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ABSTRACT: Neuropeptide Y receptor type 5 (NPY5R) is a G-
protein coupled receptor (GPCR) that belongs to the subfamily of
neuropeptide receptors (NPYR) that mediate the action of
endogenous neuropeptide Y (NPY). Animal models and preclinical
studies indicate a role for NPY5R in the pathophysiology of
depression, anxiety, and obesity and as a target of potential
therapeutic drugs. To better understand the pathophysiological
involvement of NPY5R, and to measure target occupancy by potential
therapeutic drugs, it would be advantageous to measure NPY5R binding in vivo by positron emission tomography (PET). Four
potent and selective NPY5R antagonists were radiolabeled via nucleophilic aromatic substitution reactions with [18F]fluoride. Of
the four radioligands investigated, PET studies in anesthetized baboons showed that [18F]LuAE00654 ([18F]N-[trans-4-({[4-(2-
fluoropyridin-3-yl)thiazol-2-yl]amino}methyl)cyclohexyl]propane-2-sulfonamide) penetrates blood brain barrier (BBB) and a
small amount is retained in the brain. Slow metabolism of [18F]LuAE00654 was observed in baboon plasma. Blocking studies
with a specific NPY5R antagonist demonstrated up to 60% displacement of radioactivity in striatum, the brain region with highest
NPY5R binding. Our studies suggest that [18F]LuAE00654 can be a potential PET radiotracer for the quantification and
occupancy studies of NPY5R drug candidates.
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Neuropeptide Y (NPY) is a 36 amino acid peptide
originally discovered in porcine brain.1 To date, five

receptor subtypes, Y1−Y5, have been characterized and their
signaling is mediated through Gi family of GPCRs.2 NPY and
its receptors are implicated in several disorders including
obesity, major depression, and anxiety-related disorders.3−9

Several brain structures are involved in mediating antistress
actions of NPY, in particular striatum, amygdala, hippocampus,
septum and locus coeruleus.10 Antistress actions of NPY are
mimicked by Y1 receptor agonists, and blocked by Y1 and Y5

antagonists.11 Together, available data point to the potential of
the NPY system as a target for novel pharmacological
treatments of stress-related disorders, including anxiety and
depression.12−15 NPY5R antagonists reduce appetite in animal
models with obesity and are being further optimized to identify
clinical candidates for testing in human obesity.16,17 Immuno-
precipitation studies show that the NPY5R is widely distributed
in human brain, mostly in cortex, putamen and caudate
nucleus.18,19 To better understand the role of NPY5R in
pathologies and medication effects, it would be advantages to
measure NPY5R binding in vivo. PET imaging has been widely
used to visualize brain receptors, to demonstrate target

engagement by drug candidates, and to establish the receptor
occupancy-response relationships to aid in dose-finding
studies.20 The radiosynthesis of several azaisobenzofuran
derivatives that could act as NPY5R PET agents are reported
using [11C]CO and palladium reagents.21−23 Among these,
[11C]MK0233 has been studied in anesthetized monkeys and
shows binding in striatum but with a low signal-to-noise ratio of
less than two.24 [11C]MK0233 was also used for receptor
occupancy studies in rhesus monkeys and human volun-
teers.24,25 Lowest dose of MK0557, a selective NPY5R
antiobesity drug candidate exhibited 100% occupancy with
[11C]MK0233 in obese patients, however, the magnitude of
weight loss was not clinically meaningful.25 The failure of
MK0557 as an obesity drug does not mean that drugs engaging
this target may not be effective treatments for other disorders.
Since NPY5R target is relevant for the pathogenesis of several
disorders and for that reason a PET tracer would be a valuable
tool for studying those disorders. Herein we report the
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identification, radiolabeling and in vivo PET studies of potent
and selective NPY5R antagonists in nonhuman primates as
promising PET imaging agents.
Four high affinity and selective NPY5R antagonists amenable

for radiolabeling via nucleophilic aromatic substitution
reactions with [18F]fluoride were selected as candidate
radiotracers (Figure 1).26,27 The nonradiolabeling experiments
were performed using KF/kryptofix/K2CO3 at 180 °C in
DMSO and established the formation of fluorinated products
based on comparison with authentic standards using analytical
HPLC. Under identical conditions, radiolabeling of the NPY5R
antagonist, Lu-1, did not provide any radiolabeled product. The
radioproduct [18F]Lu-1 was obtained in <2% isolated radio-
chemical yield (RCY) at the end of synthesis (EOS) under
microwave irradiation in DMSO. The radiolabeling of 2-
fluoropyridyl analogue [18F]LuAE00654 was obtained in 10 ±
4% isolated RCY. The 6-fluoropyridyl ligand [18F]Lu-2 did not
undergo radiolabeling under thermal conditions, whereas under
microwave irradiation conditions provided a <2% isolated RCY.
The radiolabeling of 2-fluoropyridyl ligand [18F]Lu-3 provided
25 ± 5% isolated RCY under microwave conditions and 15 ±
3% isolated RCY under conventional heating conditions (180
°C). The radiochemical purities of radiotracers are >95% with

an average specific activity 2.5 ± 1 Ci/μmole. In general, 2-
substituted pyridyl thiazoles provided better radiochemical
yield in comparison to 6-substituted pyridyl thiazoles. Due to
the poor radiochemical yield, further evaluations of [18F]Lu-1
and [18F]Lu-2 were not performed.
PET studies of [18F]LuAE00654 and [18F]Lu-3 were

performed in fasted adult male baboons (Papio anubis) under
anesthetic conditions. [18F]LuAE00654 penetrated the BBB
and shows retention in brain regions (Figure 2). Highest
binding of [18F]LuAE00654 was found in caudate, putamen,
followed by cortical regions. Low binding was observed in
hippocampus and thalamus, whereas, cerebellum showed the
least binding of the radiotracer. The distribution of [18F]-
LuAE00654 is in agreement with the known distribution of
NPY5R and [11C]MK0233 in monkeys and human subjects.
Both tracers showed highest uptake in striatum and the lowest
in cerebellum. Cortical regions and hippocampus showed
relatively lower uptake.24,25 The time activity curves (TACs)
peaked by 0.25−5 min post injection of [18F]LuAE00654 and
demonstrated a rapid clearance of the tracer (Figure 3A).
Polar metabolites were observed in baboon plasma and the

percentage of parent ligand was 94 ± 3.6% at 2 min, 84 ± 2.9%
at 12 min, 84 ± 2.4% at 30 min, 79.6 ± 3.4% at 60 min, 72.3 ±

Figure 1. Candidate PET ligands for NPY5R.

Scheme 1. Radiosynthesis of NPY5R Ligands

ACS Chemical Neuroscience Letter

DOI: 10.1021/acschemneuro.5b00315
ACS Chem. Neurosci. 2016, 7, 540−545

541

http://dx.doi.org/10.1021/acschemneuro.5b00315


5.5 at 90 min, and 66.6 ± 3.8% at 120 min respectively (Figure
3C). The free fraction ( f p) of the radiotracer was 1−3% based
on ultracentrifuge assays.28 Blocking experiments were
performed with selective NPY5R ligand LuAA44608
(hNPY5R Ki = 1.5 nM, and selectivity >2100-fold over >70
targets) (0.2 mg/kg, i.v.) 30 min prior to the administration of
[18F]LuAE00654 (Figure 3B). No significant changes of
metabolism or protein binding were observed during blocking
experiments with LuAA44608. A metabolite corrected arterial
input function was used to determine the volume of
distribution (VT) of [18F]LuAE00654 based on a two tissue
compartment (2T) model.29−31 A significant reduction of VT
was obtained for blocking experiments in comparison to
baseline scans (Figure 4). Putamen and caudate regions show
the highest specific binding expressed as VT (60%) with respect
to baseline and blocking experiments (Figure 4). Most cortical
regions and cerebellum show 50−30% VT changes. The least
percentage of specific binding (10−15%) in terms of VT
changes was found in medial prefrontal cortex (MED), dorsal
and lateral prefrontal cortex (DOR), prefrontal cortex (PFC),
and hippocampus for [18F]LuAE00654 after the blocking
experiments.
We found [18F]Lu-3 penetrate BBB in baboons (Figure 2,

third row). However, TACs reveal very little retention of
radioactivity in brain and a fast washout of the tracer (Figure
3D). [18F]Lu-3 showed high protein binding (>98%) and
metabolite analyses demonstrated rapid metabolism and
evidence of polar metabolites in baboon plasma. The
percentage of unmetabolized fractions of [18F]Lu-3 were 83%
at 2 min, 26% at 12 min, 18% at 30 min, 16% at 60 min, 15% at
90 min, and 12% at 120 min (Figure 2C). Our results also
indicated that the metabolism of [18F]Lu-3 was faster than that
of [18F]LuAE00654.
In summary, we synthesized four radioligands for NPY5R.

The radiosynthesis of 2-substituted pyridyl thiazoles [18F]-

LuAE00654 and [18F]Lu3 provided better yield than the 6-
substituted analogues [18F]Lu1 and [18F]Lu2. PET studies in
anesthetized baboons show that [18F]LuAE00654 penetrates
the BBB and exhibits specific binding in NPY5R enriched
regions. The specificity of [18F]LuAE00654 was demonstrated
by blocking experiments using the known NPY5R ligand
LuAA44608. Although the proof of concept of in vivo imaging
using [18F]LuAE00654 is demonstrated in baboons, the
radioligand showed small VT for NPY5R in comparison to
the VT values of radioligands for other well-established
neuroreceptors. This may be partially attributed to the low
concentration of NPY5R in baboon brain. However, [18F]-
LuAE00654 may be a potential radioligand for occupancy
measurements of novel drugs acting at NPY5R in baboons or
human subjects.

■ METHODS
General. The commercial chemicals and solvents used in the

synthesis were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO), Fisher Scientific Inc. (Springfield, NJ), or Lancaster (Windham,
NH) and were used without further purification. Analytical grade
reagents were purchased from standard commercial sources. The
reference standards and radiolabeling precursors were provided by
Lundbeck Inc. HPLC analyses were performed using a Waters 1525
binary HPLC system (analytical: Phenomenex, Prodigy ODS(3) 4.6 ×
250 mm, 5 μ column; semipreparative: Phenomenex, Prodigy ODS-
prep 10× 250 mm, 10 μ column). Metabolite analyses were performed
using Phenomenex Prodigy column (ODS3, 4.6 × 250 mm, 5 μ). The
free fractions and metabolites were measured using Packard
Instruments Gamma Counter (Model E5005, Downers Grove, IL).
[18F]fluoride was produced from RDS112 cyclotron (Siemens,
Knoxville, TN). For detection of radiolabeled products, gamma ray
detector (Bioscan Flow-Count fitted with a NaI detector) was used in
series with the UV detector (Waters Model 996 set at 254 nm). Data
acquisition for both the analytical and preparative systems was
accomplished using a Waters Empower Chromatography System. PET
studies were performed in baboon using an ECAT EXACT HR+
scanner (Siemens, Knoxville, TN). All animal experiments were
carried out with the approval of the Institutional Animal Care and Use
Committee of CUMC and NYSPI.

Radiochemistry. Aqueous solution of [18F]fluoride (500 mCi to 1
Ci) generated from RDS 112 cyclotron was passed through an
activated QMA and eluted with a mixture of K2CO3 (0.1 mL of 6 mg/
mL water) and Kryptofix 222 (10 mg in 1 mL acetonitrile) in aqueous
acetonitrile (1:10 v/v, 1 mL) into a clean 5 mL Reacti-vial. The
amount of [18F]fluoride collected was recorded and the solution was
dried azeotropically with 3 × 0.5 mL of acetonitrile under a stream of
argon at 110 °C. A solution of radiolabeling precursor (2−3 mg) in
DMSO (0.5 mL) was added to the azeotropically dried [18F]fluoride
and the mixture was heated at 180 °C for 20 min or microwave
irradiation for 5 min. The reaction mixture was allowed to cool, diluted
with 50 mL deionized water, passed through a C-18 Sep-Pak cartridge
(Waters), washed with 20 mL water to remove unreacted [18F]fluoride
and other polar impurities. The crude radioproduct was eluted with 1
mL of acetonitrile and injected on to a semipreparative RP-HPLC.
The product fraction based on γ-detector was collected, diluted with
100 mL of deionized water, and passed through C-18 Sep-Pak
cartridge (Waters). Reconstitution of the product in 1 mL of absolute
ethanol afforded [18F]NPY5R radiotracers. [18F]Lu-1 obtained in 2 ± 1
mCi (n = 4, <2% RCY) based on 500 ± 50 mCi of [18F]fluoride using
45:55 v/v (acetonitrile/Na2HPO4 25 mM) as semipreparative mobile
phase (retention time: ∼12 min). The corresponding analytical mobile
phase was 50:50 v/v (acetonitrile/Na2HPO4 25 mM) (retention time:
8 min; synthetic time: 50 min). [18F]LuAE00654 was obtained in 10 ±
4 mCi (n = 6, 10% RCY) based on 1 Ci ± 0.1 Ci of [18F]fluoride using
40:50 v/v (acetonitrile/Na2HPO4 25 mM) as mobile phase for
semipreparative HPLC purification (retention time: ∼ 14 min). The
analytical HPLC mobile phase for [18F]LuAE00654 was 40:50 v/v

Figure 2. Sum of the mean PET images (0−120 min) of NPY5R
radioligands in a representative baboon scan. First row, PET images of
[18F]LuAE00654; second row, PET images of blocking experiment of
[18F]LuAE00654 with LuAA44608; third row, PET images of [18F]Lu-
3. First column, sagittal; second column, coronal; third column,
transaxial.
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(acetonitrile/Na2HPO4 25 mM) (retention time: 6 min; synthetic
time: 60 min). The yield of [18F]Lu-2 was 2 ± 0.5 mCi (n = 3, <1%
RCY) starting with 500 ± 50 mCi of [18F]fluoride using 40:60 v/v
(acetonitrile/Na2HPO4 25 mM; semipreparative retention time: 8.5

min; analytical retention time: 7.2 min; synthetic time: 50 min) as
mobile phase. [18F]Lu-3 was obtained in 150 ± 25 mCi (n = 4, 25 ±
5% RCY) based on 1 ± 0.1 Ci of [18F]fluoride using 40:60 v/v
acetonitrile/Na2HPO4 25 mM as semipreparative HPLC mobile phase
(retention time: 12 min). The analytical HPLC mobile phase for
[18F]Lu-3 was 50:50 v/v acetonitrile/Na2HPO4 25 mM (retention
time: 5.5 min; synthesis time: 60 min). The semipreprative HPLC flow
rates for all radiotracers were 10 mL/min and the corresponding
analytical flow rates were 2 mL/min. The RCY reported are based on
[18F]KF/kryptofix/K2CO3 at EOS. A portion of the ethanol solution
was analyzed by analytical HPLC to determine the specific activity,
chemical and radiochemical purities. The specific activities were
determined at EOS based on the UV absorption and concentration
standard curves (λ = 254 nm). The remaining ethanol solution was
diluted with 9 mL of normal saline and filtered through a 0.22 μm
sterile filter into a sterile vial for further studies.

PET Studies in Baboons. PET scans were performed in two male
baboons (22−25 kg) with an ECAT EXACT HR+ scanner (CPS/
Knoxville, TN) as reported previously.29 The fasted animal was
immobilized with ketamine (10 mg/kg, i.m.) and anesthetized with
1.5−2.0% isoflurane via an endotracheal tube. Core temperature was
kept constant at 37 °C with a heated water blanket. An intravenous
infusion line with 0.9% NaCl was maintained during the experiment
and used for hydration and radiotracer injection. An arterial line was
placed for obtaining arterial samples for the input function. The head
was positioned at center of the field of view, and a 10 min transmission

Figure 3. (A) TACs of [18F]LuAE00654 in baboon brain. (B) TACs of [18F]LuAE00654 in baboon brain after blocking with LuAA44608. (C)
Percentages of unmetabolized [18F]LuAE00654 and [18F] Lu-3 in baboon plasma. (D) TACs of [18F]Lu-3 in baboon brain (ACN, anterior cingulate;
CAU, caudate; CER, cerebellum; CIN, cingulate cortex; FC, frontal cortex; HIP, hippocampus; INS, insular cortex; PUT:, putamen; PAR, parietal
cortex; THA, thalamus).

Figure 4. Percentages of total binding attributable to specific binding
expressed as VT of [18F]LuAE00654 after the administration of the
antagonist, LuAA44608, in baboon (AMY, amygdala; ACN, anterior
cingulate; CER, cerebellum; CAU, caudate; CIN, cingulate cortex;
DOR, dorsal and lateral prefrontal cortex; HIP, hippocampus; FRT,
frontal cortex; MED, medial prefrontal cortex; OCC, occipital cortex;
ORB, orbital cortex; PAR, parietal cortex; PUT:, putamen; TEM,
temporal cortex; THA, thalamus).
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scan was performed before the tracer injection. [18F]NPY5R
radiotracers were injected (3 ± 0.5 mCi) as intravenous bolus over
30 s, and emission data were collected for 120 min in three-
dimensional mode. Preadministration of NPY5R selective antagonist
LuAA44608 (0.2 mg/kg/i. v.) was performed 30−40 min prior to the
tracer injection. Plasma samples were taken every 10 s for the first 2
min, using an automated system, and thereafter taken manually for a
total of 34 samples.29 Images were transferred into the image analysis
software MEDx (Sensor Systems, Inc., Sterling, Virginia) for drawing
and storing regions of interest. All PET images were coregistered
within a dynamic study to the previous frame using the Functional
Magnetic PET frames are then coregistered to the MRI using
FLIRT.29 All acquired frames were inspected to control for absence of
head movements, and, coregistered to each other using the within
modality registration software of Woods et al.30 Frames were summed,
and used to define the registration parameters with the MR image,
then individual frames were registered to the MR data set based on the
registration parameters of the summed PET image. Regions of interest
drawn on the animal’s MRI scan (custom shape) were transferred to
coregistered automated image registration (AIR) frames of PET
data.29 Radioactivity levels in the right and left regions were averaged.
Mean activities in the ROIs were determined as a function of TACs.
Regional distribution volumes (VT) of [18F]LuAE00654 was derived
from kinetic analysis using the arterial input function to derive the
specific-to-nonspecific equilibrium partition coefficients based on a 2T
model.29,31,32 VT (mL of plasma/g of tissue) is defined as the ratio of
the tracer concentration in the region of interest to the metabolite-
corrected plasma concentration of the tracer at equilibrium. Image
analysis was performed in MATLAB (The Mathworks, Natick, MA)
and statistical package for the social sciences (SPSS) software was used
for statistical measurements. Brain activity was corrected for the
contribution of plasma activity assuming a 5% blood volume in the
ROIs.
Protein Binding and Metabolite Analyses. The protein binding

of radiotracers in baboon blood samples were determined as described
elsewhere.28 The percentage of radioactivity in plasma as unchanged
radiotracers were determined by HPLC.29 Blood samples were taken
at 2, 12, 30, 60, 90, and 120 min after radioactivity injection for
metabolites analyses. The supernatant liquid obtained after centrifu-
gation of the blood sample at 3400 rpm for 10 min was transferred
(0.5 mL) into a tube and mixed with acetonitrile (0.7 mL). The
resulting mixture was vortexed for 10 s, and centrifuged at 14 000 rpm
for 4 min. The supernatant liquid (1 mL) was removed and the
radioactivity was measured in a well-counter and the majority (0.8
mL) was subsequently injected onto the HPLC column equipped with
a series radioactivity detector. The metabolite and free fractions were
collected using a Bioscan gamma detector. All the acquired data were
then subjected to correction for background radioactivity and physical
decay to calculate the percentage of the parent compound in the
plasma at different time points.
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