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Radiosynthesis and evaluation of N-(3,4-
dimethylisoxazol-5-yl)piperazine-4-[4-(4-
ﬂuorophenyl)thiazol-z-yl]-1-[11C]carboxamide for in
vivo positron emission tomography imaging of fatty
acid amide hydrolase in brain

Y. Shimoda,” J. Yui,” Y. Zhang,” A. Hatori,” M. Ogawa,” M. Fujinaga,” T. Yamasaki,” L.
Xie,” K. Kumata,” M.-R. Zhang®"

We developed a novel positron emission tomography (PET) radiotracer N-(3,4-
dimethylisoxazol-5-yl)piperazine-4-[4-(4-fluorophenyl)thiazol-2-y1]-1-[!C]carboxamide
(["'CIDPEC, [''C]1) for in vivo imaging of fatty acid amide hydrolase (FAAH) in rat brain
Compound 1 showed a high binding affinity for FAAH (ICso: 3.3 nM). [''C]1 was synthesized
by reaction of 5-amino-3,4-dimethylisoxazole (2) with [''C]phosgene ([''C]COCL,), followed
by reaction with 4-(4-fluorophenyl)-2-(piperazin-1-yl)thiazole (3), with a 9 + 4%
radiochemical yield (decay-corrected, n = 9) based on [''C]CO,. A biodistribution study
mice showed a high uptake of radioactivity in FAAH-rich organs, including the lung, liver, and
kidney. PET summation images of rat brains showed high radioactivity (> 2 SUV) in the
cerebellar nuclei and frontal cortex. This pattern was consistent with the known regional
distribution pattern of FAAH in the rodent brain. Pretreatment with the FAAH-selective
inhibitor URB597 significantly reduced the whole brain uptake of [UC]I. At 30 min after the
radiotracer injection, more than 95% of the total radioactivity was found to be irreversible ir
the brain homogenate of rats. Our results indicate that [''C]1 is a promising PET tracer for in

vivo visualization of FAAH in living brains.

Introduction

Fatty acid amide hydrolase (FAAH) is an intracellular serine
hydrolase that catalyzes the deactivating hydrolysis of several
endogenous lipid amides, such as oleamide, an endogenous ligand
that induces sleep, and anandamide, an endogenous ligand that
activates cannabinoid receptors.'> The lipid properties of
anandamide indicates that this signaling molecule cannot be stored
in vesicles, unlike most polar G-protein coupled receptors.*> In the
central nervous system, the level of anandamide is primarily
regulated by FAAH.®’ Selective inhibitors of FAAH were found to
show marked pharmacological effects on pain, anxiety, addiction,
and in psychiatric disorders.*'® Moreover, FAAH inhibitors may
provide anti-inflammatory effects by suppressing the release of
inflammatory chemical mediators through stimulation of the
cannabinoid type 2 receptor in immune cells.'' Because of their
pharmacological effects, and because they cause few adverse actions,
many FAAH inhibitors have been developed; structurally, these are
urea, carbamate, and keto-heterocycle derivatives. 2

Recently, there has been increasing interest in the development of
radiotracers for in vivo positron emission tomography (PET)
imaging of FAAH in living brain. To our knowledge, there are only
two such PET tracers used for clinical studies. [''CJCURB (Fig. 1),
an irreversible inhibitor of FAAH," is the first useful imaging agent,
and has been used for quantitative measurement of FAAH in human
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brain."*!"> Given the success of [''CJCURB, several research grou~

have embarked on developing alternative PET tracers ana
elucidating relationships among the chemical structure, the in vitro
binding affinity, and the in vivo specificity of such agents for
FAAH.'®?! Most of the promising PET tracers contain a [''C.
carbonyl]carbamate or [''C-carbonyl]urea unit and are characterized
as irreversible FAAH inhibitors. In addition to the irreversiblc
tracers, the use of [''C]MK-3168 (Fig. 1), a reversible inhibitor for
FAAH, is also being studied in human subjects.?
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Fig. 1. Chemical structures of PET radiotracers for imaging FAAH
in clinical use.

We have previously developed [''CIMFTC (Fig. 2) containing an
["'C-carbonyl]carbamate moiety, for in vivo imaging of FAAH in rat
and monkey brains.”® [''C]MFTC showed high specific binding ' Hr
FAAH in rodent brains. However, the presence of considerable noi.
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specific bindin% of this radiotracer in the monkey brain hindered the
application of [''C]MFTC in clinical studies.”®
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Fig. 2. Chemical structures of irreversible radiotracers for
FAAH labeled by [''C]COClL,.

In this study, we developed N-(3,4-dimethylisoxazol-5-
yl)piperazine-4-[4-(4-fluorophenyl)thiazol- 2-yl]-1-
[''C]carboxamide ([''C]DPFC, [''C]1, Fig. 2) as a new
radiotracer for imaging of FAAH. We radiosynthesized [''C]1
using [''C]phosgene ([''C]COCL,) as a labeling agent. We then
evaluated potential of [''C]1 for in vivo PET imaging of FAAH
by determining in vitro binding affinity for FAAH,
biodistribution, brain uptake, and in vivo specific irreversible
binding in the rat brain.

Results and discussion
Targeted Compound

In this study, we selected compound 1 as a new candidate for PET
imaging of brain FAAH, based on the following considerations. This
compound showed potent in vitro binding affinity for FAAH (ICsy =
0.86 nM for human and 0.71 nM for rat FAAH).*** It has been
reported that 1 shows a moderate brain uptake of 132 ng/g at 1 h
after intravenous injection of 0.1 mg/kg into rats** This finding
suggested that [''C]1 may achieve adequate brain uptake while
imaging FAAH in the brain. A suitable computed lipophilicity
(clogD) value of 3.15 for [''C]1 could support this suggestion. On
the other hand, compound 1 containing a urea moiety could be
considered as an irreversible inhibitor of FAAH that binds
covalently to the catalytic Ser241 residue within the active site of the
FAAH protein.”® Furthermore, compound 1 can be labeled with

[“C]COC]Z, without changing its chemical structure and
pharmacological profile.

Radiolabeling

Regarding the chemical structure of 1 with an unsymmetrical
urea moiety, we

labeled 1 by reacting two different amines: 5-amino-3,4-
dimethylisoazole (2) and 4-(4-fluorophenyl)-2-(piperazin-1-
yDthiazole (3), with [''C]COCI, (Fig. 3).

1 Hy / Ni " Cly " 1205/ HS04
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Fig. 3. Radiosynthesis of [''C]1 using [''C]COCL, as a labeling
agent.

[''C]COCI, was synthesized from cyclotron-produced [''C]CO, via
[“C]CH4 and then via [“C]CC14 using a home-made automated
production system (Fig. 3).”* The produced [''C]COCI, gas was
bubbled into a solution of amine precursor 2 at =15 °C for 1 min,
followed by another reaction with amine precursor 3 at 70 °C for 3
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min. A low temperature is required for the first reaction of 2 with
[HC]COCIZ; if the reaction was performed at 20 °C, the reaction
would mainly produce the symmetrical ["'Clurea of 2. After
optimizing the conditions for reacting [''C]COCI, with amine 2 at..
then amine 3 was optimized, a completely automated synthesis of
[''C]1 was carried out. The reaction mixture was then separated by
high performance liquid chromatography (HPLC, Fig. 4a) to obte'r
the final product. Starting with 18.5-26.6 GBq of [''C]CO,, 0.4—1.1
GBq of ["'C]1 was obtained at the end of synthesis (n = 9). The
average total synthesis time, from the end of bombardment, was 3€
min.

Fig. 4. Chromatograms from the HPLC separation (a) and analysis
(b) of [''C]1. See Experimental Section for the chromatographic
conditions.

The identity of [''C]1 was confirmed by co-injection with unlabelc.
compound 1 on analytic HPLC (Fig. 4b). In the final produci
solutions, the radiochemical purity of [''C]1 was higher than 98%
and specific activity was 23-66 GBq/umol (n = 9). No significan:
UV peak representing chemical impurity was seen on the HPLC
charts of finally-formulated products. Moreover, the radiochemical
purity of [''C]1 remained >95% after 90 min at room temperature,
and this product was radiochemically stable for the period of one
PET scan. These analytical results were in compliance with the
quality control/assurance specifications established in our laboratory.

In Vitro Binding Assays

Compound 1 has previously been reported to show high in vitre
binding affinity for FAAH (ICsy: 0.86/0.71 nM for human/rat
FAAH). Here, we used competitive activity-based protein
profiling'®? to confirm the in vitro potency of 1 for FAAH. Fig. -
shows the binding curves of 1, and URB597 as a control, for FAAH
in rat brain homogenate. The in vitro binding affinity (ICs) of 1 for
FAAH was calculated from these curves as 3.3 = 1.0 nM, while that

- 1
-O- URB597

FAAH activity, %

Log [Inhibitor], nM

Fig. 5. In vitro binding assay of compound 1 and URBS597 for
FAAH. Two compounds were incubated at different concentrations
(10%-10* nM). Percentages (n = 3, means = s.d.) of specific binding
indicated inhibition of test compounds against FAAH.

of URB597 was 19.6 + 3.5 nM. Under the same experimental
conditions, compound 1 was characterized as showing 6-fold
and 4-fold higher binding affinity than URB597 or MFT~
(ICs0: 13.6 nM23), respectively. This result indicated that t e
binding affinity of 1 was sufficient for PET imaging of FAAn
in the brain.

This journal is © The Royal Society of Chemistry 2C 2
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Biodistribution Study

The distribution of radioactivity in whole body of mice was
measured at different time points after injection of [''C]1
(Table 1). At 1 min, high uptake (> 2% ID/g) was observed in
the blood, brain, heart, liver, lung, kidney, and small intestine.
After the initial phase, the radioactivity in the blood and heart
decreased rapidly and remained low until the end of the
experiment, while the radioactivity in the lung, small intestine,
spleen, and kidney continued to increase until 15-30 min and
then decreased. The liver uptake increased within the period of
this experiment. On the other hand, a high initial uptake of
radioactivity (3.07% ID/g) at 1 min after the injection was
found in the mouse brain and the brain uptake slowly increased
to 4.01% ID/g by 60 min.

Table 1. Distribution of Radioactivity in Mice after Injection of [''C]1°

tissue 1 min 5 min 15 min 30 min 60 min

blood 3.26 +0.62 0.74 = 0.10 0.28 = 0.02 0.18 £ 0.02 0.14 £ 0.01
heart 732£0.59 1.40 % 0.05 0.48 = 0.03 0.40 % 0.04 0.32 £ 0.05
lungs 17.79 £ 2.75 13.00 + 4.25 12.89 + 4.59 12.60 = 1.68 9.56 =+ 3.00
liver 9.43 £ 1.79 18.07 £2.23 2375 = 1.41 2247 +3.67 2249 +331
spleen 2.67 £ 0.69 3.28 +£0.47 328 +1.03 3.87+£0.39 2.30+0.38
kidneys 26.62 +2.87 32.06 = 3.06 38.97 = 1.00 39.03 +£2.75 36.00 % 3.57
small intestine 6.34 +0.91 9.53 +£1.35 10.39 +0.43 10.54 +1.04 10.00 = 1.41
testes 0.68 = 0.08 0.90 % 0.13 0.90 = 0.08 0.95 % 0.09 1.01 £ 0.08
muscle 2.96 +0.29 0.85+0.13 0.27 % 0.05 0.16 % 0.02 0.13 £ 0.05
brain 3.07 £0.14 354024 329+021 374 £0.12 4.01 +0.32

“Data are % ID/g tissue (mean = SD; n = 4).

It has been reported that FAAH is enriched in the brain, liver,
kidney, and lung, but not in the muscle and hearts of rodents.>"

Our present results indicated that the radioactivity
distribution of [''C]1 was in agreement with the distribution of
FAAH and was also similar to the distribution patterns of
['"CJCURB and [''"C]MFTC in the corresponding mouse
regions.'>*® The considerable brain uptake demonstrated that
["'C]1 can pass through the blood-brain barrier rapidly, which
is an indispensable prerequisite for a useful PET tracer in brain
imaging. The brain uptake of [''C]1 may be related to its
suitable lipophilicity (cLogD: 3.15) and the lack of significant
interaction of [''C]1 with the efflux function of the blood-brain
barrier. In mouse brain in the present study, the radioactivity
level slightly increased after the injection up to 60 min,
suggesting that Mcn may have some irreversible binding in
the brain, although the uptake indicates slow kinetics.

PET Study in Rats

Fig. 6 shows representative PET images of rat brains after injection
of [''C]1 (Fig. 6a) and [''C]1 pretreated with 3 mg/kg URB597 (Fig.
6b). The control PET images exhibited considerable brain entrance
and accumulation of radioactivity in the rat brain (Fig. 6a). The
highest radioactivity was seen in the cerebellar nucleus, followed by
the frontal cortex, cerebellar cortex, hippocampus, striatum, and
thalamus, while the lowest uptake was observed in the pons. As
shown in the time-activity curves (TACs) of the brain regions (Fig.
7a), the radioactivity entered the brain and distributed throughout the
regions immediately after the injection, and slightly increased from
10 min until the end of the PET scans. As shown on the PET images
(Fig. 6b) and TACs (Fig. 7b), pretreatment with URB597 markedly
reduced the uptake in the control brains. Pretreatment caused the
radioactivity levels at 90 min to be reduced by 50-80% within all

This journal is © The Royal Society of Chemistry 2012
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Fig. 6. Representative coronal and sagittal PET/MRI images for
["'C]1 in rat brains (n = 4 for each group). (a) [''C]1 only. (b)
Pretreatment with URB597.
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Fig. 7. Time-activity curves for [''C]1 in rat brains (n = 4 for eacl.
group). (a) [''C]1 only. (b) Pretreatment with URB597.

brain regions; and the maximum reduction (about 80% reduction®
was found in the cerebellar nucleus. The radioactivity distributior.
became regionally homogeneous with a low uptake level.

The PET results indicated that the distribution pattern of [“C]]
reflects the distribution of FAAH in the rat brain®'~* and was simila1
to that of ["'CJMFTC.? Significant inhibition by the FAAH-
selective URB597 demonstrated that [''C]1 has specific binding
targets in the rat brain. Because both of 1 and URB597 showed high
in vitro binding specificity for FAAH in the brain, we concluded that
the in vivo specific binding of [''C]1 determined in this study could
be ascribed to FAAH.

Measurement of the Irreversible Binding

By measuring the radioactivity in the extracts and residual pellets
which were separated from the rat brains, the percentages of e
bound to rat brain tissue were assessed (Table 2). At 5 min after
injection, 97% of total radioactivity in the brain homogenate was
found to irreversibly bind to brain tissue and this was retained at
98% at 30 min. Specificity of [''C]1 for the in vivo irreversiblc
binding to FAAH was confirmed by performing the same procedure
in rats pretreated with URB597. As shown in Table 2, the treatmen.
virtually completely abolished the irreversible binding with only
0.7% and 2% of total radioactivity remaining in the brain tissue at £
and 30 min after the injection. The extraction experiments
demonstrated that [“C]l irreversibly bound to FAAH in the rat brain.

Table 2. Percentage (%) of [''C]1 Bound to Rat Brain
Tissue after Injection

Time (min) mean + S.D
5 9723 + 024
30 9832 + 041
pretreatment with URB597
5 070 + 0.13
30 204 + 053

In the present study, PET with [''C]1 visualized FAAH ana
demonstrated in vivo specific binding of [''C]1 for FAAH in the it

RSC Advances, 2014, 00, 1-3 | 3



RSC Advances

brain. Moreover, the in vivo binding was characterized as being
irreversible in the brain. These results were in accordance with the
properties of an irreversible PET radiotracer, such as [“C]CURB13
and ["'CIMFTC?, useful for imaging brain FAAH. A limitation for
this new PET tracer is its slow kinetics in the brain. After the
injection of [''C]1, the brain uptake of [''C]1 continuously increased
until the end of the PET scan and did not reach an equilibrium state.
This kinetics may cause some difficulty in the quantitative
measurement of FAAH in the living brain. This problem may be
solved by decreasing the lipophilicity of 1. We are currently
optimizing its chemical structure to derive new compounds with
decreased lipophilicity while maintaining its potent binding affinity
for FAAH and to obtain more suitable PET tracers than [“C]l for
imaging and quantitative measurement of FAAH.

Conclusions

In this study, we have developed [''C]1 as a novel radiotracer for
PET imaging of FAAH in brain. PET studies of rat brains with
["'C]1 showed relatively high radioactivity uptake and specific
binding to FAAH in the brains. [''C]1 is thus a promising radiotracer
for visualizing FAAH in the brain.

Experimental

Materials and methods

All chemicals and solvents were of analytic or HPLC grade and were
obtained from Aldrich (Milwaukee, WI) and Tokyo Chemical
Industries (Tokyo, Japan). Authentic compound 1 and an amine
precursor, 4-(4-fluorophenyl)-2-(piperazin-1-yl)thiazole (3), were
synthesized according to the procedures reported previously.”* The
lipophilicity of 1 at pH 7.4 (cLogD) was calculated with ADMET
Predictor (Simulationsplus, Lancaster, CA). Carbon-11 was
produced by "“N(p, a)''C nuclear reaction using a CYPRIS HM18
cyclotron (Sumitomo Heavy Industry, Tokyo, Japan). A dose
calibrator (IGC-3R Curiemeter, Aloka, Tokyo) was used to measure
radioactivity unless otherwise stated. Reverse phase HPLC was
performed using a JASCO system (JASCO, Tokyo, Japan). Effluent
radioactivity was measured using a Nal (T1) scintillation detector
system.

Radiosynthesis of "cn

After irradiation, the cyclotron-produced [''C]CO, was recovered
from the cyclotron target with N, and converted to [''C]CH,4 by
transferring through a heated methanizer (400 °C) filled with nickel
catalysts. [''C]CH,; was mixed with chlorine gas at 560 °C to
produce [''C]CCl,, which was continuously passed through a glass
tube containing iodine oxide and sulfuric acid (Kitagawa gas
detection tube, Komyo Rikagaku Kogyo, Kawasaki, Japan) at room
temperature to produce [''C]COCL,. The obtained [''C]COCI,
flowed into a solution of 2 (0.6 mg) in tetrahydrofuran (THF, 500
uL) at —15 °C for 1 min. After trapping of [''C]COCI, was
completed, 3 (1.3 mg) in THF (300 uL) was added, and the reaction
mixture was heated at 70 °C for 3 min.

After removal of THF, the reaction mixture was separated by means
of semi-preparative HPLC on a Capcell Pak UG80 C,g column (10
mm internal diameter x 250 mm, Shiseido, Tokyo, Japan) and
MeCN/H,O/trifluoroacetic acid (50/50/0.1) was used as mobile
phase at a flow rate of 5.0 mL/min. The radioactive fraction
corresponding to M'en (retention time: 8.5 min) was collected in a
sterile flask, evaporated to dryness in vacuo, redissolved in 3 mL of
sterile normal saline, and passed through a 0.22-pm Millipore filter
(Billerica, MS) to obtain [''C]1. The identity of the product was

4 | J. Name., 2012, 00, 1-3

confirmed by coinjecting this radioactive product with authentic 1 on
an analytic HPLC (Capcell Pak UG80 C;g column, 4.6 mm x 250
mm), using MeCN/H,O/trifluoroacetic acid (50/50/0.1) as mobile
phase at a flow rate of 1.0 mL/min (retention time: 8.3 min). Ti.
specific activity was calculated by comparing the assayed
radioactivity to the mass measured at UV 254 nm.

Animal Experiments

All animal experiments were performed according to the
recommendations of the Committee for the Care and Use of
Laboratory Animals, National Institute of Radiological Sciences.
Animals were maintained and handled in accordance with the
recommendations of the National Institute of Health and institutiona.
guidelines of the National Institute of Radiological Sciences. Mice
(ddy, male; 7-weeks-old; weight: 34—36 g) and rats (Sprague-Dawley
male; 7-weeks-old; weight: 210-230 g) were purchased from Japan
SLC (Shizuoka, Japan). These animals were housed under a 12-h
dark/light cycle and were allowed free access to food pellets and
water.

In Vitro Binding Affinity

The binding affinity (ICsy) for FAAH was assessed according tc o
previously published procedure using competitive activity-based
protein profiling.'®? Briefly, membrane fractions (50 pL, 1 mg/r...
total protein concentration) of rat brain homogenate werc
preincubated with varying concentrations (0.01 nM-10 uM) of 1 or
URBS597 for 30 min at 37 °C. A fluorophosphonate-rhodamine probe
(1 pL, 50 uM in DMSO) was added and the reaction mixture wa<
incubated for 30 min at 37 °C. The reaction was stopped by addition
of SDS loading buffer. The reaction mixtures were developed on ar
SDS-PAGE gel, and displayed using a Fluor Image Analyzer FLA-
5100 (GE Healthcare, Little Chalfont, UK). Fluorescence of the
relevant band at each concentration of inhibitor (1 or URB597) was
measured. Concentration-response curves were fit with GraphPac
Prism 5 software (GraphPad Software, La Jolla, CA) to calculate the
1C5q values.

Biodistribution Study in Mice

A saline solution of [''C]1 (2 MBgq, 0.05 nmol/200 uL) was inject
into mice through the tail vein. Four mice were sacrificed by cervical
dislocation at 1, 5, 15, 30, and 60 min after the injection. Blood,
whole brain, heart, lung, liver, spleen, kidneys, small intestine
muscle, and testes samples were quickly removed and weighed. The
radioactivity accumulated in these tissues was measured using 2
1480 Wizard gamma counter (Perkin-Elmer Japan, Yokohama,
Japan), and expressed as percent of the injected dose per gram of we!
tissue (% ID/g). All radioactivity measurements were corrected for
decay.

Small-Animal PET Study in Rat Brains

All PET scans were performed using a small-animal Inveon PET
scanner (Siemens Medical Solutions USA, Knoxville, TN), which
provides 159 transaxial slices 0.796-mm apart (center-to-center), a
10-cm transaxial field of view (FOV), and a 12.7-cm axial FOv
Prior to the scans, rats were anesthetized with 5% (v/v) isoflurane,
and maintained thereafter with 1-2% (v/v) isoflurane. The emission
scans were conducted for 90 min after the intravenous injection .~
[HC]I (17 £ 3 MBq, 0.45-0.70 nmol). For the pretreatment study,
the FAAH-selective inhibitor URB597 (3 mg/kg) was dissolved in
saline containing 10% ethanol and 5% Tween 80, and this soluti n
administered to the animals 30 min before the injection of [''C]1 (.7
+ 2 MBgq, 0.40-0.53 nmol).

This journal is © The Royal Society of Chemistry 2C 2
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All list-mode acquisition data were sorted into 3-dimensional
sinograms, which were then Fourier rebinned into 2-dimensional
sinograms (frames x min: 4 x 1, 8 x 2, 14 x 5). Dynamic images
were reconstructed with filtered back-projections using a Ramp’s
filter and a Nyquist cutoff of 0.5 cycles/pixel. Regions of interest
(ROIs) were placed on the frontal cortex, striatum, thalamus,
hippocampus, cerebellar cortex, cerebellar nuclei, and pons using
ASIPro VM (Siemens Medical Solutions, Malvern, PA) with
reference to a template magnet resonance image (MRI) of a rat brain.
PET images were obtained by summing the radioactivity uptake
between 0-90 min after the injection of [''C]1. Each PET image was
overlaid onto the MRI, and a time-activity curve (TAC) for each
brain region was acquired. Brain uptake of radioactivity was decay-
corrected to the injected time and expressed as the standardized
uptake value (SUV) and normalized for injected radioactivity and
body weight; SUV was calculates as SUV = (radioactivity per cubic
centimeter tissue/injected radioactivity) x gram body weight.

Determination of Irreversible Binding in the Brains

This experiment was performed according to a previously described
protocol.13 Briefly, after intravenous injection of [''cyn (37 MBq,
0.68—-0.84 nmol/200 nL) into rats, the rats were sacrificed at 5 or 30
min (n = 3 for each time point), respectively. Whole brain samples
were removed quickly. For the inhibitory study, URB597 (3 mg/kg)
was administered 30 min before the injection of [''C]1 (37 MBq,
0.74-0.82 nmol). The URB597-treated rats (n = 3) were also
sacrificed at 5 or 30 min, respectively. The whole brains of all
experimental rats were individually homogenized in 2.5 mL of ice-
cold 80% MeCN/20% water and centrifuged (15,000 x g, 10 min,
4 °C). The supernatants were carefully decanted and the pellets were
resuspended in the same volume of extraction solvent. This
procedure was repeated twice. The pellet and all supernatants from
each rat were counted for radioactivity, respectively. The
radioactivity in the pellet and all supernatants from each rat was
counted.
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