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Abstract
Purpose A novel, 18F-labelled metabotropic glutamate recep-
tor subtype 5 (mGlu5) derivative of [11C]ABP688 ([11C]1),
[18F]PSS232 ([18F] ]5), was evaluated in vitro and in vivo for
its potential as a PET agent and was used in test–retest reli-
ability studies
Methods The radiosynthesis of [18F]5was accomplished via a
one-step reaction using a mesylate precursor. In vitro stability
was determined in PBS and plasma, and with liver microsom-
al enzymes. Metabolite studies were performed using rat brain
extracts, blood and urine. In vitro autoradiography was per-
formed on horizontal slices of rat brain using 1 and 8, antag-
onists for mGlu5 and mGlu1, respectively. Small-animal PET,
biodistribution, and test–retest studies were performed in
Wistar rats. In vivo, dose-dependent displacement studies
were performed using 6 and blocking studies with 7.

Results [18F]5 was obtained in decay-corrected maximal ra-
diochemical yield of 37 % with a specific activity of
80 – 400 GBq/μmol. Treatment with rat and human micro-
somal enzymes in vitro for 60min resulted in 20% and 4% of
hydrophilic radiometabolites, respectively. No hydrophilic
decomposition products or radiometabolites were found in
PBS or plasma. In vitro autoradiography on rat brain slices
showed a heterogeneous distribution consistent with the
known distribution of mGlu5 with high binding to hippocam-
pal and cortical regions, and negligible radioactivity in the
cerebellum. Similar distribution of radioactivity was found in
PET images. Under displacement conditions with 6, reduced
[18F]5 binding was found in all brain regions except the
cerebellum. 7 reduced binding in the striatum by 84 % on
average. Test–retest studies were reproducible with a variabil-
ity ranging from 6.8 % to 8.2 %. An extended single-dose
toxicity study in Wistar rats showed no compound-related
adverse effects.
Conclusion The new mGlu5 radiotracer, [

18F]5, showed spe-
cific and selective in vitro and in vivo properties and is a
promising radioligand for PET imaging of mGlu5 in humans.

Keywords mGlu5 . Positron emission tomography .

[18F]PSS232 . Test–retest

Introduction

Metabotropic glutamate receptor subtype 5 (mGlu5) is impli-
cated in numerous CNS disorders [1–3] and studies have
documented the potential of mGlu5 antagonists as therapeutic
targets for anxiety disorders and inflammatory pain [4, 5]. The
involvement of mGlu5 has also been shown in other CNS
diseases such as schizophrenia [6], depression [7],

Selena Milicevic Sephton and Adrienne Müller Herde contributed
equally to this work.

S. M. Sephton :A. M. Herde :C. Keller : S. Rüdisühli :R. Schibli :
S. D. Krämer : S. M. Ametamey (*)
Center for Radiopharmaceutical Sciences of ETH, PSI and USZ,
Vladimir-Prelog-Weg 4, 8093 Zurich, Switzerland
e-mail: simon.ametamey@pharma.ethz.ch

L. Mu
Department of Nuclear Medicine, University Hospital Zürich,
Rämistrasse 100, 8091 Zürich, Switzerland

Y. Auberson
Novartis Institutes for Biomedical Research, Novartis Pharma
AG 4002 Basel, Switzerland

Present Address:
S. M. Sephton
Wolfson Brain Imaging Centre, Department of Clinical
Neurosciences, Addenbrooke’s Hospital, University of Cambridge,
Cambridge CB2 0QQ, UK

Eur J Nucl Med Mol Imaging (2015) 42:128–137
DOI 10.1007/s00259-014-2883-7



neuropathic pain [8, 9] and drug addiction [10]. An important
role of mGlu5 has also been established in fragile X syndrome
[11], Alzheimer’s disease [12, 13] and Parkinson’s disease
[14, 15]. Furthermore, mGlu5 is believed to participate in the
coupling of neuronal activation to cerebral blood flow [16],
and upregulation of mGlu5 has been established in patients
with amyotrophic lateral sclerosis [17] and focal cortical dys-
plasia [18].

Carbon-11 label led (E)-3-((6-methylpyridin-2-
yl)ethynyl)cyclohex-2-enone O-[11C]-methyl oxime ([11C]1,
[11C] ABP688; Fig. 1) is to date the most widely clinically
applied mGlu5 PET radiotracer [19–21, 2, 22, 23]. However,
the relatively short physical half-life of 11C (20 min) limits its
application to facilities with an on-site cyclotron. Our group
aimed to develop a 18F analogue of [11C]1 that would possess
similar or better in vitro and in vivo properties.

Two promising 18F-labelled PET radioligands, namely 3-
f l u o r o - 5 - ( ( 2 - ( [ 1 8 F ] f l u o r om e t h y l ) t h i a z o l - 4 -
yl)ethynyl)benzonitrile ([18F]2, [18F] SP203; Fig. 1) [24, 25]
and 3-[18F]fluoro-5-(pyridin-2-ylethynyl)benzonitrile ([18F]3,
[18F] FPEB; Fig. 1) [26, 27] have also been evaluated in
human subjects. However, [18F]2 exhibited some
defluorination, whereas [18F]3 was produced only in low
radiochemical yields. Our group [28–33] evaluated a series
of fluorinated compounds and identified (E)-3-(pyridin-2-
y l e t h y n y l ) c y c l o h e x - 2 - e n o n e O - ( 3 - ( 2 - [ 1 8 F ] -
fluoroethoxy)propyl) oxime (5/[18F]5, PSS232 and
[18F]PSS232; Fig. 1) as a promising new PET radiotracer.
We recently reported [34] on the synthesis and radiosynthesis
of 5 and [18F]5, which are performed in analogy to the
methods previously described for (E)-3-(pyridin-2-

y l e t h y n y l ) c y c l o h e x - 2 - e n o n e O - ( 2 - ( 3 - [ 1 8 F ] -
fluoropropoxy)ethyl) oxime (4/[18F]4, PSS223/[18F]
PSS223; Fig. 1) [31]. High binding affinity (1.3 nM) of 5
towards mGlu5 and a favourable experimentally measured log
D7.4 value of 2 [34] encouraged us to consider 5 as a novel
PET radiotracer for imaging mGlu5 density in the brain. We
describe here in detail the pharmacological evaluation of
[18F]5 and discuss its in vitro and in vivo properties as well
as test–retest performance.

Materials and methods

General

Chemicals and anhydrous solvents were purchased from Al-
drich or ABCR (Switzerland). The nonradioactive reference
compound and precursor were prepared as previously report-
ed [34]. 2-((3-Methoxyphenyl)ethynyl)-6-methylpyridine (6,
MMPEP ; F i g . 1 ) a nd 2 -me t hy l - 4 - ( py r i d i n - 2 -
ylethynyl)thiazole (7, MTEP; Fig. 1) were prepared as previ-
ously described [37, 40].

Semipreparative purification of [18F]5 was performed
on a Smartline system with Pump 1000, Manager 5000,
Knauer UV detector and GabiStar (Raytest) radiodetector
using a reversed-phase column (C18 Phenomenex Gemini,
5 μm, 250 × 10 mm) and eluting with gradient of 5 % to
50 % aqueous MeCN at a flow rate 5 mL/min. Analytical
HPLC samples were analysed using an Agilent HPLC
1100 system equipped with a UV multiwavelength detec-
tor and a Raytest Gabi star radiation detector using

Fig. 1 Chemical structures of
various mGlu5 radiotracers and
commonly used mGlu5
antagonists
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reversed-phase column (ACE 111-0546, C18, 3 μm,
50 × 4.6 mm) and eluting with 45 % aqueous MeCN at
a flow rate 1 mL/min.

For all stability studies, samples were analysed by radio-
TLC (eluent 2:1 EtOAc/pentane). For biodistribution studies a
gamma-counter (Wizard, Perkin-Elmer) was used.

In vitro receptor displacement assay

The binding affinity of 5 to human mGlu5 was determined
from three independent displacement experiments with crude
membranes (20 μg protein per 200 μL) of human mGlu5-
transfected CHO-K1 cells (PerkinElmer, Waltham, MA) and
[3H]1 (2,405 GBq/mmol; AstraZeneca, London, UK) as de-
scribed previously [34].

Radiosynthesis

The radiosynthesis of [18F]5 was performed as recently re-
ported [34] but with a slight modification in the formulation.
Briefly, [18F]5 was prepared via aliphatic nucleophilic substi-
tution of the mesylate precursor (2 – 3 mg) with [18F]F− in the
presence of Kryptofix-222® in anhydrous dimethylformamide
(0.3 mL) at 95 °C over 10 min. The crude mixture was
purified via semipreparative HPLC (retention time
31.0 min). The product was trapped on a C18 cartridge and
eluted with EtOH (0.3 mL) in a sterile vial containing 50 %
aqueous PEG200 (5 mL) to afford 3 – 12 GBq of the
radiolabelled compound. When [18F]5 was produced in
amounts greater than 5 GBq, 25 mg/mL of Na-ascorbate
was added as a radical scavenger to avoid observed radiolysis.

Stability studies in PBS and plasma

[18F]5 (7 – 8MBq) was incubated in 500 μL phosphate buffer
(4 mM KH2PO4/Na2HPO4, 155 mM NaCl, pH 7.4), or rat or
human plasma at 37 °C for up to 3 h. At different time points
(0, 30, 60, 100, 130, 180 and 270min) the enzymatic reactions
were stopped by the addition of ice-cold MeCN (140 μL).
Plasma samples were centrifuged at 12,000 × g for 10 min.
The supernatants were filtered and analysed by TLC.

Metabolism studies with liver microsomes

Analogous to a previously described assay [31], [18F]5
(15 MBq) was preincubated for 5 min at 37 °C with
50 μL NADPH-regenerating system A, 10 μL NADPH-
regenerating system B (both BD Biosciences, San Jose,
CA), 200 μL TRIS/HCl buffer (75 mM, pH 7.4) and H2O
in a total volume of 975 μL. Rat or human liver micro-
somes (25 μL; BD Biosciences) were added to a final
protein concentration of 0.5 μg/mL. The mixture was
incubated at 37 °C at 600 rpm for 1 h. Aliquots of

100 μL were drawn at 0, 5, 10, 20, 40 and 60 min, and
immediately quenched with the same volume of ice-cold
MeCN. Aliquots were centrifuged at 12,000 × g (3 min)
and the supernatants were filtered and analysed by TLC.
For a negative control (time 0), NADPH-regenerating
system and microsomes were replaced by water. Experi-
ments were conducted in triplicate. Note that the enzyme
amount and concentration in liver microsomes was differ-
ent from those in liver in vivo. Metabolism rates were,
therefore, different in vitro and in vivo.

In vitro autoradiography

Frozen horizontal slices of the brain (20 μm) from a male
Wistar rat (221 g) adsorbed to SuperFrost Plus slides were
thawed and preincubated on ice for 10 min in HEPES
buffer (30 mM Na-HEPES, 110 mM NaCl, 5 mM KCl,
2.5 mM CaCl2·H2O, 1.2 mM MgCl2, pH 7.4) containing
0.1 % bovine serum albumin (BSA; Buchs, Switzerland)
and then incubated with 1 nM [18F]5 alone or together with
100 nM 1 or 100 nM (3,4-Dihydro-2H-pyrano[2,3-b-
]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone (8,
JNJ16259685, Tocris) [35] in HEPES buffer for 45 min
at room temperature. The slides were then washed for
5 min in HEPES/0.1 % BSA buffer, 2 × 3 min in HEPES
buffer and then briefly dipped in distilled H2O. Dried
slides were exposed to a phosphor imager plate for
30 min, scanned in a BAS5000 reader (Fuji, Tokyo, Japan)
and analysed with AIDA v 4.5 software. In vitro autoradi-
ography was repeated five times with horizontal slices
from three different Wistar rats.

Animals

Animal care and experiments were conducted in accordance
with Swiss Animal Welfare legislation and approved by the
Veterinary Office of the Canton Zurich, Switzerland. Male
Wistar rats at 5 weeks of age were purchased from Charles
River, Sulzfeld, Germany. Unless otherwise stated, for all
in vivo experiments animals were anaesthetized with
2 – 3 % isoflurane in oxygen/air.

In vivo metabolite studies

Six rats were injected with about 200 MBq (about 1 nmol) of
[18F]5. After 20 min the rats were killed by decapitation and
blood and urine were collected. Brains were removed and
homogenized in 2 mL PBS (pH 7.4) each. Brain homoge-
nates, blood plasma and urine were each mixed with equal
volumes of ice-cold MeOH and precipitated proteins were
removed by centrifugation (4,800 × g, 5 min, 4 °C). Superna-
tants were analysed by TLC. The lipophilic component
consisted of any possible nonpolar radiometabolites and the
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parent radiotracer. For the calculations, we assumed equal
extraction efficiency for parent tracer and radioligand.

Post-mortem biodistribution studies and dose-dependent
displacement

For time-dependent biodistribution studies, 14 – 16 MBq
(0.13 – 0.17 nmol) of [18F]5 was administered by injection
into a tail vein. Rats were killed by decapitation at 5, 15, 45 or
95 min after injection (four rats for each time point). For
displacement studies, [18F]5 (14 – 16 MBq, 0.08 – 1.2 nmol)
was injected intravenously (i.v.) into anaesthetized rats. After
30 min, 0.1, 0.5 or 1 mg/kg 6 in PEG/H2O (1:1) or vehicle
solution were i.v. injected. This was followed by decapitation
45 min after radiotracer administration (four rats). For block-
ade experiments, rats were not anaesthetized during i.v. injec-
tion of 10 mg/kg 7 in PEG/H2O (1:1) or vehicle solution,
which was immediately followed by injection of [18F]5
(14 – 16 MBq, 0.09 – 1.3 nmol). Animals were anaesthetized
and killed 45 min after injection (four rats).

For all biodistribution studies, organs and brain regions
were collected, weighed and measured in a gamma-counter
(Wizard 1480; Perkin Elmer). The accumulated radioactivity
in the organs is expressed as percentage normalized injected
dose per gram of tissue (% normalized ID/g tissue) and for the
brain regions as standardized uptake values (SUV) calculated
as % ID/g tissue × body weight in grams/100. The displaced
fraction of total [18F]5 binding in the striatum was fitted to the
saturation curve function f(displaced) = [(f(maximal
displaced) × dose)/(dose at f(maximal displaced)/2)+dose].

In vivo PET imaging and displacement study

Anaesthetised rats were positioned on a Vista eXplore PET/
CT scanner (Sedecal, Madrid, Spain) and monitored through-
out the scan. The activity of i.v. injected [18F]5 ranged from 25
to 35 MBq (0.1 – 0.18 nmol). Rat body weights were 438 g
and 423 g for the displacement and the respective control
scans and between 168 g and 256 g for the test–retest study
(see below). Dynamic PET scans were acquired in list mode
for 90 min. For the displacement study, 1 mg/kg 6 in PEG/
H2O (1:1) was i.v. injected over 50 s starting 40 min after
radiotracer injection.We chose this relatively late time point to
guarantee tracer equilibration between the involved compart-
ments at the time of MMPEP injection. After the PET acqui-
sition, CT scans were performed for anatomical orientation.
PET data were reconstructed using 2-D ordered subsets ex-
pectation maximization and analysed with PMOD 3.5
(PMOD Ltd., Zurich, Switzerland). Time–activity curves
(TACs) based on the regions of interest (ROIs) defined on
the rat MRI T2 template were calculated. Tissue radioactivity
values of brain ROIs were decay-corrected and normalized to
the injected radioactivity and body weight (SUV).

PET reproducibility and test–retest reliability

Six animals were scanned twice within 7 – 9 days (179.0±
6.2 g at first scan and 243.2±10.8 g at second scan) at the
same time of day. PET acquisitions and reconstructions were
performed as described above. The area under the TACs
(AUC) were calculated from 0 to 4,500 s as the sum of (Ai/
2) × (ti, end − ti, start), where Ai is the radioactivity averaged over
one brain region and averaged for the time window i, and ti,
start and ti, end are the start and end times of the respective time
window. Interindividual and intraindividual variability, in-
cluding relative and absolute differences between AUC of test
and retest, intraclass correlation coefficient (ICC), Pearson’s
correlation coefficient (r), between-subject standard deviation
and within-subject standard deviation with the respective co-
efficients of variation (CV) were calculated according to
method of Elmenhorst et al. [36].

Toxicology

The study was performed as an extended single-dose i.v.
toxicity study. In this toxicity study, unlabelled 5 was admin-
istered once to Wistar rats by i.v. injection into a tail vein.
Three groups of ten males and ten females each were treated
with 0, 18.86 and 188.6 μg/kg body weight, respectively. The
animals were killed 24 h after treatment. The reversibility of
treatment-related changes was assessed with five additional
animals per sex and group after a treatment-free 14-day re-
covery period. Mortality, clinical signs, food consumption,
body weights, clinical laboratory parameters and organ
weights were assessed. A macroscopic examination was per-
formed after the animals had been killed and ten potential
target organs were histologically examined.

Statistical analysis

Mean values are given with standard deviations (SD). Results
were compared using the uncorrected paired Student’s t test. P
values <0.05 were considered to indicate statistical
significance.

Results

Radiochemical yield and chemical stability

[18F]5was typically obtained in a decay-corrected radiochem-
ical yield of 13 – 37 % and specific activity of 80 – 400 GBq/
μmol (n=40). [18F]5 was stable over 270 min in PBS and rat
and human plasma.

Eur J Nucl Med Mol Imaging (2015) 42:128–137 131



In vitro and in vivo metabolic stability

In vitro incubation of [18F]5 with rat and human liver micro-
somes for 1 h resulted in 20 % and 4 % hydrophilic
radiometabolites, respectively (Fig. 2). At 20 min after i.v.
administration of [18F]5 to rats, hydrophilic radiometabolites
accounted for 9 % of the total radioactivity in the brain, 46 %
in the plasma and 95 % in the urine (Fig. 3).

In vitro autoradiography and selectivity for mGlu5

A heterogeneous binding of [18F]5 to rat brain slices was
observed with the highest radioactivity signals in the hippo-
campal and cortical regions (Fig. 4). The lowest binding was
found in the cerebellum, which is in agreement with the
known mGlu5 expression pattern in the brain. Blocking ex-
periments with mGlu5 antagonist 1 showed complete
blocking, whereas with 8, an antagonist for the mGlu1 sub-
type, no significant changes in radioactivity signals were
observed.

The IC50 of 5 to human mGlu5 was 1.07±0.66 nM at 4.6±
0.6 nM [3H]1, similar to the value that we recently determined
for rat mGlu5 (1.3±0.1 nM) [34]. An in vitro screening assay
using unlabelled 5 showed no significant binding of 5 to
adrenergic α-2C, adenosine 3, dopamine D3, histamine H1,
melanocortin MC3, muscarinic M1, opiate δ, norepinephrine,
dopamine, serotonin, COX-1, COX-2, MoA-A, PDE3,
PDE4BD, or PXR receptors (data not shown).

Ex vivo biodistribution studies and dose-dependent
displacement

Slow radioactivity washout was observed in all organs during
the 95 min after [18F]5 injection (Fig. 5). For the whole-brain
values of 0.31±0.07 % normalized ID/g and 0.07±0.01 %

normalized ID/g were measured at 5 min and 95 min after
injection, respectively. For displacement studies increasing
doses of the mGlu5 antagonist 6 were injected 30 min after
injection of [18F]5. 6 reduced binding of [18F]5 in all brain
regions except the cerebellum (Fig. 6a). Compared to control
(vehicle-treated) animals, the reduction was significant
(P<0.05) at 1 and 0.5 mg/kg 6 in all brain regions except
the cerebellum. At the lowest dose (0.1 mg/kg), the reduction
was significant in all brain regions except of the cerebellum,
midbrain and thalamus. The fitted 6 dose at half-maximal
displacement in the striatum was 0.253 mg/kg and the fitted
maximal displacement was 78.5 % of total binding (Fig. 6b).
The latter was in perfect agreement with the relative difference
of 78.7 % between total binding in the striatum and cerebel-
lum calculated as [(SUVstriatum − SUVcerebellum)/
SUVstriatum] × 100. Preadministration of 6 immediately
before the tracer was less efficient in blocking than injection
30 min after the tracer (data not shown). We attributed this to
the relatively low 6 levels in the brain 40 min after injection
[37]. The allosteric mGlu5 antagonist 7 has a biological half-
life of >8 h in rats [38], and was therefore injected simulta-
neously with [18F]5. One vehicle-treated rat was excluded as

Fig. 2 In vitro stability of [18F]5 ([18F]PSS232) in the presence of rat and
human liver microsomes at equal protein concentrations. The data are
presented as mean values and standard deviations of three independent
experiments each
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Fig. 3 Radiometabolite studies with rats (n=6) as percentage of intact
[18F]5 and radiometabolites formed at 20 min p.i.: Comparison of intact
radiotracer and total radiometabolites in brain, blood and urine of [11C]
1 at 30 min p.i. (A on the graph) and [18F] 5 (P on the graph). RT –
radiotracer, RM1-2 – hydrophilic radiometabolites 1 or 2

Fig. 4 Representative in vitro [18F]5 autoradiograms of horizontal slices
of rat brain showing heterogeneous radioactivity distribution with the
highest binding to the cortex and hippocampus (red). The addition of 100
nM mGlu5 antagonist 1 (ABP688) blocked binding, whereas 100 nM
mGlu1 antagonist 8 (JNJ16259685) did not affect [18F]5 binding. Note:
Striatal regions known to show high mGlu5 expression are not in the
plane of these rat brain slices. The slices correspond to the plates desig-
nated as PW116, bregma −3.10 mm (Paxinos and Watson, The Rat Brain
Atlas, 1998 edition)
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the calculated uptake values were unrealistically high. mGlu5
antagonist 7 reduced binding in the striatum by 84.1 % on
average (Fig. 6a). Reduction was significant in all brain re-
gions (P<0.01) except the cerebellum (P>0.05) with an av-
erage reduction of 16.2 %.

Small-animal PET imaging

Figure 7a shows representative PET images of [18F]5
superimposed on MR images of a rat brain. The highest
uptake of radioactivity was seen in mGlu5-rich brain re-
gions such as the striatum, hippocampus and cortex, in
agreement with in vitro autoradiography and ex vivo
biodistribution studies. A negligible amount of radioactiv-
ity was observed in the cerebellum.Figure 7b shows TACs
of rat brain regions from a [18F]5 dynamic PET scan. To
verify the specificity of [18F]5 binding in vivo, 6 (1 mg/kg)
was administered i.v. 40 min after radiotracer injection.
Shortly after 6 administration radioactivity values had
decreased in all brain regions to the level in the cerebel-
lum (Fig. 7c). Maximal displacement was reached within
10 – 15 min after injection and remained until the end of
the scan, confirming maximal displacement efficiency in
the ex vivo biodistribution experiments where MMPEP
was injected 15 min before dissection.

PET reproducibility and test–retest reliability

[18F]5 accumulation in the cerebellum was low and hardly
displaceable. The cerebellum was therefore used as the refer-
ence region in the following analyses. Accumulation of radio-
activity is expressed as the AUC (0 – 4,500 s) ratio between
the ROI and the cerebellum. Values >1 indicate specific accu-
mulation. Average AUC ratios ranged from 1.3 in the mid-
brain to 2.5 in the striatum (Table 1). AUC ratio determina-
tions were reproducible with a variability ranging from 6.8 %
to 8.2 %. The mean relative difference for the ROIs between
test and retest was −7.1 %. The ICCs were between 0.22 and
0.53 and r values for individual brain regions were between
0.63 and 0.94. The between-subject CV (%CV >5.0)
exceeded the within-subject CV (%CV <4.9) in all
ROIs.Figure 8 shows the correlation between test and retest
AUC ratios in individual animals and brain regions. AUCs in
the retest group were lower than the values in the test group for
all brain regions, resulting in an overall slope of <1 with r=
0.982.

Toxicology

In the single-dose study in Wistar rats administration of 5 at a
dose up to 1,000-fold the intended human dose did not cause

Fig. 5 Post-mortem
biodistribution studies of [18F]5 in
rats at 5, 15, 45 and 95 min after
injection (four rats for each time
point)

Fig. 6 Post-mortem biodistribution study of [18F]5 in rat brain. aDose-dependent displacement by 6 (MMPEP) or blocking with 7 (MTEP; four rats for
each condition, except three rats for MTEP vehicle). b Displaced fraction in the striatum as a function of 6 (MMPEP) dose
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any signs of toxicity, as assessed by mortality, clinical signs,
body weight, food consumption, necropsy, clinical biochem-
istry, and macroscopic and microscopic observations.

Discussion

The derivatization of the 1 structural manifold to incorporate
18F has resulted in dramatic changes as demonstrated by the
poor signal-to-noise ratio with 2-methyl-4-(pyridin-2-
ylethynyl)thiazole ([18F] 9, [18F]FDEGPECO) [33] and the
rapid defluorination of [18F]4 in vivo [31]. A facile enzymatic
cleavage of the C–F bond at the end of the side chain is a
possible reason for the rapid defluorination observed in 4 [31].
Interestingly, switching the oxygen atom located between the

ethylene and the fluoropropyl moieties by one CH2 unit to the
right in the side chain resulted in the metabolically more stable
5 (Fig. 1), which also retained high binding affinity for mGlu5
[34]. The in vitro selectivity profile of 5 was also high given
that no significant interaction with other prominent CNS
receptors was observed. Furthermore, the selectivity of
[18F]5 for mGlu5 over mGlu1 was confirmed by in vitro
autoradiography (Fig. 4). Compared with other clinically test-
ed 18F mGlu5 PET radiotracers ([18F]2 and [18F]3), [18F]5 has
the advantage that it has a robust radiosynthetic protocol
which allows efficient and practical routine daily production.
[18F]5 was obtained in a maximum chemical yield of 37 %
(decay-corrected) and high specific activity.

We initially determined the in vitro stability of our new
tracer in PBS and rat and human plasma, and with liver
microsomal enzymes. While 5 was stable in PBS, and in rat

Fig. 7 a PET images of [18F]5
(averaged for 2 – 30 min after
injection of 35 MBq) in a rat
brain. The PET images (coloured)
are superimposed on an MRI T2
template (grey). The top row
shows a transverse, sagittal and
coronal plane with the striatum in
the cross hairs. The bottom row
shows brain ROIs for quantitative
analysis and a maximal intensity
projection (St striatum, C cortex,
H hippocampus, Ce cerebellum).
b TACs for [18F]5 in different
brain regions. c [18F]5-TACs at
displacement with 1 mg/kg 6
(MMPEP) 40 min after
radiotracer injection
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and human plasma, radiometabolites were formed in the pres-
ence of rat microsomes. With human liver microsomes only
4 % of hydrophilic radiometabolites was observed. Consider-
ing species differences [39, 31], as shown through in vitro
experiments, no significant defluorination is expected in
humans. Based on our TLC analysis, we cannot exclude the
formation of one or more lipophilic radiometabolites with a Rf
(ratio to front) value similar to that of [18F]5. Thus, the
lipophilic component consisted of the total amount of parent
radiotracer and any potential lipophilic radiometabolite(s),
which could have contributed to the nondisplaceable
radioactivity.

PET images confirmed that 5 successfully crossed the
blood–brain barrier as expected from the log D7.4 of 2. In
comparison to other mGlu5 radiotracers such as [18F]3 [40]
which shows the highest activity accumulation 30 min after

injection, [18F]5 has a faster initial uptake and a steeper
washout curve slope with a maximum at 5 min after injection
in the brain. In the periphery, the highest accumulation of
radioactivity was found in the liver, suggesting hepatobiliary
excretion. Coadministration of 6 resulted in a dose-dependent
displacement of [18F]5 in all brain regions except the cerebel-
lum. TACs from PET decreased after injection of 6 to the level
in the cerebellum. The perfect agreement between the fitted
maximal displacement by 6 in the striatum and the difference
between the striatum and cerebellum radioactivity under base-
line conditions indicates that the cerebellum is free of receptor
and, therefore, provides an ideal reference region for kinetic
modelling. While maximal blockade was not reached with the
highest dose of 6 (1 mg/kg) administered 10 min before the
animals were killed, injection of 7 (10 mg/kg) immediately
before tracer administration reached the extrapolated maximal
displacement. 7 may therefore be better suited to in vivo
blocking studies than 6.

We examined the robustness of noninvasive receptor den-
sity quantification using [18F]5 PET as well as the test–retest
reproducibility. For these analyses, we aimed for a simple,
model-independent and assumption-free quantification meth-
od with high reproducibility. Comparing the AUCs of the ROI
and the reference region fulfilled these requirements for 18F]5
and allowed any bias introduced by the assumption of a
particular kinetic model or by a parameter required for
model-dependent analysis without prior evaluation to be
avoided. The relatively low interindividual variability of the
AUC ratios within one measurement group allows quantita-
tive preclinical PET with [18F]5 with relatively small group
sizes. All AUC ratios from the retest group were lower than
from the test group, but were reproducible with a variability of
6.8 % to 8.2 %. Our reliability parameters for [18F]5 are in
good agreement with the previously published measurements
for [11C]1 by Elmenhorst et al. [36]. We are currently

Table 1 Test–retest reliability of AUC ratios (means±SD from six rats) for [18F]5 ([18F]PSS232)

Region AUC ratio % Relative
difference

%
Variability

ICC Pearson’s
r

Between-subject SD (%
CV)

Within-subject SD (%
CV)

Test Retest

Striatum 2.59±
0.14

2.43±
0.19

−6.0±4.8 6.9±3.9 0.53 0.78 0.179 (7.1) 0.103 (4.1)

Hippocampus 2.13±
0.06

1.96±
0.11

−7.8±3.9 8.2±4.2 0.25 0.73 0.122 (6.0) 0.100 (4.9)

Cortex 2.13±
0.08

1.97±
0.08

−7.6±3.1 7.9±3.4 0.22 0.63 0.114 (5.6) 0.095 (4.6)

Thalamus 1.62±
0.07

1.50±
0.06

−7.2±1.7 7.5±1.8 0.30 0.90 0.086 (5.5) 0.066 (4.2)

Midbrain 1.38±
0.05

1.29±
0.05

−6.5±1.2 6.8±1.3 0.31 0.94 0.066 (5.0) 0.050 (3.8)

Whole brain 1.82±
0.06

1.70±
0.07

−7.6±1.4 7.0±1.6 0.28 0.92 0.087 (5.0) 0.068 (3.9)

AUC ratio is the ratio between the AUC of the ROI and the AUC of a 52-mm3 sphere in the centre of the cerebellum (to avoid spillover effects)

Fig. 8 Scatter plot of test AUC ratios versus retest AUC ratios from PET
scans in individual animals (AUC(ref) AUC of a 52-mm3 sphere in the
centre of the cerebellum (from six rats)
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characterizing the kinetics of [18F]5, including in more detail
the AUC ratio method applied in this study.

Conclusion

[18F]5 is a new fluorinated derivative which can be reliably
prepared in high radiochemical yield and high specific radio-
activity. The new radioligand was demonstrated to readily
cross the blood–brain barrier and to specifically and selective-
ly bind to mGlu5-rich regions in the rat brain. Noninvasive
quantification of [18F]5 imaging is reproducible and reliable,
and no signs of toxicity were observed in an extended single-
dose study in Wistar rats. The overall preclinical profile of
[18F]5 indicates that it is a promising fluorinated PET
radioligand for imaging mGlu5 receptors in humans. Work is
in progress to validate the utility of [18F]5 in a clinical research
programme.
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