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Abstract

Purpose: The imdazoline |, receptor (I2R) has been found in the feeding centers of the brain,
such as the hypothalamus, and certain I>R ligands have been reported to stimulate food intake.
Thus, it has been proposed that I,R may play a role in feeding control. [''C]BU99008 was
developed as a positron emission tomography (PET) tracer for imaging of I,R. [''C]BU99008
displayed relatively high brain penetration and specific binding by brain PET studies in
preclinical studies. Here, we evaluated a pathological condition caused by obesity related to
I,R function by quantitative PET study using [''C]BU99008.

Procedures: PET scans were acquired in the Zucker (ZUC) lean and fatty rats, radioactivity and
metabolites of plasma were measured, and the kinetic parameters were estimated.

Results: Radioactivity levels after the injection of [''C]BU99008 in the hypothalamus of both
ZUC lean and fatty rats were highly accumulated, and then gradually decreased until 60 min
after the injection. The accumulated radioactivity from 30 to 60 min after the injection in the
hypothalamus of the ZUC fatty rats was 1.3 times greater than that of lean rats. The volume of
distribution (V+) estimated by Logan graphical analysis in the hypothalamus of the ZUC fatty rats
was 1.8 times greater than that in the ZUC lean rats. In metabolite analysis, the percentages of
the unchanged form in the plasma of the ZUC fatty rats at 60 min after the injection (5.0 %) was
significantly lower than that of lean rats (9.1 %).

Conclusions: By PET imaging using [''C]BU99008, we demonstrated that the accumulated
radioactivity and estimated V4 value in the feeding center of ZUC lean rats was lower than that in
fatty rats. PET studies using [''C]BU99008 may contribute to elucidate a pathological condition
caused by obesity related to I5R function.
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because it could not be accounted for by their interaction
with adrenoceptors (ARs) [1, 2]. The IR have been classified
into I; and I, subtypes on the basis of results obtained from
radioligand binding studies: I;R labeled with [*H]clonidine
and its analogs, and I,R labeled with [HJidazoxan [3, 4].
Idazoxan which is an [,R antagonist [5] has been reported to
increase food intake in rats [6]. On the other hand, 2-ethoxy
and 2-methoxy idazoxan derivatives, which are selective o,-
AR antagonists with negligible affinity for [,R, have been
reported to exhibit no effect on food intake [6]. Thus, it is
considered that the effects on food intake by idazoxan are
mediated by I,R. In addition, certain [,R ligands have also
been reported to stimulate food intake [7-9]. Furthermore,
LR have been found in feeding centers [10], such as the
hypothalamus [11, 12]. Thus, it has been proposed that the
LR may play a role in feeding control.

[''C]1BU99008 has high and selective affinity for R (Ki
for LR, 1.4 nM) [13], and is a more potent positron emission
tomography (PET) tracer for brain imaging than previously
developed PET tracers [14—18]. [''C]BU99008 displayed
high uptake and specific binding in pig and rhesus monkey
brains [19, 20]. Moreover, we previously reported that
[''CIBU99008 with high molar radioactivity exhibited high
specific binding for [,R in the hypothalamus of rats [21].
Thus, it is considered that a PET study using [''C]JBU99008
may detect small changes in the small regions with [;R and
that [''C]BU99008 may be a representative PET tracer for
imaging of [,Rs. In this study, we evaluated a pathological
condition caused by obesity related to IR function by
quantitative PET study for Zucker (ZUC) fatty and lean rats
using [''C]BU9900S.

Materials and Methods

General

[''CIBU99008 was synthesized as described previously
[21]. The synthesis of [''C]BU99008 used an automated
system developed in-house [22]. The molar radioactivity of
[''CIBU99008 at end of synthesis (EOS) was 24-206 GBq/
umol, and the radiochemical purity at EOS was >98 %.
Reagents and organic solvents were commercial products as
described previously [21] and were used without further
purification.

Male Zucker (ZUC) fatty rats (Lepr’®/Lepr’™; 8-9 weeks
old [w.o.]; body weight 374 +40 g body weight [b.w.]) and
ZUC lean rats (Lep/“/+ or +/+; 8-9 w.0.; 266 +32 g b.w.)
were purchased from Charles River Laboratories Japan
(Kanagawa, Japan). Both ZUC lean and fatty rats were
allowed water and same food ad [libitum. Rats were
maintained and handled as described previously [23]. PET
studies using rats were approved in our institute (the Animal
Ethics Committee of the National Institutes for Quantum and
Radiological Science and Technology, Chiba, Japan).

PET Studies in ZUC Rats

PET studies using ZUC lean (n=35) and fatty (n=35) rats
were performed according to the methods described previ-
ously [23]. [''C]BU99008 (31-63 MBg/0.2—4.5 nmol/
1.0 ml) was injected in the tail vein of the rat. Radioactivity
was expressed as a standardized uptake value (SUV) as
described previously [23].

Blood Sampling and Metabolite Analysis

Arterial blood (50 pl to 1.0 ml: total 2 ml) was sampled
as described previously [23]. The radioactivity was
counted using an automatic gamma counter (1480
Wizard, Perkin-Elmer, Waltham, MA, USA) and was
corrected for decay. Blood samples were centrifuged to
separate the plasma as described previously [23]. The
plasma was collected in a tube, added an equivalent
volume of formic acid, and then added threefold amount
of 1 mol/l ammonium acetate solution. The plasma sample
was analyzed as described previously [24]. The extraction
eluent was used an aqueous 0.1 mol/l ammonium acetate
buffer, and the capture column was used a Cadenza HS-
C18 column (3 um, 10 mm i.d. x50 mm length; Imtakt,
Kyoto, Japan). The extraction column was used an
XSelect CSH Fluoro-Phenyl OBD Prep column (5 um,
10 mm id.x100 mm length; Waters, Milford, MA,
USA). The analysis eluents were a mixture of 90 %
acetonitrile solution and aqueous 0.1 mol/l ammonium
acetate solution (0:100 — 100:0 gradient, v/v) at 3—11 min
after the injection, and 90 % acetonitrile solution at 11—
12 min after the sample loaded. The flow rate was 4.0 ml/
min. The retention time of [''CJBU99008 was 9.5 min.
The percentage of [''C]BU99008 was calculated as
described previously [23], and the metabolite-corrected
plasma curve was generated as described previously [23].

Data Analysis

Summed PET images were reconstructed between 30 and
60 min after the injection of [''C]BU99008 using ASIPro
VM (Analysis Tools and System Setup-Diagnostics
Tool/Siemens, Knoxville, TN, USA) and PMOD version
3.4 (PMOD Technologies, Zurich, Switzerland). Volumes of
interest (VOIs) were drawn as described previously [25].
The respective tissue time-activity curves (tTACs) were
derived as described previously [23]. The radioactivity was
expressed as described previously [23].

A one-tissue compartment model (1-TCM), two-tissue
compartment model (2-TCM), Ichise multilinear analysis
(MA-1), and Logan graphical analysis (Logan GA) were
assessed as previously described [23, 26] using a PMOD
software version 3.4.



Kawamura K. et al.: PET study using [''C]BU99008 in Zucker rats 107

Ex vivo Metabolite Analysis in the Brain of ZUC
Rats

[''CIBU99008 (133-144 MBg/2.7-18 nmol) was intrave-
nously injected into male ZUC fatty (8 w.o.; 325-372 g
b.w.; n=3) or lean rats (8 w.o0.; 239-265 g b.w.; n=3). Rats
were euthanized at 30 min after the injection. The whole
brain was treated as described previously [21]. The mixed
supernatants were analyzed using radio-HPLC described
above using a XSelect CSH Fluoro-Phenyl OBD Prep
(5§ pm, 10 mm i.d. x 100 mm length) as a column, a mixture
of 90 % acetonitrile solution and aqueous 0.1 mol/l
ammonium acetate solution (0:100 — 100:0, gradient, v/v)
at 3-11 min after the injection, and 90 % acetonitrile
solution at 11—12 min after the injection as an eluent, 4.0 ml/
min as a flow rate, and 300 nm for UV detection. The
retention time of [''C]BU99008 was 8.5 min.

The distribution of radioactivities was measured, and
radioactivity was estimated to percentages of the unchanged
form as described previously [21].

Statistical Analysis

Quantitative data are expressed as the mean + standard deviation
(SD). Differences between the ZUC fatty and lean rats were
examined using an unpaired ¢ test and were considered
significant at P <0.05. The data were analyzed using SigmaPlot
13.0 software (Systat Software, San Jose, CA, USA).

Kinetic model selection was determined by three statis-
tical results: AIC, MSC; and R square (see in supplemental
material).

Results
PET Study in ZUC Rats

Typical coronal brain PET images acquired from 30 to
60 min after the injection of [''C]BU99008 in the ZUC lean
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Fig. 1. Typical coronal PET/MRI images using [''C]BU99008 (31-63 MBq/0.2—4.5 nmol) in the a ZUC lean and b fatty rat brain.
Respective PET images were averaged during 30 to 60 min after the injection. Rats were anesthetized with isoflurane and
placed in the prone position on the bed of the scanner. The scale of radioactivity is expressed as SUV. The MRl image was from
a template using a representative normal rat.

and fatty rats are shown in Fig. 1. In both lean and fatty rats,
high radioactivity level after the injection was observed in
the hypothalamus and hippocampus, which have high levels
of ,Rs. The radioactivity level after the injection in the ZUC
fatty rat was higher than that in lean rat (Fig. 1).

Time-radioactivity curves (TACs) in the hypothalamus
and hippocampus in ZUC lean and fatty rats are shown in
Fig. 2. In both ZUC lean and fatty rats, the TACs gradually
decreased from initial uptake until 60 min. The radioactivity
concentration over 15 min after the injection in the ZUC
fatty rats was slightly higher than that in the lean rats
(Fig. 2).

The areas under the TACs (AUC3¢_60 min) Values from 30
to 60 min after the injection of [''C]BU99008 in the
hypothalamus and hippocampus of the ZUC lean and fatty
rats are shown in Fig. 3. In both brain regions, the
radioactivity level after the injection in the ZUC fatty rats
(51 for hypothalamus and 47 for hippocampus) was
significantly higher than that in lean rats (39 for hypothal-
amus and 33 for hippocampus) (Fig. 3).

The TACs in the plasma after the injection of [''C]BU99008
in the ZUC lean and fatty rats are shown in Fig. 4a. In the
plasma, the radioactivity level after the injection of
[''CIBU99008 in the ZUC fatty rats slightly increased after the
initial uptake, although that in the ZUC lean rats was maintained
at a constant level after the initial uptake (Fig. 4a). The
radioactivity level at 60 min after the injection in the plasma of
ZUC fatty rats (0.36 SUV) was significantly higher than that in
the lean rats (0.23 SUV) (Fig. 4a). The time course of
percentages of the unchanged form in the plasma of the ZUC
lean and fatty rats are shown in Fig. 4b. The percentages of the
unchanged form of both rats declined over time for 60 min after
the injection (Fig. 4b). The percentages of the unchanged form in
the plasma of the ZUC fatty rats at 60 min after the injection
(5.0 %) was significantly lower than that in lean rats (9.1 %)
(Fig. 4b).

Based on the results of three statistical analyses for
kinetic model selection, it was obvious that 2-TCM was the
most reliable method for acquisition of distribution volume

Hippocampus

SUV
2.0

Al 0

Hypothalamus



108 Kawamura K. et al.: PET study using [''C]BU99008 in Zucker rats

Radioactivity level (SUV)

Time after injection (min)

b —O— Lean
4 —4—- Fatty

[S¥]

Radioactivity level (SUV)

Time after injection (min)

Fig. 2. Time-activity curves of the a hippocampus and b hypothalamus in the ZUC lean (n=5) and fatty (n =5) rats after the
injection of [''C]BU99008 (31-63 MBg/0.2—4.5 nmol). Radioactivity level is expressed as mean SUV.

(Vr) value. However, very high variation of V1 values in 2-
TCM was shown due to low identifiability of parameters k3
and k4 (see in supplemental material). Therefore, we selected
Logan GA as a simple method to obtain V't value instead of
2-TCM. Results of V't values in the brain regions of the ZUC
lean and fatty rats are shown in Fig. 5. The rank order of V't
values was as follows: hypothalamus > hippocampus, thala-
mus, cortex, and striatum > cerebellum and pons, and was
similar to the order of specific binding of I,R ligands in
these regions as previously described [12, 27]. The Vr value
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Fig. 3. Accumulated radioactivity (AUC3zp_go min [SUV x min])
in the hypothalamus and hippocampus of the ZUC lean (n =
5) and fatty (n=5) rats after the injection of [''C]BU99008
(81-63 MBg/0.2-4.5 nmol). *P<0.05 (unpaired t test, com-
pared to the ZUC lean rats).

(25 for lean and 45 for fatty) in the hypothalamus showing
the highest density of all rat brain regions in in vitro binding
assay as previously described [12] was the highest among all
investigated brain regions of both rats (21-24 for lean and
18-34 for fatty). The Vr values of all investigated brain
regions except for the cerebellum and pons in fatty rats (30—
45) were significantly higher than that in lean rats (19-25).
The Vr values of the cerebellum and pons in the ZUC fatty
rats (24 and 20, respectively) exhibited a tendency to be
higher than those in lean rats (16 and 14, respectively).
The correlative relationship between radioactivity accu-
mulation (AUC5¢_g0 min) and the volume of distribution (V)
in the hypothalamus and hippocampus using PET studies in
ZUC lean and fatty rats are shown in Fig. 6. In the
hypothalamus and hippocampus of ZUC rats, V1 values
were strongly correlated with AUC30 69 min values (*=
0.8480; P=0.0012 and 0.7510; P=0.0054, respectively).

Metabolite Analysis of Brain in Rats

In the brain of ZUC lean and fatty rats, the unchanged
radiolabeled form at 30 min after the injection of
[''CIBU99008 was 99.1+0.9 and 97.9+ 0.6 %, respectively.

Discussion

The ZUC rat is a typical rodent model of obesity
characterized by leptin receptor deficiency [28]. To evaluate
obesity-related brain function, several PET tracers for
glucose metabolism, the dopamine D2 receptor, and the
serotonin transporter have been evaluated using brain PET
study in ZUC fatty and lean rats [29-32]. In this study, we
indicated higher binding of [''C]JBU99008 by brain PET
study in ZUC fatty rats compared to ZUC lean rats.
[''CIBU99008 is a typical PET tracer for imaging and
determining the kinetics of [;Rs. In a previous in vitro study,
the density (Bnax) and affinity (Ky) of I,Rs did not exhibit
significant differences in the hypothalamus of ZUC lean and



Kawamura K. et al.: PET study using [''C]BU99008 in Zucker rats

—0— Lean
—&—- Fatty
g
L
©
k7
2
2
b3}
[\
.S
= *
ol . " S i
60

Time after injection (min)

fatty rats [33], although previous in vivo studies of rodents
demonstrated feeding effects by I,R ligands [6-9]. Differ-
ences between in vitro and in vivo studies may be explained
by multiple possibilities, such as the effects of other binding
sites for LRs, and the change of concentrations of the
endogenous ligands of I,Rs. Recently, it has been reported
that several ligands which have high and selective affinity
for I,R have two different binding sites for LR, high affinity
site and low affinity site [12, 34]. BU99008 has also these
two different binding sites for IR, high affinity site (K;=
1.4 nM) or low affinity site (K;=238.6 nM) [13]. Although
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Fig. 4. Time-activity curves (TACs) of a the plasma and b percentage of the unchanged form of plasma in the ZUC lean (n =5)
and fatty (n =5) rats after the injection of [''C]BU99008 (31-63 MBq/0.2—4.5 nmol). Radioactivity level is expressed as mean
SUV for plasma TACs, and as percentages of the unchanged form ([''C]BU99008) for metabolite analysis of plasma. *P <0.05
(unpaired t test, compared to the ZUC lean rats).

function of the low affinity site for bR has not been
confirmed, it has been shown that these several ligands also
bind to monoamine oxidase (MAO) and are weak inhibitors
for MAO [35, 36]. It is thus assumed that the low affinity
site for [,R may represent MAO, although further investi-
gation is required [13]. MAO is one of major enzymes
contributing to the metabolism of serotonin and dopamine,
two neurotransmitter systems involved in the regulation of
food intake [37] and obesity [38]. As for the other
possibility, it is known that one of the endogenous ligands
of ILRs is agmatine, which is the product of arginine
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Fig. 5. The volume of distribution (V) values calculated by a Logan GA using PET studies of the brain in the ZUC lean (n =5)
and fatty (n = 5) rats after the injection of [''C]BU99008. *P <0.05 (unpaired t test, compared to the ZUC lean rats).
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Fig. 6. Correlative relationship between radioactivity accumulation (AUCzg_g0 min) @and the volume of distribution (V) in the a
hypothalamus (* = 0.8480; P =0.0012) and b hippocampus (* =0.7510; P =0.0054) using PET studies in the ZUC lean and

fatty rats.

decarboxylation and influences multiple physiologic and
metabolic functions [39, 40]. Previously, agmatine was
demonstrated to improve pathological conditions of meta-
bolic disease, such as decrease of fat mass, decrease of body
weight, and improvement of insulin sensitivity [41]. Based
on multiple effects of endogenous ligands for I,Rs, such as
MAO and agmatine, it is assumed that the concentration of
endogenous ligands for [;Rs in fatty rats may be lower than that
in lean rats. Thus, it is considered that the binding of
[''CIBU99008 for ,Rs in fatty rats was increased, because
the blocking effect by relatively low concentrations of
endogenous ligands on the binding in the fatty rats was smaller
than the corresponding blocking effect in the lean rats.
Previously, PET study using [''C]JDASB which is a serotonin
transporter PET tracer was performed to measure changes in
the concentration of endogenous serotonin [42]. Therefore,
PET studies using [''C]JBU99008 may be helpful for estimat-
ing multiple changes of endogenous ligands for ,Rs in the
brain, because it is difficult to directly measure the change of
endogenous ligands for I;Rs for in vivo studies.

We also investigated the correlative relationship between
the volume of distribution (V1) and the accumulation of
radioactivity (AUC30_60 min [SUV X min]) in the hypothala-
mus and hippocampus, which have high expressions of I;Rs.
The AUC30 60 min Was well correlated with the Py in the
high levels of L,Rs with the PET study using [''CJBU99008.
In addition, the accumulation of radioactivity in both ZUC
rats at 30 min after the injection of [''C]BU99008 was
attributed to the almost unchanged form, as determined from
the result of metabolite study. The binding parameters of V'
for [L,Rs in the brain from PET study of rats using
[''CIBU99008 could be represented by the accumulation
of radioactivity after the injection of [''C]BU99008.

In metabolite analysis of plasma in the ZUC rats, the
percentages of the unchanged form in the ZUC lean rats at
60 min after the injection of [''C]BU99008 was significantly
higher than that in the ZUC fatty rats. This result suggests that
[''CIBU99008 in the ZUC fatty rat may be metabolized more
easily than that in the ZUC lean rats, because it was found that
cytochrome P450 enzyme 4A2 (CYP4A2) mRNA of the ZUC
fatty rat was significantly higher than that of the ZUC lean rats
[43].

Conclusion

Using PET study with [''C]BU99008, we demonstrated that the
accumulated radioactivity and estimated V't value in the feeding
center in ZUC fatty rats were higher than those in lean rats. The
accumulation of radioactivity in the brain after the injection of
[''CIBU99008 can be used to reflect the binding parameters of
V't for LRs in the brain. Dynamic or static PET studies using
[''C]BU99008 may contribute to elucidating pathological
conditions caused by obesity related to IR function.
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