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Introduction

Animal positron emission tomography (PET) studies are 
of great value because they can provide insights that are 
directly unavailable by human PET studies, such as vali-
dation of non-clinical drugs or invasive measurements 
under anesthesia. Although ex vivo autoradiography 
and/or tissue counting technique can in part serve such 
roles, these methods are laborious because they need 
many animals to obtain dynamic data, and are subject 
to interanimal variation. Thus, the need for PET studies 
that permit dynamic and repetitive measurements using 
a minimum number of animals has been recognized. 
Especially, PET imaging using rodents has been widely 
applied to investigate the in vivo dopaminergic neuro-
transmission pathway, including postsynaptic dopamine 
receptors [1–14], presynaptic dopamine transporters 
[13, 15, 16], and in vivo monitoring of dopamine recep-
tor gene expression [17–19]. A functional magnetic reso-
nance imaging (MRI) technique has also been used to 
investigate dopaminergic neuronal function using rats 
[20]. One of the reasons why many animal PET scientists 
have focused on the dopaminergic system is its possibil-
ity to detect striatal radioactivity by the use of a conven-
tional animal PET scanner. In contrast to other neuronal 
systems, dopamine receptors are locally expressed in 
small striatal regions. In addition, because dopamine 
receptors are scarce in the cerebellum [21], the cerebel-
lum can be used as a reference region to quantify dopa-
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Abstract For analysis of in vivo dopamine receptor 
binding in the rat brain by positron emission tomogra-
phy (PET), a convenient method to obtain precise ana-
tomical registration for striatum and cerebellum on the 
PET image was developed. On the PET measurements, 
a control, an anesthetized rat was positioned in a stereo-
taxic holder so that the horizontal plane of the PET 
image would be parallel to the horizontal plane of the 
brain atlas. After the positioning, [11C]raclopride was 
intravenously injected into the rats and scanned to obtain 
PET images of dopamine D2 receptor in the brain. The 
striatum was bilaterally identifi ed in the obtained PET 
image. The atlas-based regions of interest (ROIs) of the 
whole brain were preliminarily created according to the 
atlas, and were superimposed on an early phase PET 
image. The early phase PET image was compatible to 
the whole brain ROI in the atlas, which enabled deter-
mination of striatal and cerebellar ROI diffi cult to deter-
mine by the PET image alone. Using the cerebellar 
radioactivity as a reference input function, rate constants 
between the free/nonspecifi c compartment and the recep-
tor bound compartment (k3 and k4) were calculated by 
a two-parameter compartment model, and the binding 
potential (k3/k4) was estimated. The binding potential 
and its coeffi cients of variation were 1.56 ± 0.30, 19.3% 
in Wistar rats, 1.05 ± 0.14, 13.4% in Sprague–Dawley 
(SD) rats, and 1.29 ± 0.07, 5.2% in Fischer F344 rats, in 
which binding potential in Wistar rats was signifi cantly 
higher than that in SD rats. This method is objective and 
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mine receptor function with no need for tedious blood 
sampling.

In most of these studies, the exact determination of 
regions of interest (ROIs) is diffi cult because of the 
coarse spatial resolution of a PET camera. In addition, 
PET image per se provides no anatomical information. 
Therefore, the determination of ROIs solely by PET 
image depends more or less on the subjectivity of scien-
tists. A recent high-resolution PET imaging technique 
using small rodents—micro-PET—has a potential to 
solve this problem [2, 5, 7, 10, 16]; however, the image 
itself also provides no anatomical information. To over-
come this problem, a 3D digital map developed at the 
University of California Los Angeles (UCLA) can assist 
anatomical interpretation in micro-PET studies [16]; 
however, the apparatus and software are not available 
in ordinary laboratories, and thus a convenient method 
for anatomical registration of the rat brain image with 
conventional animal PET scanner is expected.

Against this background, a convenient method for 
anatomical registration of the PET images of rats was 
investigated with the aid of the published atlas of the 
rat brain [22]. We accomplished anatomical matching 
between PET images and the atlas by adjusting the 
scanner axis to the horizontal plane determined on the 
atlas, and by superimposing the atlas-based whole brain 
ROIs on the PET images. This technique was extended 
to determine striatal and cerebellar ROIs enabling quan-
tifi cation of dopamine receptor function of the rat brain. 
In addition, because the atlas is published on the basis 
of a study of 130 adult male Wistar rats with a weight 
range of 270–310 g, we investigated whether this method 
is applicable to rats of various strains as well.

Methods

Materials

Desmethyl derivative R(+)-raclopride was purchased 
from commercial sources (Research Biochemicals Inter-
national, Natick, MA, USA). [11C]raclopride was pre-
pared as described in the earlier report with a slight 
modifi cation [23]. In brief, [11C]CO2 was produced by 
the proton irradiation of N2 (20 µA, 40 min) by a small 
cyclotron (CYPRIS HM-18, Sumitomo Heavy Indus-
tries, Tokyo, Japan). [11C]CH3I obtained from [11C]CO2 
following the usual procedure was trapped in 0.3 ml of 
dimethylsulfoxide containing 1 mg of desmethyl raclo-
pride hydrochloride and 3 µl of 5N NaOH using the 
automated synthesis system (CUPID, Sumitomo Heavy 
Industries). The solution was heated at 60°C for 2 min 
and applied to preparative high performance liquid 

chromatography (HPLC). Capcellpack UG120 column 
(5 µm, ϕ20 × 250 mm, Shiseido, Tokyo, Japan) was used 
with 10 mM phosphate : acetonitrile (67 : 33, v/v) at a 
fl ow rate of 10 ml/min. The collected [11C]raclopride frac-
tion was evaporated to dryness and the residue was dis-
solved in physiological saline; 40 min after the end of 
irradiation, 663 ± 253 MBq (n = 18) of [11C]raclopride 
was obtained. A small portion of the obtained product 
was analyzed with Capcellpack UG120 column (5 µm, 
φ4.6 × 150 mm, Shiseido) and 10 mM phosphate : aceto-
nitrile (80 : 20, v/v) at a fl ow rate of 2 ml/min. The radio-
chemical purity exceeded 99%. The specifi c activity was 
22.3 ± 17.3 GBq/µmol.

Animals

Wistar (10 weeks, 300–350 g; n = 4), Sprague–Dawley 
(SD; 10 weeks, 300–350 g, n = 4) and Fischer F344 
(6 months, 350–400 g, n = 4) male rats were used for the 
present experiment. Wistar rats and SD rats were sup-
plied by Shizuoka Laboratory Animals Center (Hama-
matsu, Japan), and F344 rats were supplied by Charles 
River Labs (Yokohama, Japan). The rats were initially 
anesthetized with chloral hydrate (400 mg/kg i.p.). 
During the experiment the anesthetized rats were main-
tained with a continuous infusion of chloral hydrate 
(100 mg kg−1 h−1, i.v.).

The present animal study was approved by the Animal 
Care and Use Committee of the National Institute for 
Longevity Sciences.

Positioning

Prior to the PET scanning, the anesthetized rat was fi xed 
in a prone position with a holder, a modifi cation of a 
stereotaxic holder for physiological experiments (Hama-
matsu Photonics, Hamamatsu, Japan). The holder and 
its attachment including an incision bar and ear bar are 
all made of polyacrylate to eliminate artifacts during the 
scanning. For anatomical registration of the PET image, 
we used the atlas of Paxinos and Watson [22]. This atlas 
was prepared as a map for physiological experiments, 
representing 76 coronal cross sections of a rat brain 
with 0.2–0.5 mm intervals in photographs with free-
hand drawings. The topography is based on a three-
dimensional coordinate system, in which each cross 
section was vertical to the horizontal plane determined 
so that the distance of heights between the incision bar 
and the horizontal plane passing through the interaural 
line is 3.3 mm. On the measurement, the vertical interval 
(3.3 mm) was fi xed in each rat in order to match the 
horizontal orientation between the scanner axis and the 
horizontal plane of the atlas. The head skin of the rat 
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was incised to expose bregma, which was positioned 
in the center of the fi eld of view using a laser beam at-
tached to the scanner. Of 76 coronal sections, 7 sections 
of 6.70 mm, 3.20 mm, 0.20 mm, anterior and 3.30 mm, 
6.72 mm, 9.80 mm, 12.8 mm posterior from the bregma, 
which consistently corresponds to the PET images with 
3.25 mm interval, were employed for the ROI analysis. 
In addition, a small amount of tracer (about 200 kBq/
100 µl) was placed on the bregma to confi rm that the 
coronal plane crossing the bregma corresponds to the 
coronal plane crossing the center of the striatum. A 
small cotton ball with a diameter of less than 2 mm in 
the dispenser tip was immersed with diluted solution of 
radioactivity as the location marker of bregma.

PET procedures

Each rat underwent one PET scanning acquired with 
[11C]raclopride under the anesthetized, resting condition. 
The data acquisition protocol was followed by the same 
protocol as described earlier [24]. The SHR-2000 PET 
camera (Hamamatsu Photonics) was used and provided 
a 14-slice image set at 3.25-mm intervals with image 
spatial resolution of 3.5 mm full-width at half-maximum 
[25]. Correction of photon attenuation was carried out 
with transmission data obtained by rotating the 68Ge/68Ga 
rod source. Subsequently, 8–12 MBq of a [11C]raclopride 
was injected into rats through a cannula inserted into tail 
vein and simultaneously scanning was started. Data 
were dynamically acquired 64 min (1 min × 64 frames), 
in which the fi rst 60 min was used for the data analysis.

Data analysis

The tomographic images were reconstructed using a 
Butterworth fi lter with a cutoff frequency of 144 cycles/
cm. To measure the regional radioactivity in the rat 
brain, atlas-based ROIs were superimposed to PET 
images acquired with [11C]raclopride. First, whether the 
atlas-based ROIs accurately corresponded to the whole 
brain PET images was confi rmed by superimposing the 
atlas-based ROIs to early phase PET images (average of 
1–10 min). After the confi rmation, the atlas-based ROIs 
were superimposed to the later phase PET images 
(average of 15–45 min) and the striatal and cerebellar 
ROIs were determined.

%ID/ml
Tissue radioactivity (Bq/ml)

Injected dose (Bq)
= ×100

The tissue uptake of each tracer was evaluated as the 
percentage of injected dosage per volume tissue (%ID/
ml) calculated by the following equation:

%ID/ml
tissue radioactivity (Bq/ml)

injected dosage (Bq)
= ×1000.

The most convenient techniques for quantitative in vivo 
dopamine receptor binding, at present, are based on a 
two-parameter compartment model using the cerebel-
lum as an indirect input function [26, 27]. The kinetic 
parameters were calculated according to the model, 
which can be written with the following equation:
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In the equation, Cb is the radioactivity of the receptor-
bound compartment, Cce the radioactivity of the free/
nonspecifi c compartment (identical to the cerebellar 
radioactivity); k3 is the rate constant from the free/
nonspecifi c ligand to the receptor-bound ligand com-
partment, which is proportional to the bimolecular 
association rate (kon) and the number of receptors (Bmax); 
k4 is the rate constant from the receptor-bound ligand 
compartment to the free/nonspecifi c ligand compart-
ment, which is equivalent to the dissociation rate from 
the receptors (koff). The ratio k3/k4 is the binding poten-
tial equivalent to Bmax/Kd, in which Kd is the dissociation 
constant equivalent to the ratio of the molecular 
dissociation rate to the association rate [28]. The cere-
bellar uptake was used for the reference of the free/non-
specifi c compartment, and the difference between the 
striatal uptake and cerebellar uptake was used for the 
receptor-bound compartment. The optimal values of k3 
and k4 were obtained by using a nonlinear least-squares 
method, and the binding potential (k3/k4) was calcu-
lated. In addition, to evaluate the accuracy of the kinetic 
parameters obtained by the present method in each 
strain of rats, the coeffi cient of variation (CV) of the 
binding potential was calculated by the percentage of 
the ratio of the standard deviation (SD) to the mean 
value of each strain of rats. All analysis procedures were 
performed on a workstation with an image analysis 
software Dr. View version 4.0 (Asahi Kasei Joho 
System, Tokyo, Japan).

Tissue slice preparation

To validate the above image registration technique and 
to determine structural differences between the three 
kinds of rat strain, tissue slice samples were obtained 
from each rat brain after the PET experiments. The 
brains were dissected, and treated in diluted (10%) form-
aldehyde solution for 1 week, followed by hemoglobin 
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(HB) staining to obtain slices that cross striatal and cer-
ebellar regions.

Results

The position of the head of a Wistar rat, drawings of the 
rat brain in the atlas, and the PET images of [11C]raclopride 
are schematically shown in Fig. 1. As shown in Fig. 1c, 
tracer spot on the bregma as a fi ducial marker could be 

observed defi nitely in the coronal PET image acquired 
in the early phase (average of 1–10 min). In the same 
coronal plane crossing the bregma, two hot spots, stria-
tal images, were also identifi ed defi nitely in the later 
phase PET image (average of 15–45 min).

Figure 2 shows a result of the procedure to determine 
ROIs representing in a descending order. The early 
phase PET images (Fig. 2b) did not give any precise 
structural information by themselves; however, the 
contour of the brain discernible in the early phase PET 

a

d

b

c

a

b

c

d

e

Fig. 1 a Schematic representation of the head of a Wistar rat fi xed 
on a stereotaxic holder in which deviation of heights between inci-
sion bar and interaural line should be 3.3 mm to match the hori-
zontal plane of the atlas. b Drawings of atlas sections. The distance 
of each drawing from the bregma is +6.70 mm, +3.20 mm, +0.20 mm, 
−3.30 mm, −6.72 mm, −9.80 mm, and −12.8 mm. The interval 
approximately corresponds to the slice interval of positron emis-
sion tomography (PET) images. c A coronal plane of PET image 

crossing the bregma (upper, early phase image of [11C] raclopride) 
corresponding to a coronal plane crossing the center of the stria-
tum (lower, later phase image). d A coronal scheme of the hand-
made ear bar made of polyacrylate. The ear bar was preliminarily 
fi xed on the rat head so as to correspond to the position of the 
interaural line, followed by the attachment on the stereotaxic bed 
parallel to the scanner axis

Fig. 2 Atlas-based regions of 
interest (ROIs) determined in 
a descending order. Upper 
numerical denotes distance 
from bregma (mm). a Free-
hand drawings of the edge of 
the whole-brain region 
extracted from the atlas 
sections shown in Fig. 1b. 
b Early phase images (1–
10 min) of a brain of Wistar 
rat. c Early phase images with 
(a) superimposed. d Later 
phase images (15–45 min). 
e Later phase images with 
drawings of striatum and 
cerebellum superimposed
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images was largely compatible with the whole-brain 
ROIs (Fig. 2c). Next, the striatal and the cerebellar ROIs 
included in the whole-brain ROIs were superimposed on 
the later phase PET images (Fig. 2d, e). The bilateral hot 
areas observed in the PET image corresponded well to 
the striatal ROIs. The cerebellar ROI, although no hot 
spots were observed in the later phase cerebellar image 
because of the scarce of dopamine receptor, could be 
determined using this procedure.

The tissue slice samples and the corresponding PET 
images in both striatal and cerebellar regions obtained 

from rats of the three strains, Wistar, SD, and Fischer 
F344, are shown in Fig. 3. As shown obviously, no 
species differences in the contour of tissue slices were 
observed in either region. In addition, the contour of 
tissue slices was shown to largely correspond to the 
contour of the early phase PET images.

Figure 4 shows the time–activity curves of the stria-
tum and the cerebellum following intravenous injection 
of [11C]raclopride into the rats of each strain. To obtain 
these curves the same atlas-based ROIs were used on 
the basis of the result of Fig. 3. Both the striatal and 

Fig. 3 Atlas-based 
determination of ROIs in the 
PET images of rats of various 
strains. Upper row shows 
stained brain tissue slices of 
rats of three different strains. 
These slices were sectioned by 
coronal planes passing the 
center of the striatum and the 
cerebellum. Lower two rows 
were PET images of rat brain 
acquired with [11C]raclopride, 
anatomically corresponding 
to the upper tissue slices. 
Values were expressed as % 
ID/ml

a b cFig. 4 Time–activity curves of 
striatum (fi lled circle) and 
cerebellum (open square) 
following intravenous 
injection of [11C]raclopride in 
rats of various strains. (a) 
Wistar rat; (b) Sprague–
Dawley rat; (c) Fischer F344 
rat. Values were expressed as 
the percentage of the injected 
dosage per milliliter tissue 
(%ID/ml). Data are mean ± 
standard deviation of four 
rats of each strain
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cerebellar uptake reached a peak 2–3 min after tracer 
injection, and the subsequent decrease of the cerebellar 
uptake was higher than the striatal uptake. The specifi c 
binding, estimated by the striatal minus the cerebellar 
uptake, reached a plateau approximately 20 min after 
tracer injection. Although absolute values of the tissue 
uptake were quite different, the patterns were almost the 
same among strains. The results of the kinetic analyses 
were summarized in Table 1. The binding potential and 
its coeffi cients of variation were 1.56 ± 0.30, 19.3% in 
Wistar rats, 1.05 ± 0.14, 13.4% in SD rats and 1.29 ± 
0.07, 5.2% in Fischer F344 rats. A statistically signifi cant 
difference was found in the binding potential between 
Wistar rats and SD rats [P < 0.01, by one-way analysis 
of variance with Fisher’s protected least signifi cant dif-
ference (PLSD)].

Discussion

In the PET study using rats, a method of anatomical 
interpretation of PET images is a prerequisite for the 
exact determination of ROIs to use for the following 
analysis procedures. As described before, in most of the 
PET studies in rats reported, PET images were anatomi-
cally interpreted mostly by visual inspection, and thus 
determination of ROIs by PET image depends more or 
less on the subjectivity of scientists. One approach to 
cope with this problem is to accomplish anatomical reg-
istration with MRI images [9, 29–31]. This approach is 
more prominent than visual inspection because of its 
direct way of anatomical registration. However, this 
method requires skilled technique in superimposing PET 
images to MRI images, in addition to the fact that MRI 
for animals is not available in most ordinary laborato-
ries. Another approach is to use 3D rat brain atlas-

derived volumes of interest. This method is outstanding 
in that accurate and unbiased registration can be accom-
plished with no use of computed tomography or MRI, 
although this method is specifi cally developed for micro-
PET studies and requires dedicated software for auto-
mated registration [16]. The method described here is 
a more convenient and objective approach by utilizing 
the relationship between PET images and anatomical 
markers on the body surface. We have confi rmed as 
shown in Fig. 1 that the two hot spots seen in the later 
phase PET image were certain to be the striatal PET 
images because they were seen in the same coronal plane 
crossing the bregma on which a radioactive marker was 
applied. It has also been demonstrated that the contour 
of the early phase PET images was compatible to the 
whole-brain contour of the seven slice sections in the 
atlas, and the hot spot of radioactivity seen in the late 
phase image also exactly matched the region of striatum 
in the atlas section. Therefore, atlas-based precise ana-
tomical registration can be accomplished only if care is 
taken in the positioning of the rat head. In addition, it 
is generally diffi cult to defi ne the cerebellar ROI by PET 
image alone because of the scarcity of dopamine recep-
tors; however, the geometrical compatibility between 
PET image and atlas enabled defi nition of cerebellar 
ROI as shown in Fig. 2. The obtained cerebellar time–
activity curve can be used as an input function, which is 
convenient for the kinetic analysis rather than the use of 
the plasma input function.

This method is applicable on the assumption that the 
spatial relationship between bregma on the skull and 
various brain regions in the intracranial space remains 
constant. The result of tissue slice studies from various 
rat strains as shown Fig. 3 suggested that even though 
the structural difference between rat strains was rela-
tively small, interanimal differences in the same species 
would be much smaller. Interestingly, Fig. 3 also sug-
gested that the anatomy of a 6-month-old F344 rat was 
similar in size and shape to other normal adult rats. 
Anatomical studies using albino rats have reported a 
high correlation between the position of skull points and 
cerebral structures [32]. It has also been demonstrated 
that the bone length of the skull of senescent Fischer 
male rats was approximately 5% larger than that of 
6-month old rats [33]. In other words, if the distance 
between the bregma and the center of the cerebellum is 
approximately 13 mm, the distance between the bregma 
and the center of the cerebellum will not exceed 14 mm 
in the senescent male rat (within the range feasible to 
measure both regions). This evidence together with the 
present tissue studies suggests that the structure of the 
rat brain in general does not differ appreciably among 
animals, strains, and ages. It is also obvious in Fig. 3 

Table 1 Rate constants and the binding potential of [11C]raclopride 
obtained by atlas-based region of interest analysis in the rats of 
various strains

Mean SD CV

k3 (1/min)
 Wistar 0.109 0.021 19.7
 Sprague–Dawley 0.066 0.013 19.4
 F344 0.073 0.031 42.2
k4 (1/min)
 Wistar 0.071 0.021 29.4
 Sprague–Dawley 0.062 0.008 12.3
 F344 0.056 0.023 40.9
BP
 Wistar 1.56 0.30 19.3
 Sprague–Dawley 1.05 0.14 13.4
 F344 1.29 0.07  5.2

CV coeffi cient of variation, BP binding potential
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that the atlas-based ROIs can commonly be applicable 
to PET images of all rat strains. This is valuable in a 
practical way because SD rats as well as Wistar rats are 
widely used in neuroscience research, and the Fischer 
F344 rat has also been used frequently in aging research. 
So far as striatal dopamine receptor imaging is con-
cerned, this method seems to be adequate for anatomical 
registration using any strains of rats with a low-
resolution PET scanner.

Our results also showed higher D2 receptor binding 
potential in Wistar rats than in SD rats, as shown in 
Table 1. As shown in Fig. 4, the difference in the binding 
potential between these strains could be owing to the 
difference in specifi c binding (striatal minus cerebellar 
radioactivity) between the strains. This fi nding is in part 
supported by autographic studies demonstrating that 
Wistar rats exhibited higher D2 receptor levels than SD 
rats in the dorsolateral part of the caudate-putamen [34]. 
On the other hand, higher binding potential in adult 
Wistar rats than in senescent F344 rats was observed. 
This observation is unlikely to refl ect the strain differ-
ences because age-related reduction in D2-receptor 
binding in F344 rats has been reported [8]. Additional 
experiments using adult F344 rats will be necessary to 
elucidate the cause of this difference between these 
strains.

This method is convenient for routine use and is 
ap plicable to various rat models, such as the 6-OHDA-
lesioned rat model [1], conscious rat model [3], 
Huntington’s disease model [6, 10], genetically modifi ed 
rodent models [7, 17, 19], aging rat model [8], and binge 
cocaine administration model [11]. The combined use of 
PET with microdialysis also provides valuable informa-
tion regarding dopaminergic neurotransmission [2, 20]. 
These studies have possibilities for providing insight 
for the investigation of neurodegenerative disorders or 
mechanism of drug abuse. This technique will also serve 
as a bridge between human and rodent studies, because 
it is capable of comparing the same functional parame-
ters that are imaged with PET in humans.

Conclusions

A stereotaxic method of atlas-based image registration 
of the rat brain was developed for dopamine D2 receptor 
mapping by means of [11C]raclopride and PET. This 
method provides PET scientists with a convenient, effi -
cient, and objective method of analysis, which is an 
alternative to the tedious, manual ROIs methods. This 
method is applicable to various species of rat for various 
pharmacological and physiological studies.
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