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Changes in the density of imidazoline-I2 binding sites have been
observed in a range of neurologic disorders including Alzheimer’s
disease, Huntington’s chorea, and glial tumor; however, the pre-
cise function of these sites remains unclear. A PET probe for I2
binding sites would further our understanding of the target and
may find application as a biomarker for early disease diagnosis.
Compound BU99008 has previously been identified as a prom-
ising I2 ligand from autoradiography studies, displaying high
affinity and good selectivity toward the target. In this study,
BU99008 was radiolabeled with 11C in order to image the I2
binding sites in vivo using PET. Methods: 11C-BU99008 was
radiolabeled by N-alkylation of the desmethyl precursor using
11C-methyl iodide. A series of PET experiments was performed
to investigate the binding of 11C-BU99008 in porcine brains, in
the presence or absence of a nonradiolabeled, competing I2
ligand, BU224. Results: 11C-BU99008 was obtained in good
yield and specific activity. In vivo, 11C-BU99008 displayed good
brain penetration and gave a heterogeneous distribution with
high uptake in the thalamus and low uptake in the cortex and
cerebellum. 11C-BU99008 brain kinetics were well described by
the 1-tissue-compartment model, which was used to provide
estimates for the total volume of distribution (VT) across brain
regions of interest. Baseline VT values were ranked in the fol-
lowing order: thalamus . striatum . hippocampus . frontal
cortex $ cerebellum, consistent with the known distribution
and concentration of I2 binding sites. Administration of a
selective I2 binding site ligand, BU224, reduced the VT to
near-homogeneous levels in all brain regions. Conclusion:
11C-BU99008 appears to be a suitable PET radioligand for im-
aging the I2 binding sites in vivo.
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Imidazoline binding sites were first identified by Bousquet
et al. in 1984, after their observation that the antihypertensive
drug, clonidine, interacted with a distinct imidazoline-prefer-
ring site in addition to the a2-adrenoceptor (1). Imidazoline
binding sites have since been characterized in a variety of
species and tissues and divided into 3 separate pharmacologic
subtypes, termed the I1, I2, and I3 binding sites (2). Although
functions have been demonstrated for the I1 sites (blood
pressure regulation) and I3 sites (modulation of insulin re-
lease), the precise role of the I2 sites is unclear. The physi-
ologic relevance of I2 binding sites is supported by studies
that find the endogenous substances agmatine (3) and har-
mane (4) to have significant activity at one or more of these
sites. Additionally, I2 sites have been linked to several central
nervous system disorders for which changes in the binding
density have been observed in postmortem brain tissue.
These include depression (5,6), addiction (7), glial tumor
(8–10), and neurodegenerative disorders such as Alzheimer’s
disease (11) and Huntington’s chorea (12). An in vivo imaging
probe to study I2 sites in living tissue would therefore prove
invaluable in further delineating the precise physiologic
role of these binding sites in healthy and disease states.

PET is an in vivo imaging technique that uses radio-
ligands as selective molecular probes to map the location
and density of specific proteins. The development of
a selective I2 PET radioligand would allow for the char-
acterization of I2 binding sites in vivo and their regulation
in disease states. Although several ligands selective for I2
sites have been reported (13), only 2 potential PET radio-
ligands have been reported to date. Roeda et al. (14) pub-
lished the radiosynthesis of 11C-benazoline in 2003;
however, its study in vivo has not been reported. Most
recently, Kawamura et al. reported the in vivo imaging
of 11C-FTIMD in rats (15) and in monkeys (16), although
the specific signal appears to be low in both cases. In this
article, we report the synthesis and initial preclinical in
vivo evaluation of 11C-BU99008 as a novel PET radio-
ligand for imaging I2 binding sites.
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MATERIALS AND METHODS

Chemistry
Solvents were of high-performance liquid chromatography

(HPLC) grade and were purchased from Aldrich. Labeling reactions
were performed using anhydrous Sure/Seal solvents from Aldrich.
11C-CH4 was produced using an IBA Cyclone 18/18 Twin cyclotron
by the 14N(p,a)11C nuclear reaction using a nitrogen gas target
(containing 5% hydrogen) pressurized to 150 psi and bombarded
with 18-MeV protons. Subsequently, 11C-CH4 was converted into
11C-CH3I by gas-phase iodination with iodine using a ProC system
(GE Healthcare). The labeling procedurewas performed using a fully
automated system (ProC) including 11C-methylation, HPLC purifi-
cation, and labeled product formulation. The precursor for radiolab-
eling, 2-(4,5-dihydro-1H-imidazol-2-yl)-1H-indole (BU99007), was
synthesized according to the method described by Tyacke et al. (17).

Radiochemical Synthesis of 11C-BU99008
11C-BU99008 was prepared by N-alkylation of the precursor

BU99007 using 11C-CH3I (Fig. 1). BU99007 (1.0 mg) was dissolved
in dimethylformamide (300 µL) in a 1-mL glass vial, and tetrabu-
tylammonium hydroxide (20 µL of a 0.1 M methanol solution) was
added. 11C-CH3I was delivered to the vial at room temperature in
a helium carrier gas stream. After 11C-CH3I delivery, the vessel was
heated at 120�C for 5 min and injected onto the semipreparative
HPLC column (Eclipse SB-phenyl column [Agilent]; 250 · 9.4
mm). HPLC purification was performed with a mobile phase of
acetonitrile and ammonium formate (50 mM; pH 9.9; 50:50) at a flow
rate of 10 mL/min. The product fraction (retention time, ;5.5 min)
was collected and diluted with 100 mL of water. This solution was
passed through a C18 Sep-Pak (Waters), rinsed with water (10 mL),
and eluted off with ethanol (1 mL), followed by saline (9 mL). The
analysis of chemical and radiochemical purity was performed by
analytical HPLC (Eclipse SB-phenyl column; 150 · 4.6 mm) using
a mobile phase of acetonitrile and ammonium formate (50 mM; pH
9.9; 50:50) at a flow rate of 2 mL/min. To confirm the radiopharma-
ceutical identity, a sample of the purified material was also coinjected
with a nonradiolabeled sample of BU99008. Two 11C-BU99008
productions were analyzed using different HPLC conditions (Eclipse
XDB-C18 column [Agilent]; 150 · 4.6 mm) (32% acetonitrile:68%
ammonium formate [50 mM; pH 9]; 1.5 mL/min) to confirm that the
product was chemically and radiochemically pure.

Porcine PET Studies
All animal studies were performed in accordance with the Danish

Animal Experimentation Act at the Aarhus PET Centre, Denmark.
Yorkshire/Danish Landrace pigs (;40 kg; n 5 3) were kept fasting
for 24 h before PET examination, with free access to water. After
initial intramuscular induction of anesthesia with midazolam and
ketamine, animals were intubated and put on a respirator with med-
ical-grade air. Anesthesia was maintained with isoflurane (1.5%–2%)
for the duration of the study. Catheters were surgically placed into

the left femoral vein and artery of the animal for administration of
radiopharmaceuticals and pharmaceutical agents and blood sampling
and blood pressure recording. Throughout the study, vital signs were
monitored and maintained within the normal physiologic range.
Animals were placed supine in a Siemens ECAT EXACT HR tomo-
graph, with the head immobilized in a custom-made holding device.

In each PETexperiment, 294–393 MBq of 11C-BU99008 (specific
activity, 51–118 GBq/mmol; injected mass of BU99008, 0.7–1.3 mg)
were administered intravenously in the femoral vein as a 1-min bolus
injection. Dynamic emission data were acquired in 3-dimensional
mode for 90 min (26 frames; 8 · 15 s, 4 · 30 s, 2 · 1 min, 2 · 2 min,
4 · 5 min, and 6 · 10 min). Measured attenuation and scatter
corrections were applied to the emission data. Data were recon-
structed using the reprojection algorithm (18) with an axial and
transaxial Hanning filter with a 0.5 cutoff frequency. The resulting
images had a spatial resolution of approximately 5–7 mm in full
width at half maximum (19). For each study, the baseline PET
summed image was coregistered with a 12-parameter affine registra-
tion to the Landrace porcine brain atlas using a mutual information
metric. T1-weighted MR images from 22 female Yorkshire/Landrace
pigs were used to generate an atlas according to methods described
previously for the Gottingen minipig (20). Subsequently, the trans-
formation parameters were applied to each frame in the dynamic
image of all the PET scans acquired in that study. All registrations
were assessed by visual inspection, and then the regions of interest
(ROIs) were applied to the dynamic images to generate regional
time–activity curves.

Three studies were performed in total, each using a different pig.
In studies 1 and 2, baseline scans were acquired. In study 3, a baseline
scan was followed by 2 additional scans in which BU224, at doses of
0.01 and 5.00 mg/kg, was administered intravenously 30 min before
injection of the radioligand.

Whole-Blood and Plasma Input Functions
Arterial blood samples (40 per scan) were collected from the

femoral artery with an automated sampling system for the first 5 min
and manually thereafter for the determination of whole-blood and
plasma input functions. Radioactivity concentrations were measured
using a g-counter (Cobra II Auto Gamma; Packard).

Metabolite Analysis
Arterial plasma analysis of 11C-BU99008 metabolism was per-

formed for each scan as follows: arterial blood samples (5 mL) were
collected at 5, 10, 20, 30, 40, 60, and 80 min after tracer injection.
After centrifugation (10,000 rpm, 1 min), an equal volume of aceto-
nitrile was added to the plasma sample. The resulting suspension was
again centrifuged (10,000 rpm, 5 min), with the resulting supernatant
filtered through a 0.45-mm nylon syringe filter. The deproteinized
plasma samples (typically, 1.0–2.0 mL) were injected and analyzed
by HPLC using an ultraviolet detector (254 nm) and a flow-through
radioactivity detector. Chromatographic separation was performed
using an Eclipse SB-phenyl column (150 · 4.6 mm), with a mobile
phase of acetonitrile and ammonium formate (50 mM, pH 9.9;
50:50) at a flow rate of 2.0 mL/min. The fraction of unchanged
radioligand was determined by the integration of the radioactivity
peak corresponding to 11C-BU99008 (retention time, ;5 min) and
expressed as percentage of all the radioactive peaks observed.

Kinetic Analysis
Arterial plasma activity samples were fitted to a model consisting

of linear interpolation before the peak and a nonnegative sum of
exponentials after the peak, resulting in a continuous representationFIGURE 1. Synthesis of 11C-BU99008.

140 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 54 • No. 1 • January 2013



of the total arterial plasma activity. The parent fraction was fitted
using a single exponential plus a constant. The parent plasma input
function was calculated as the product of the total arterial plasma
curve and the fitted parent fraction curve. Whole-blood samples were
linearly interpolated to generate a continuous function. A single
parent fraction curve, obtained from the average across all scans in
the study, was used to generate individual parent plasma concentra-
tion curves. Evident changes in the metabolism of 11C-BU99008 due
to the administration of BU224 were not observed; therefore, a single
average parent fraction curve was selected in favor of more accurate
measurements without introducing bias in the observed changes of
the PET outcome measurements due to BU224 administration.

The total volume of distribution (VT) corresponding to the ratio
between tissue and plasma concentrations at equilibrium, and con-
sisting of the sum of specific and nondisplaceable volume of dis-
tribution (VND), was derived for each ROI by curve fitting and
compartmental analysis using a 1-tissue-compartment (1TC) or 2-
tissue-compartment model using the parent plasma concentration
as the input function. A fixed blood volume component of 5% was
used in both models (21). Delay between the plasma parent input
function and the tissue concentration was determined with a first-
pass model using the first few seconds of each dynamic scan. The
Akaike information criterion was used as a metric for the selection
of the most parsimonious compartment model that represented the
data appropriately. In addition, a time–stability analysis was per-
formed by sequentially examining datasets with decreasing scan
durations to ensure that the VTs obtained at 90 min were stable.

RESULTS

Radiochemistry
11C-BU99008 was synthesized via the alkylation of

BU99007 in N,N-dimethylformamide using 11C-methyl iodide
in the presence of tetrabutylammonium hydroxide base (Fig. 1).
Under these conditions, methylation at the imidazoline
nitrogen was not observed, and the reaction was found to pro-
ceed cleanly. The product was purified by semipreparative
HPLC using an Eclipse SB-phenyl column (250 · 9.4 mm)
and eluted with 50:50 acetonitrile:50 mM aqueous ammonium
formate buffer (pH 9.9) at a flow rate of 10 mL/min. This

process gave good separation of 11C-BU99008 from the start-
ing material BU99007, with retention times of 5.5 and 9.0 min,
respectively (Supplemental Fig. 1; supplemental materials are
available online only at http://jnm.snmjournals.org).

A typical synthesis produced 0.8–1.7 GBq of 11C-BU99008
(1.26 0.4 GBq at the end of synthesis), with a total synthesis
time of 37 min, corresponding to a decay-corrected radio-
chemical yield of 22%6 7% based on an average production
of 20 GBq of 11C-CH4 from the cyclotron. Analytical HPLC
(Supplemental Fig. 2) showed that the product was radio-
chemically pure (.99%), with specific activities of 76 6
27 GBq/mmol at the end of synthesis.

PET

Summed PET images and corresponding time–activity
curves for 11C-BU99008 under baseline and blocking
(5.00 mg/kg BU224) conditions are shown in Figures 2A and
2B, respectively. 11C-BU99008 rapidly entered the porcine
brain, reaching peak uptake levels at 10–20 min after injection
(Fig. 2A). The administration of unlabeled BU224, a known
I2 ligand (22), was found to block the uptake of 11C-BU99008
in all I2-rich regions, leading to a near-homogeneous distribu-
tion of radioactivity throughout the brain (Fig. 2B).

Metabolite Analysis

During each PET scan, arterial plasma samples were
analyzed by radio-HPLC to measure the fraction of un-
changed 11C-BU99008 in plasma. The first sample (5 min
after tracer injection) showed a major radioactive peak elut-
ing at 5 min, which was identified as unmetabolized 11C-
BU99008 by coelution with a reference sample of unlabeled
BU99008. A second peak, corresponding to a more polar
radiolabeled metabolite, was observed at the solvent front.
The parent fraction in plasma over the course of a scan is
shown in Figure 3. At 6 min after injection, the parent frac-
tion constituted approximately 90% of the total radioactivity
in plasma. This percentage decreased to approximately 40%
after 20 min and approximately 20% after 40 min, when it

FIGURE 2. Summed PET images in por-

cine brain. Transverse (left), coronal (mid-

dle), and sagittal (right) images and tissue

time–activity curves for 11C-BU99008 for se-
lected ROIs in porcine brain (scale bar

expresses percentage injected dose per li-

ter; lines represent 1TC model fits). (A)

Baseline 11C-BU99008 scan. (B) 11C-
BU99008 scan after administration of

BU224 (5 mg/kg).
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plateaued until the end of the scanning session. The polar
radiometabolite was assumed to be too hydrophilic to cross
the blood–brain barrier. The average plasma-free fraction of
BU99008 was 0.40, as determined from an equilibrium di-
alysis assay.

Kinetic Analysis

Time–activity curves were appropriately described by both
1TC and 2-tissue-compartment models. The Akaike informa-
tion criterion metric showed that the 1TC model was the most
parsimonious model and therefore was used to calculate VT

values.
Regional VT values at baseline, and after BU224 doses of

0.01 and 5.00 mg/kg, are given in Figure 4 and Table 1. Under
baseline conditions, the VT values ranged from 26.6 (mL
of plasma/cm3 of tissue) for the cerebellum to 49.7 mL/cm3

for the thalamus. The baseline regional VT values can be
ranked in the following order: thalamus . striatum . hippo-
campus. frontal cortex$ cerebellum and are consistent with
the known distribution of I2 binding site density throughout
the brain.
The administration of a low dose of BU224 (0.01 mg/kg)

caused a slight reduction in VT values across all brain
regions, with values ranging from 17.0 mL/cm3 (cerebellum)
to 28.3 mL/cm3 (thalamus). Increasing the dose of BU224 to

5.00 mg/kg caused the VT values to fall to relatively homo-
geneous levels in all brain regions, with values ranging from
8.1 mL/cm3 (cerebellum) to 10.9 mL/cm3 (thalamus), sug-
gesting specificity of 11C-BU99008 binding to the I2 binding
sites (Fig. 4; Table 1).

The observed decrease in the cerebellar VT values between
baseline and post-BU224 scans indicates that the cerebellum
would be unsuitable for use as a reference region. To calcu-
late VND and receptor occupancy from the BU224 blocking
studies, a graphical method that obviated a reference region
was used, as described previously (23,24). This method relies
on the availability of several regions with varying levels of
specific binding while assuming that the occupancy VND is
constant across all regions. Under these conditions, Equation
1 can be derived, where VBaseline

T and VPostdrug
T are the regional

distribution volumes for baseline and postdrug scans and Occ
is the occupancy at the target site. When plotted graphically,
this equation provides a simple method of calculating Occ
(gradient) and VND(x-intercept).

VBaseline
T 2 VPostdrug

T 5 Occ
�
VBaseline

T 2 VND

�
; Eq. 1

As such, the fraction of I2 sites occupied by BU224 (Occ)
when administered at a dose of 0.01 mg/kg was calculated
to be 30% and the VND equated to 3.0 mL/cm3 (Fig. 5).

FIGURE 3. Fraction of unchanged 11C-BU99008 present in
plasma.

FIGURE 4. VT estimates for selected ROIs using 1TC model for

baseline 11C-BU99008 scans (n 5 3; mean 6 SD) and scans after
administration of BU224 (0.01 mg/kg, n5 1, and 5.00 mg/kg, n5 1).

TABLE 1
VT Estimates for Selected ROIs Using 1TC Model for Baseline
11C-BU99008 Scans and Scans After Administration of BU224

VT Cerebellum Frontal cortex Hippocampus Striatum Thalamus

Baseline (mL/cm3)* 26.6 6 4.1 29.3 6 4.7 36.2 6 7.9 43.6 6 7.9 49.7 6 11.0

After BU224 administration
0.01 mg/kg† 17.0 18.3 20.6 25.4 28.3

5.00 mg/kg† 8.1 8.8 10.5 10.6 10.9

*Data are mean 6 SD; n 5 3.
†n 5 1.
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When the BU224 dose is increased to 5.00 mg/kg, the
occupancy is 83% and the VND is 5.4 mL/cm3 (Fig. 5).

DISCUSSION

The paucity of imidazoline PET probes most likely arises
from the difficulties in selecting a ligand that is readily
amenable to radiolabeling while maintaining affinity and
selectivity at the target. As part of our ongoing interest in
the imidazoline binding sites, we sought to synthesize a new
PET radioligand for I2 sites, based around a framework that is
accessible to PET radiolabeling with 11C or 18F. The indole
analog of 2-BFI, BU99007 (Fig. 6), was chosen for this
purpose because it demonstrated high affinity and selectivity
for I2 sites (17) while providing a means to attach the 11C or
18F radiolabel by substitution at the indole-nitrogen. Compe-
tition assays performed in rat whole-brain membranes
revealed that the indole-N-substituted ligands maintain nano-
molar affinity for the I2 sites, with good selectivity over the
a2-adrenoceptors (Fig. 6) (17). BU99008 (R 5 CH3) was
identified as the choice candidate because of its high affinity
for I2 sites (1.4 nM), good selectivity (I2/a2 5 909), and ame-
nability for radiolabeling via 11C-methylation of BU99007
(Fig. 6).
In porcine PET studies, 11C-BU99008 displayed high brain

penetrance and reversible kinetics in vivo. Baseline time–
activity curves showed that the binding density distribution
of the radiotracer was consistent with the distribution seen in
rat autoradiography studies—that is, thalamus . striatum .
hippocampus . cortex . cerebellum. 11C-BU99008 was
found to undergo moderate metabolism in vivo, with approx-
imately 20% of the parent compound being present at 40 min
after injection.
The kinetics of 11C-BU99008 are well described by

a 1TC model in the porcine brain. Under baseline condi-
tions, regional VT values ranged from 26.6 (mL of plasma/
cm3 of tissue) for the cerebellum to 49.7 mL/cm3 for the
thalamus. The baseline regional VT values can be ranked in
the following order: thalamus. striatum. hippocampus.

frontal cortex $ cerebellum and are consistent with the
trend observed for the baseline time–activity curves.

Competition studies using the nonradiolabeled I2 binding
site ligand BU224 did not reveal a suitable reference tissue
for receptor occupancy studies; hence, the graphical method
was used. In these studies, 11C-BU99008 binding appeared
to be saturable, with I2 binding site occupancies of 30% and
83% at BU224 doses of 0.01 and 5.00 mg/kg, respectively.
The corresponding values of the VND (3.0 and 5.4 mL/cm3 at
0.01 and 5.00 mg/kg, respectively) are close to each other,
suggesting that the graphical method is indeed suitable for
these calculations.

To compare the distribution of I2 binding sites elucidated
from this study with previous autoradiography studies,
a correlation analysis was performed. As such, the average
regional VTs from baseline 11C-BU99008 studies can be
compared with the autoradiographic distribution of I2 bind-
ing sites determined previously using the tritiated com-
pounds 3H-2-BFI (28) and 3H-idazoxan (28) (Fig. 7;
Supplemental Tables 1 and 2).

A significant positive correlation (P , 0.05) is found
between 11C-BU99008 binding and the distribution of both
3H-2-BFI (r2 5 0.7548) and 3H-idazoxan (r2 5 0.7751),

FIGURE 5. Plot of PET data obtained from 1TC model to estimate

occupancy of I2 binding sites after administrations of BU224 at 0.01
and 5.00 mg/kg.

FIGURE 6. In vitro affinities of imidazoline I2 binding site ligands.
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providing further evidence that 11C-BU99008 is indeed la-
beling the I2 sites in vivo in porcine brain.

CONCLUSION

The radiolabeling and initial pharmacologic investigation
of 11C-BU99008 as a novel PET radioligand for the I2 binding
sites has been performed. In the porcine brain, 11C-BU99008
displayed reversible kinetics in vivo and a biodistribution con-
sistent with previously reported I2 binding site densities and
localization from preclinical studies. A dose-dependent de-
crease in uptake of 11C-BU99008 was observed after admin-
istration of pharmacologic doses of BU224. These findings
suggest that 11C-BU99008 may be a useful PET radioligand
for the in vivo imaging of I2 binding sites in humans.
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FIGURE 7. Graph showing correlation of baseline 11C-BU99008

VT values against autoradiographic distribution of I2 ligands using
3H-2-BFI (triangles) and 3H-idazoxan (squares) in rat whole brain.
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