or [11C]WIN 35,428)
to striatal DATs in vivo in Fischer 344 rats by PET, in
order to demonstrate the usefulness of PET application to
the rat model. CFT is a cocaine analog lacking the ester
bond between the phenyl group and the tropane ring. It has
a selective affinity for DATs (Ki = 14.7 nM; DATs/seroto-
nin transporters selectivity, 12.3; DATs/norepinephrine
transporters selectivity, 43.2).11 Its DATs binding charac-
teristics and pharmacokinetic properties have been very
well characterized in vitro and in vivo in rodents,2 pri-
mates,8 and humans.10 In vivo accumulation of [3H]CFT
in the striatum was reduced by more than 50% in aged
monkeys compared with young adult monkeys,8 and a
significant age-related decrease in the overall density
(Bmax) of [3H]CFT binding sites in the striatum was
observed in vitro in the Fischer 344 rats.3

MATERIALS AND METHODS

Six-month-old (311–363 g, N = 6), 12-month-old (376–
450 g, N = 9) and 24-month-old (388–492 g, N = 7) virgin
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male Fischer-344 rats were supplied from the Department
of Laboratory Animal Science at the Tokyo Metropolitan
Institute of Gerontology. The animal studies were ap-
proved by the Animal Care and Use Committee of the
Tokyo Metropolitan Institute of Gerontology.

[11C]CFT was synthesized by the reaction of [11C]methyl
triflate and the demethyl compound as previously de-
scribed.5,9

PET study
PET examinations were carried out as previously de-
scribed.6,7 A rat was anesthetized with isoflurane, and was
placed in a prone position on the holder. [11C]CFT (9.0–
24.0 MBq/0.32–1.35 nmol) was intravenously injected
through tail vein, and the PET scanning was performed
over a period of 60 min (20 frames by 30 sec and 50 frames
by 1 min). PET camera used was a model SHR 2000
(Hamamatsu Photonics K.K., Hamamatsu, Japan) which
consists of four detector rings and acquires seven 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.
The regions of interest were placed on the striatum and
cerebellum. The radioactivity levels are expressed as the
percentage of injected dose per ml tissue volume (%ID/
ml). Time-activity curve of the cerebellum as an input
function and that in striatum were fitted to a two-pa-
rameter compartment model to estimate the kinetic
parameters (k3 and k4).4,7,16 The k3 and k4 values were
association and dissociation rate constants, respectively,
for the ligand-receptor binding. The estimation of kinetic
parameters was performed on the nonlinear least-square
method using UNIX workstation O2 (SGI, California,
USA) and medical software Dr.View (Asahi Kasei Joho
Systems, Tokyo, Japan). The values of the binding po-
tential (BP = k3/k4) were calculated by determining the
ratio of the estimated k3 value to the estimated k4 value.

Tissue dissection study
Rats were killed by cervical dislocation just after the end
of PET scanning for 60 min. The brain was removed and
dissected into the striatum, the cerebral cortex and the
cerebellum. The tissues were measured for the radioactiv-
ity with an auto-gamma counter and weighed. The uptake
was expressed as the percentage of the injected dose per
gram of the tissue (%ID/g). The in vivo specific binding
and the in vivo nonspecific binding were determined as the
residual uptake after the subtraction of the cerebellar
uptake from the striatal uptake (striatal uptake − cerebel-
lar uptake) and the cerebellar uptake, respectively.

Statistical analysis
Results are expressed as mean ± standard deviation (S.D.).
Comparison among three groups was performed by an
one-way analysis of variance (ANOVA) followed by
Turkey-Kramer post hoc test for multiple group compari-
son using Statview 5.0 software (SAS Institute Inc., Cary,

NC, USA). p < 0.05 was considered statistically significant.

RESULTS

The [11C]CFT-PET images of the brain in three groups of
rats were shown in Figure 1. The age-related decrease of
the [11C]CFT binding in the striatum was observed. Time
activity curves in the striatum, the cerebellum and the
specific binding in the striatum are shown in Figure 2. The
radioactivity level gradually decreased after initial uptake
in the striatum in all groups of rats, but rapidly deceased
in the cerebellum. The peak levels of [11C]CFT uptake in
both the striatum and the cerebellum tended to decrease
with age. The specific binding increased for the first 30
min and then remained constant.

The rate constants and binding potentials in the stria-
tum are summarized in Table 1. Both k3 and k4 values
decreased with age. The k3 value in the 24-month-old rats
significantly decreased to 78% and to 82% of those in the
6- and 12-month-old rats, respectively. The k4 value in

Table 1   Age-related changes of the kinetic parameter of the
striatal binding of [11C]CFT measured by PET in the Fischer 344
rats

Age (month)

6 12 24

k3 0.041 ± 0.007 0.039 ± 0.007 0.032 ± 0.007*,#

k4 0.034 ± 0.008 0.031 ± 0.006 0.027 ± 0.006*
BP (= k3/k4) 1.23 ± 0.25 1.26 ± 0.14   1.21 ± 0.19

Mean ± S.D. (N = 6–9)
*p < 0.05: 6 months-old rats vs. 24 months-old rats.
#p < 0.05: 12 months-old rats vs. 24 months-old rats.

Table 2   Age-related changes of the uptake of [11C]CFT in the
cortex, striatum and cerebellum measured by the tissue dissec-
tion method in of Fischer 344 rats 60 min after injection

Age (month)

6 12 24

Uptake (%ID/g)

Cortex 0.16 ± 0.04 0.16 ± 0.03 0.17 ± 0.03
Striatum 1.13 ± 0.31 1.05 ± 0.19 0.88 ± 0.16
Cerebellum 0.09 ± 0.02 0.09 ± 0.01 0.10 ± 0.02
Specific binding** 1.04 ± 0.29 1.02 ± 0.22 0.79 ± 0.15

Uptake ratio

Striatum/cerebellum 12.4 ± 2.0 12.1 ± 2.2   8.7 ± 0.4*,#

Specific binding/
   nonspecific binding** 11.4 ± 2.0 12.0 ± 2.5   7.7 ± 0.2*,#

Mean ± S.D. (N = 6–9)
*p < 0.05: 6 months-old rats vs. 24 months-old rats.
#p < 0.05: 12 months-old rats vs. 24 months-old rats.
 **Specific binding and nonspecific binding were determined as the
deference between the striatal uptake and cerebellar uptake and the
cerebellar uptake, respectively.
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the 24-month-old was 79% and 87% of those in the 6- and
12-month-old rats, respectively. However, there is no sig-
nificant change in the binding potential between each of
the three groups.

The uptake of [11C]CFT was directly measured by
tissue dissection. Table 2 showed a tendency that the
uptake decreases with age in the striatum but not in the

cerebellum and the cortex. The uptake ratio of the striatum
to the cerebellum, and the ratio of the specific binding to
the nonspecific binding significantly decreased in 24-
month-old rats when compared with those in 6- and 12-
month-old rats, although there is no significant change in
the in vivo specific binding of [11C]CFT in the striatum
among three groups.

Fig. 2   Time-activity curves on the striatum, cerebellum and the specific binding in the striatum of three
groups of Fischer 344 rats (6-, 12- and 24-month-old) after intravenous injection of [11C]CFT. The
specific binding in the striatum was determined as the difference between the striatal uptake and the
cerebellar uptake. The radioactivity levels are expressed as the percentage of injected dose per ml tissue
volume (%ID/ml).

Fig. 1   Brain PET images with [11C]CFT of three groups of Fischer 344 rats (6-, 12- and 24-month-old),
and reference MRI images corresponding to these PET images. The [11C]CFT-PET images were
acquired for 10 min starting 50 min after injection.



Annals of Nuclear Medicine252 Kazunori Kawamura, Keiichi Oda and Kiichi Ishiwata

DISCUSSION

The age-related changes of the [11C]CFT binding to
DATs was investigated in vivo in Fischer 344 rats. The
tissue dissection method represented an age-related de-
crease in the uptake ratio of the striatum to the cerebellum
and in the specific binding-to-nonspecific binding ratio of
[11C]CFT. A tendency of age-related decrease in the in
vivo specific binding of [11C]CFT was also observed in
the striatum. The evaluation of the specific binding of
[11C]CFT by the tissue dissection at a single time point
after the PET measurement may be reasonable, because
the specific binding of [11C]CFT remained in an equi-
librium state from 30 to 60 min (Fig. 2). The finding is
coincidence with that obtained in vitro. Hebert et al.3

reported an age-related decrease in the density (Bmax) of
[3H]CFT binding sites in the rat striatum by in vitro
autoradiography. PET also demonstrated a tendency of an
age-dependent decrease in the striatal uptake of [11C]CFT
(Figs. 1 and 2), however, the kinetic analysis represented
the age-related decrease in both the association rate con-
stant (k3) and the dissociation rate constant (k4), but not
the binding potential (BP = k3/k4) that was a parameter
including both of density and affinity of the binding sites.

Previously, Ishiwata et al.6 suggested that the tracer
kinetic measured by PET for 11C-labeled dopamine re-
ceptor ligands was not necessarily parallel to that meas-
ured by the tissue dissection method, because of low
spatial resolution of PET camera used for small brain
structures of rat. In the present study, the striatal uptake
values (%ID/g) evaluated by tissue dissection at 60 min
and the corresponding values evaluated by PET at 50–60
min for the different age of rats were obtained as 1.13 ±
0.31 vs. 0.84 ± 0.26 in the 6-month-old rats, 1.05 ± 0.19
vs. 0.68 ± 0.18 in the 12-month-old rats and 0.88 ± 0.16 vs.
0.63 ± 0.14 in the 24-month-old rats, respectively. The
PET values were underestimated to be 65–74% of those of
evaluated by tissue dissection. Notwithstanding the tech-
nical problem, Suzuki et al.13 found the age-related de-
crease in the [11C]SCH 23390 binding to dopamine D1

receptors or in the [11C]raclopride binding to dopamine
D2 receptors using the same PET camera.

An important factor inducing the discrepancy between
PET and in vitro findings may be anesthesia. Isoflurane
anesthesia scarcely changed the [11C]raclopride binding
to dopamine D2 receptors when compared with con-
sciousness,6 however, it may affect the binding of [11C]CFT
to DATs. Tsukada et al.15 found that isoflurane anesthesia
markedly enhanced the BP of [11C]CFT in the monkey
brain, and that the degrees of reduction of BP by pre-
administration of DATs inhibitors were marked less than
those observed in the conscious monkey brain. The
isoflurane anesthesia may affect differently the binding of
[11C]CFT to DATs between the aged and young rats,
which resulted in no age-related change in the BP values.

In conclusion, the present study demonstrated the age-

related decrease in the DATs-specific binding of [11C]CFT
in the striatum of Fischer 344 rats by tissue dissection. By
the kinetic analysis of PET measurement, the age-related
decrease was also found in the association and dissocia-
tion rate constants in the [11C]CFT DATs binding, how-
ever, the age-related change was not found for the BP. The
finding by PET was not necessarily coincident with the
result investigated in vitro previously. Therefore, careful
interpretation is necessary for PET studies using [11C]CFT
and small animals such as rats. Further improvements in
anesthesia techniques and precise correction for the par-
tial volume effects for small animal brain structures may
be required for appropriate use of PET technology in this
setting.

ACKNOWLEDGMENTS

The authors thank Dr. W. F. Wang and Y. Koyanagi for their
assistance in the PET study, and also thank the staff of Positron
Medical Center, Tokyo Metropolitan Institute of Gerontology.

REFERENCES

1. Fricker RA, Torres EM, Hume SP, Myers R, Opacka-
Juffrey J, Ashworth S, et al. The effects of donor stage on the
survival and function of embryonic striatal grafts in the
adult rat brain. II. Correlation between positron emission
tomography and reaching behaviour. Neuroscience 1997;
79: 711–721.

2. Haaparanta M, Bergman J, Laakso A, Hietala J, Solin O.
[18F]CFT ([18F]WIN 35,428), a radioligand to study the
dopamine transporter with PET: Biodistribution in rats.
Synapse 1996; 23: 321–327.

3. Hebert MA, Larson GA, Zahniser NR, Gerhardt GA. Age-
related reductions in [3H]WIN 35,428 binding to the dopa-
mine transporter in nigrostriatal and mesolimbic brain
regions of the Fischer 344 rat. J Pharmacol Exp Ther 1999;
288: 1334–1339.

4. Hume SP, Lammertsma AA, Myers R, Rajeswaran S,
Bloomfield PM, Ashworth S, et al. The potential of high-
resolution positron emission tomography to monitor striatal
dopaminergic function in rat models of disease. J Neurosci
Methods 1996; 67: 103–122.

5. Ishiwata K, Koyanagi Y, Saitoh T, Taguchi K, Toda J, Sano
T, et al. Effects of single and repeated administration of
1,2,3,4-tetrahydroisoquinoline analogs on the binding of
[11C]raclopride to dopamine D2 receptors in the mouse
brain. J Neural Transm 2001; 108: 1111–1125.

6. Ishiwata K, Hayakawa N, Ogi N, Oda K, Toyama H, Endo
K, et al. Comparison of three PET dopamine D2-like recep-
tor ligands, [11C]raclopride, [11C]nemonapride and [11C]N-
methylspiperone in rats. Ann Nucl Med 1999; 13: 161–167.

7. Ishiwata K, Ogi N, Hayakawa N, Umegaki H, Nagaoka T,
Oda K, et al. Positron emission tomography and ex vivo and
in vitro autoradiography studies on dopamine D2-like re-
ceptor degeneration in the quinolinic acid-lesioned rat stria-
tum: comparison of [11C]raclopride, [11C]nemonapride and
[11C]N-methylspiperone. Nucl Med Biol 2002; 29: 307–
316.



Short Communication 253Vol. 17, No. 3, 2003

8. Kaufman NJ, Madras BK. [3H]CFT ([3H]WIN 35,428)
accumulation in dopamine regions of monkey brain: Com-
parison of a mature and an aged monkey. Brain Res 1993;
611: 322–325.

9. Kawamura K, Ishiwata K, Futatsubashi M, Ishii S, Ouchi Y,
Homma Y, et al. Efficient HPLC separation of [11C]β-CFT
or [11C]β-CIT from N-desmethyl precursor on a semi-
preparative reversed phase ODS column. Appl Radiat Isot
2000; 52: 225–228.

10. Laakso A, Bergmann J, Haaparanta M, Vilkman H, Solin O,
Hietala J. [18F]CFT ([18F]WIN 35,428), a radioligand to
study the dopamine transporter with PET: Characterization
in human subjects. Synapse 1998; 28: 244–250.

11. Neumeyer JL, Tamagnan G, Wang S, Gao Y, Milius RA,
Kula NS, et al. N-substituted analogs of 2β-carbomethoxy-
3β-(4′-iodophenyl)tropane (β-CIT) with selective affinity
to dopamine or serotonin transporters in rat forebrain. J Med
Chem 1996; 39: 543–548.

12. Ogawa O, Umegaki H, Ishiwata K, Asai Y, Ikari H, Oda K,
et al. In vivo imaging of adenovirus-mediated over-expres-
sion of dopamine D2 receptors in rat striatum by positron

emission tomography. Neuroreport 2000; 11: 743–748.
13. Suzuki M, Hatano K, Sakiyama Y, Kawasumi Y, Kato T, Ito

K. Age-related changes of dopamine D1-like and D2-like
receptor binding in the F344/N rat striatum revealed by
positron emission tomography and in vitro receptor autora-
diography. Synapse 2001; 41: 285–293.

14. Tsukada H, Kreuter J, Maggos CE, Unterwald EM, Kakiuchi
T, Nishiyama S, et al. Effects of binge pattern cocaine
administration on dopamine D1 and D2 receptors in the rat
brain: an in vivo study using positron emission tomography.
J Neurosci 1996; 16: 7670–7677.

15. Tsukada H, Nishiyama S, Kakiuchi T, Ohba H, Sato K,
Harada N, et al. Isoflurare anesthesia enhances the inhibi-
tory effects of cocaine and GBR12909 on dopamine trans-
porter: PET studies in combination with microdialysis in
the monkey brain. Brain Res 1999; 849: 85–96.

16. Umegaki H, Ishiwata K, Ogawa O, Ingram DK, Roth GS,
Yoshimura J, et al. In vivo assessment of adenoviral vector-
mediated gene expression of dopamine D2 receptors in the
rat striatum by positron emission tomography. Synapse
2002; 43: 195–200.


