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3-(6-Methyl-pyridin-2-ylethynyl)-cyclohex-2-enone-O-11C-methyl-
oxime (''C-ABP688), a noncompetitive and highly selective antag-
onist for the metabotropic glutamate receptor subtype 5 (mGIuR5),
was evaluated for its potential as a PET agent. Methods: Six
healthy male volunteers (mean age, 25 y; range, 21-33 y) were
studied. Brain perfusion ('*0-H,0) was measured immediately
before each 1'C-ABP688 PET scan. For anatomic coregistration,
T1-weighted MRI was performed on each subject. Arterial blood
samples for the determination of the arterial input curve were
obtained at predefined time points, and ''C-ABP688 uptake was
assessed quantitatively using a 2-tissue-compartment model.
Results: An initial rapid uptake of radioactivity followed by a gradual
clearance from all examined brain regions was observed. Relatively
high radioactivity concentrations were observed in mGluR5-rich
brain regions such as the anterior cingulate, medial temporal
lobe, amygdala, caudate, and putamen, whereas radioactivity up-
take in the cerebellum and white matter, regions known to contain
low densities of mMGIuR5, was low. Specific distribution volume as
an outcome measure of mGIuR5 density in the various brain re-
gions ranged from 5.45 + 1.47 (anterior cingulate) to 1.91 = 0.32
(cerebellum), and the rank order of the corresponding specific dis-
tribution volumes of ''C-ABP688 in cortical regions was temporal
> frontal > occipital > parietal. The metabolism of ''C-ABP688
in plasma was rapid; at 60 min after injection, 25% = 0.03% of ra-
dioactivity measured in the plasma of healthy volunteers was intact
parent compound. Conclusion: The results of these studies in-
dicate that ""C-ABP688 has suitable characteristics and is a prom-
ising PET ligand for imaging mGIuR5 distribution in humans.
Furthermore, it could be of great value for the selection of appropri-
ate doses of clinically relevant candidate drugs that bind to mGIuR5
and for PET studies of patients with psychiatric and neurologic dis-
orders.
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Glutamate is considered the major excitatory neuro-
transmitter in the central nervous system. Metabotropic
glutamate receptors (mGluRs) are G-protein—coupled recep-
tors that activate intracellular secondary messenger systems
when bound by the physiologic ligand glutamate. In the
central nervous system, mGluRs modulate glutamatergic
neurotransmission and are recognized potential therapeutic
targets (/,2). Eight mGluR subtypes have been identified
and classified into 3 groups. Group I mGluRs (mGluR1 and
mGluRS5) are coupled to phospholipase C and upregulate or
downregulate neuronal excitability (3). Group II (mGluR2
and mGluR3) and group III (mGluR4, mGIluR6, mGIuR7,
and mGlIuRS) inhibit adenylate cyclase and hence reduce
synaptic transmission.

During the last few years, mGluRs have been the focus
of intensive investigation. Their possible involvement in a
variety of disease states (2), including anxiety (4,5), depres-
sion (5), schizophrenia (6), Parkinson’s disease (7), drug
addiction or withdrawal (8), and various pain states (9-11),
has been reported.

Imaging techniques such as PET offer the possibility to
visualize and study mGIuRS under physiologic and patho-
logic conditions. Although mGIuRS antagonists have been
used successfully in vitro to label mGIuRS (/2,13), imaging
studies of mGIluRS have been hampered by the lack of a
tracer that is suitable for in vivo imaging (/4-16). Hamill
et al. recently reported on the successful imaging of mGIuR5
in a rhesus monkey brain with 3 different ligands (/7), but
no report on the human use of any of these tracers has yet
been published. More recently, we reported on 3-(6-methyl-
pyridin-2-ylethynyl)-cyclohex-2-enone-O-!'C-methyl-oxime
(''C-ABP688) (Fig. 1) as a potential PET agent for mGluR5
(18). Ex vivo and in vivo studies using rodents showed
specific binding in mGluR5-rich brain regions—in contrast
to the 3 ligands disclosed by Hamill et al. (/7)—with
negligible uptake in the cerebellum, a brain region known
to be devoid of mGIuR5. The specificity of ''C-ABP688
binding to mGIuRS was further substantiated using mGIuR5
knockout mice.
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FIGURE 1. Structure of 1'C-ABP688.

The present study investigated the utility of ''C-ABP688
for imaging mGluRS in humans.

MATERIALS AND METHODS

Radiosynthesis of 11C-ABP688

The '!C labeling of ABP688 was achieved by O-!'C-methylation
of desmethyl-ABP688 with ''C-methyl iodide as described previ-
ously (/8) but with slight modifications. Briefly, ''C-methyl iodide
was produced with a PET TRACE system (GE Healthcare) at the
University Hospital in Zurich from ''C-CO, in a 2-step reaction
sequence involving catalytic reduction of 1'C-CO, to '"C-methane
and subsequent gas-phase iodination according to the standard pro-
cedure (/9). In a typical procedure, the sodium salt of desmethyl-
ABP688 obtained by stirring desmethyl-ABP688 with sodium
hydride in anhydrous N,N-dimethylformamide was reacted with
"C-methyl iodide at 90°C for 5 min and the product purified by
semipreparative high-performance liquid chromatography (Luna
C18 10-pm column [Phenomenex]; 250 X 10 mm; mobile phase,
ethanol:0.1% phosphoric acid [50:50]; flow rate, 6 mL/min). The
product peak was collected, passed through a Millex-FG sterile
filter (Millipore), and formulated for human application.

Study Population

Six healthy male volunteers (mean age, 25 y; range, 21-33 y)
were studied. None of the subjects had a history of neurologic or
psychiatric disorders. The study was approved by the ethics com-
mittee of Canton Zurich, the Swiss Federal Office for Radiation
Protection, and SwissMedic. Written consent was obtained from
each volunteer.

MRI

For anatomic coregistration, a 3-dimensional spoiled gradient-
echo T1-weighted whole-brain image (voxel size, 0.94 x 0.94 x
1.5 mm) was acquired for each subject on a 1.5-T Signa Infinity
TwinSpeed MRI system (GE Healthcare).

PET

The PET studies were performed on a whole-body Discovery
LS PET/CT scanner (GE Healthcare) in 3-dimensional mode. This
is a scanner with an axial field of view of 14.6 cm and a recon-
structed in-plane resolution of 7 mm. Before positioning of the vol-
unteers on the scanner, catheters were placed in an antecubital
vein for tracer injection and in the radial artery for blood sam-
pling. Before the PET study, a low-dose CT scan was acquired for
correction of photon attenuation.
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Transaxial images of the brain were reconstructed using filtered
backprojection (matrix, 128 x 128; 35 slices; voxel size, 2.34 x
2.34 X 4.25 mm).

130-H,0 PET. Before each study with ''C-ABP688, cerebral
perfusion (cerebral blood flow, or CBF) was evaluated using '5O-
H,O. For each PET measurement, 400-500 MBq of O-H,0O
were injected intravenously using an automatic injection device
that delivers a predefined dose of '30-H,O over 20 s. After the
bolus had arrived in the brain, a series of eighteen 10-s scans was
initiated. The time course of arterial radioactivity was assessed by
continuous sampling of blood drawn from the radial artery.

"IC-ABP688 PET. After injection of 300-350 MBq of radioli-
gand as a slow bolus over 2 min, a series of 20 scans was initiated
in 3-dimensional mode (10 X 60 s and 10 x 300 s; 60-min total
study duration).

For determination of the arterial input curve, arterial blood
samples were collected every 30 s for the first 6 min and then at
increasing intervals until the end of the study (60 min after injec-
tion). An aliquot of each sample was measured in a <y-counter.
Plasma samples were analyzed to correct for radiolabeled metab-
olites. Samples of plasma (200 wL) were diluted with 2.5 mL of
water. For assessment of tracer—to-radiolabeled metabolite ratios,
the solution was passed through Sep-Pak tC18 cartridges (Waters),
and each was eluted with 5 mL of water. ''C radioactivity trapped
on the cartridges and aliquots of the eluted solution—corresponding
to parent compound and radiolabeled metabolites, respectively—
was measured in a y-counter.

Data Analysis

All calculations were performed using the dedicated software
PMOD (PMOD Technologies) (20). Decay-corrected time—activity
curves were generated for the following cerebral regions: anterior
cingulate, medial temporal lobe, parietal cortex, cerebellum, and
white matter. Values for the specific distribution volume (DV) were
calculated from the estimated rate constants.

50-H,0 PET. Quantitative parametric maps representing re-
gional CBF were calculated using the integration method described
by Alpert et al. (21).

1C-ABP688 PET. Tissue time—activity curves were generated
from various brain structures by applying manually drawn vol-
umes of interest to the dynamic datasets. Two-tissue-compartment
models were fitted to the time—activity curves, resulting in the rate
constants K1, k2, k3, and k4. K1 is a rate constant describing the
transfer of radioligand from plasma to the compartment consisting
of free and nonspecifically bound ligand; k2 is a rate constant
describing the reverse. The rate constants k3 and k4 denote
radioligand binding to the receptor and dissociation from the
receptor, respectively. The metabolite-corrected arterial activity
was used as the input function for calculating the model curve, and
least-squares optimization was performed using the Levenberg—
Marquardt algorithm. Additionally, a voxelwise analysis was used
to calculate quantitative maps of the model rate constants. To
reduce the number of fit parameters, a global value of K1/k2
(nondisplaceable compartment) for a study was obtained in a first
step by a coupled fit of the regional time—activity curves with K1/
k2 as a common parameter (22). In a second step, the 2-tissue-
compartment model was fitted to the time-activity curve of each
individual voxel using the global K1/k2 value as a fixed model
parameter (23). The specific DVs (K1/k2) x (k3/k4) served as the
outcome parameter directly related to cerebral mGluRS density.
All data were processed using the quantitative PMOD software.
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RESULTS

1IC-ABP688 was obtained from ''C-methyl iodide with
an overall decay-corrected radiochemical yield of 35% *
8% (n = 14). The radiochemical purity was greater than
98%, and the specific radioactivity ranged from 70 to 95
GBg/pmol at the time of injection. The total amount of
stable ABP688 in the formulated solution was always less
than 5 pg.

In Figure 2 are shown mean parametric images of CBF,
K1, and DVs, as well as anatomic MR images, obtained
from the 6 subjects. Visual inspection of '3O-H,O perfusion
images and the KI images obtained from ''C-ABP688
uptake reveal similar patterns. In Figure 3 are depicted rep-
resentative time—activity curves of anterior cingulate, me-
dial temporal lobe, parietal cortex, cerebellum, and white
matter from a single subject. An initial rapid uptake of ra-
dioactivity followed by a gradual clearance from all regions
was observed. Radioactivity peaked at 4 min after the start
of the PET scan for all the brain regions examined, except
the white matter. Arterial plasma radioactivity showed a
typical shape, with a peak at 30-60 s that was followed by a
rapid decline (data not shown). The metabolite-corrected
plasma time-activity curve (input function) was used to
calculate specific DVs from the region-of-interest—derived
regional time—activity curve. Relatively high radioactivity
concentrations were observed in mGluR5-rich brain regions
such as the anterior cingulate, medial temporal lobe, amyg-
dala, caudate, and putamen, whereas radioactivity uptake in
the cerebellum and white matter, regions known to contain
low densities of the mGIuRS5, was low. Preliminary kinetic
analysis showed that radioactivity uptake across the brain
regions, except the white matter, was best described by a

K1 mL/mL tiss/min  cbf mL/mL tiss/min

DVs

MRI anatomy

2-tissue-compartment model using the Akaike information
criterion (24), F-statistics, and visual inspection of the resi-
duals. Figure 4 depicts the results for several brain regions
and their corresponding specific DVs. The rank order of
binding of 'C-ABP688 in cortical regions was temporal >
frontal > occipital > parietal, and the outcome measures
of mGIluRS5 density in the various brain regions ranged
from 5.45 = 1.47 (anterior cingulate) to 1.91 = 0.32
(cerebellum).

Metabolism of ''C-ABP688 was rapid. The percentages
of radioactivity representing intact parent compound in
plasma in the study subjects were 64 = 0.08, 44 = 0.10,
36 = 0.08, 28 = 0.03, 28 £ 0.04, and 25 = 0.03 at 5, 10,
15, 30, 40, and 60 min, respectively. The extraction method
used in this metabolite study proved suitable, because the
recovery of radioactivity was greater than 92%.

DISCUSSION

To our knowledge, no clinically validated PET radioli-
gand has been reported for the in vivo imaging of mGIuRS.
The aim of this present study was to evaluate the use of
"C-ABP688 to label mGluR5 in human brain.

The results of the PET studies demonstrated a high initial
brain uptake of ''C-ABP688. Using the relation for the
first-pass extraction fraction (K1/CBF) yielded an extrac-
tion fraction of 0.87 = 0.21. This high brain uptake yielded
high-quality images and favorable statistics for tracer
kinetic modeling. As expected, visual inspection of the
150-H,0 perfusion images and K1 images obtained from
1C-ABP688 uptake revealed similar patterns (Fig. 2). In-
deed, the log D value of 2.4 for ''C-ABP688 suggests that
it should be sufficiently lipophilic for free diffusion through

FIGURE 2. CBF, K1, DVs, and anato-
mic MR images. All images are displayed
in stereotactic space and represent mean
of 6 healthy volunteers. tiss = tissue.
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FIGURE 3. Time-activity curves of
11C-ABP688 uptake in a single subject.
Metabolite-corrected arterial activity was
used as input function for calculating
curves. Relatively high radioactivity con-
centrations were observed in mGIuR5-rich
brain regions such as anterior cingulate
and medial temporal lobe, whereas radio-
activity uptake in cerebellum and white 0

Activity (kBg/cm?)

-~ ant. cingulate < MTL - parietal ctx -0- cerebellum — white matter

matter, regions known to contain low den- 0
sities of mGIuR5, was low. ant = anterior;
MTL = medial temporal lobe; ctx = cortex.

the blood—brain barrier. For central nervous system PET
ligands, a log D value of between 2 and 3 has been pos-
tulated as an optimal range for good blood-brain barrier
penetration (25). Time-activity curves (Fig. 3) revealed high
radioactivity accumulation in mGluR5-rich regions such as
the anterior cingulate, caudate, putamen, amygdala, and

7.04

6.0 1

DVs

1.0 1

"
4.0
3.0
- i i

Time (min)

medial temporal lobe, with moderate binding in the thal-
amus and in the occipital and parietal cortical regions and a
very low uptake in the cerebellum, in accordance with
previous rodent studies (/8).

Preliminary kinetic analysis demonstrated that a 2-tissue-
compartment analysis is an appropriate approach to assess

Cingulate OFC

Anlerlor Caudate Medlal PutamenAmygdala MTL PostenorTemporal Fronlal Ocmpnal Panetal Thalamus Bram- ere
Cingulate Cortex

Cortex Cortex Cortex stem bellum

FIGURE 4. Specific DVs of ''C-ABP688 uptake in various brain regions as outcome measure for mGIuR5 density in human brain.
Shown are mean values = SD (n = 6). OFC = orbital frontal cortex; MTL = medial temporal lobe.
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the specific DV of ''C-ABP688 as a measure of receptor
density. Except for white matter, all brain regions examined
were best described by a 2-tissue-compartment model. The
pattern of parametric images of the specific DVs was
different from the perfusion studies with '>O-H,O and the
K1 parametric images, indicating that this outcome mea-
sure of mGIluRS density is not perfusion-related. The rank
order of the specific DVs obtained was in accordance with
the reported distribution pattern of mGIuRS in rodents and
humans (26-28). In a recent publication, Hamill et al. (/7)
described 3 potential PET ligands and their characterization
in rhesus monkey brain. In this study, all 3 candidates
exhibited selective uptake in mGluRS5-rich regions such as
the frontal cortex, striatum, and surprisingly the cerebel-
lum, a brain region that has been shown to have a low or no
expression of mGIluRS5 in rodents and humans (26-28). In
the present study, the lowest DV was clearly in the cerebel-
lum, a finding that is consistent with a low mGIluRS5 density.
However, the exact fraction of specific DV in the cerebel-
lum would have to be determined with a blocking study.
Whether such a blocking study, which would require sub-
stantial doses of a blocking agent, can be performed on
humans is not clear. An alternative could be to perform in
vitro autoradiography using postmortem human brain tis-
sue. Nevertheless, the higher specific DVs obtained in brain
regions known to contain high densities of mGluRS, the
lower cerebellar uptake, and the good agreement of the pres-
ent data with previous rodent studies (/8) suggest that radio-
activity uptake in these brain regions reflects the pattern of
mGluRS5 distribution in humans.

In the radiometabolite analysis, the extraction method
proved suitable, because the recovery of radioactivity was
greater than 92%. Radiolabeled metabolites were more hy-
drophilic than the parent compound and thus were unlikely
to cross the blood-brain barrier. Previous animal studies
showed that more than 95% of radioactivity in rat brain
30 min after injection consisted of unchanged ''C-ABP688.
Although the radiolabeled metabolites were not identified,
the metabolite profile suggests a similar metabolic fate of
1C-ABP688 in both rodents and humans.

CONCLUSION

An efficient radiosynthesis for producing ''C-ABP688 in
good radiochemical yield and with high specific radioac-
tivity for application in humans was developed. The highest
uptake of ''C-ABP688 was in mGIuR5-rich regions such as
the anterior cingulate, medial temporal lobe, putamen, and
caudate. The specific DVs calculated from several regions
of interest also agreed well with prior animal data. Taken
together, these data suggest that !'C-ABP688 has suitable
characteristics for exploring mGIuRS distribution in hu-
mans using PET. Furthermore, ''C-ABP688 could be of
great value for the selection of appropriate doses of clin-
ically relevant candidate drugs that bind to the mGluR5

and for PET studies on patients with psychiatric and neuro-
logic disorders.
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