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Abstract

Introduction: Radiopharmaceuticals that can bind selectively the κ-opioid receptor may present opportunities for staging clinical brain
disorders and evaluating the efficiency of new therapies related to stroke, neurodegenerative diseases or opiate addiction. The N-methylated
derivative of JDTic (named MeJDTic), which has been recently described as a potent and selective antagonist of κ-opioid receptor in vitro,
was labeled with carbon-11 and evaluated for in vivo imaging the κ-opioid receptor in mice.
Methods: [11C]-MeJDTic was prepared by methylation of JDTic with [11C]-methyl triflate. The binding of [11C]-MeJDTic to κ-opioid
receptor was investigated ex vivo by biodistribution and competition studies using nonfasted male CD1 mice.
Results: [11C]-MeJDTic exhibited a high and rapid distribution in peripheral organs. The uptake was maximal in lung where the κ receptor is
largely expressed. [11C]-MeJDTic rapidly crossed the blood–brain barrier and accumulated in the brain regions of interest (hypothalamus).
The parent ligand remained the major radioactive compound in brain during the experiment. Chase studies with U50,488 (a κ referring
agonist), morphine (a μ agonist) and naltrindole (a δ antagonist) demonstrated that this uptake was the result of specific binding to the
κ-opioid receptor.
Conclusion: These findings suggested that [11C]-MeJDTic appeared to be a promising selective “lead” radioligand for κ-opioid receptor
PET imaging.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The opioid system consists of multiple seven-transmem-
brane G-protein coupled receptors, mainly MOP (μ), DOP
(δ) and KOP (κ), that mediate the physiological actions of
endogenous opioid peptides and pharmacological effects of
opiate drugs. They are abundant in the central nervous
system and play a major neuromodulatory role in the control
of nociceptive stimuli, behavioural responses, gastrointest-
inal motility and respiration [1–4]. In rodent, primates and
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humans, each receptor subtype exhibits a distinctive
neuroanatomical distribution pattern that provides insight
to its physiopathological role.

Stimulation of κ-opioid receptor elicits specific effects
including chemical visceral analgesia [5], sedation [6],
dysphoria [7] and water diuresis [8]. It has been also
shown that κ receptor agonists induced ischemic neuropro-
tection in rats [9], anticonvulsant effect in mice [10] and
attenuated several behavioural responses induced by drugs
of abuse in a variety of animal models [11]. A large body of
evidence indicated that κ-opioid receptors were involved in
dependence of CNS stimulants via indirect effects on the
modulation of synaptic dopamine levels, leading to the
proposal of κ receptor ligands as pharmacotherapy in
addiction. Implication of κ-opioid receptors has been pointed
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out in several other clinically relevant diseases such as
obesity, psychosis, seizure, stroke [12], schizophrenia [13],
Tourette's [14] and Alzheimer's [15].

Recently, it has been clearly reported that positron
emission tomography (PET) using a radioligand selective
for κ-opioid receptor would contribute to the in vivo
assessment of the opioidergic system in healthy volunteers
and patients with clinical brain disorders, and could be a
useful investigative tool for diagnosis and evaluation of the
efficiency of new therapies [16]. However, a seriously
limiting step was the availability of highly selective tracers.
The radioligands currently available for opioid receptor PET
studies in the human brain include [11C]-carfentanil and
[11C]-naltrindole selective for μ and δ receptors, respec-
tively, and [11C]-diprenorphine, [11C]-buprenorphine and
[18F]-cyclofoxy that bind all the opioid subtypes [17]. To our
knowledge, [11C]-GR103545 (the R enantiomer of racemic
[11C]-GR89696) from the arylacetamide class of compounds
(Scheme 1) is the sole promising radiotracer for κ receptor
PET imaging developed so far [18]. Indeed, recently reported
imaging data in baboon showed that this radioligand
displayed excellent brain penetration and uptake kinetics.
The regional distribution of [11C]-GR103545 was in
accordance with the central distribution of κ-opioid receptors
and radioligand binding was reduced to unspecific uptake in
all examined brain areas by pretreatment with naloxone, a
potent nonselective opioid receptor antagonist. Although
[11C]-GR103545 seemed to fulfill important criteria for
further development and evaluation in humans, several
failings from both pharmacological and chemical points of
view may be mentioned. GR103545 possesses agonist
properties, and significant side effects on blood pressure,
Scheme 1. Agonist and antagonists of k-receptors.
heart or respiratory rate may occur after injection of the
radioligand [18]. In ex vivo evaluation in murine brain, no
displacement of the radioligand binding was observed with
U50,488, a κ selective agonist [19]. In vitro, the ligand
affinity for κ-receptors was high (IC50=0.018 nM in a
functional test using rabbit vas deferens [20], Ki=0.45±0.65
and 0.22±0.65 nM based on guinea pig [21] and rhesus
monkey [22] brain homogenates, respectively), but the
selectivities towards the subtypes μ and δwere low (Ki (μ)/Ki

(κ)=3; Ki (δ)/Ki (κ)=139 [22]). Finally, [11C]-GR103545
was prepared according to a low-yielding multistep radio-
synthesis from cyclotron-produced [11C]CO2 via noncon-
ventional [11C]-methyl chloroformate intermediate [18,19].
Thus, the search for an alternative candidate as selective
κ receptor PET radiotracer, preferably with antagonist
properties, seemed to us essential.

Very few pure opioid receptor antagonists selective for the
κ subtype have been reported so far. The two most studied
compounds usually taken as references are nor-binaltorphi-
mine (nor-BNI) and 5′-guanidinonaltrindole (GNTI), but a
number of reports have shown that these naltrexone
derivatives had low potency in vivo [23,24]. Recently, the
trans-3,4-dimethyl-4-(3-hydroxyphenyl)piperidine JDTic
(Scheme 1) was described as the first potent and selective
κ-opioid receptor antagonist not derived from the opiate
structure [25–27]. JDTic displayed higher affinity and
selectivity for κ receptors than nor-BNI in in vitro binding
assays from rodent brain tissues [Ki (κ)=0.32±0.05 nM;
Ki (μ)/Ki (κ)=12; Ki (δ)/Ki (κ)=940] or cloned cells
expressing human opioid receptors [Ki (κ)=0.41±0.10 nM;
Ki (μ)/Ki (κ)=2.3; Ki (δ)/Ki (κ)=72]. Its potency was also
demonstrated in in vitro [35S]GTPγS functional assay
[26]. In in vivo experiments in rat, JDTic suppressed the
U50,488-induced diuretic activity and reduced signs of
physical dependence on morphine, as well as stress and
depression during cocaine withdrawal [28,29].

Although less studied, the analogue of JDTic bearing a
methyl group on the N-position of the tetrahydroisoquino-
line ring (Scheme 1) was found more potent and selective
than the parent compound [Ki (κ)=0.053 nM, Ki (μ)/Ki

(κ)=700, Ki (δ)/Ki (κ)N10,000 from rodent brain tissue; Ki

(κ)=1.01±0.02 nM, Ki (μ)/Ki (κ)=8.8; Ki (δ)/Ki (κ)=117
with human cloned cells] [26]. This compound, which we
named MeJDTic, also retained antagonist properties as
revealed in in vitro functional tests. With such a
pharmacological profile, we anticipated that Me-JDTic
represented a potential candidate as a selective PET
radioligand for κ receptor imaging in the brain. The
N-methyl group was accessible for radiolabeling with
carbon-11 (positron emitter, t1/2=20.4 min) by N-[11C]
methylation reaction, the usual route to 11C-radioligands
[30]. The present work describes the radiosynthesis of
[11C]-MeJDTic and the preliminary biological results
including metabolism, peripheral and regional brain dis-
tributions, blood and brain pharmacokinetics, and specific
binding in some cerebral regions of interest in mouse.
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2. Materials and methods

2.1. General

Dry acetonitrile (CH3CN) was displayed by using an
MBraun SPS 800 solvent purification system. Dichlor-
oethane (DCE) was dried by distillation over calcium
hydride. All other reagents and solvents were used as
received from commercial sources. All reactions were
performed in oven-dried glassware, under an atmosphere
of N2. Nonradioactive reactions were purified by chromato-
graphy column with Merck silica gel Geduran Si 60 (0.040–
0.063 nm). Thin layer chromatography (TLC) was carried
out on silica gel 60 F254 (1.1 mm, Merck) with spot detection
under ultraviolet (UV) light. Melting points (mp) were
obtained on an Electrothermal IA9000 capillary apparatus
and are uncorrected. Nuclear magnetic resonance (NMR)
spectra were recorded at room temperature on a Bruker DPX
250 spectrometer operating at 250 MHz for 1H NMR spectra
and 62.9 MHz for 13C NMR spectra. The chemical shifts are
calibrated to TMS (δ H 0.00) or residual proton and carbon
resonance of the solvent CDCl3 (δ H 7.26 and δ C 77.16).
High-resolution mass spectra (HMRS) were recorded on a
QTOF Micro Waters instrument. Carbon-11 was produced
by a Cyclone IBA 18/9 cyclotron using the 14N (p, α) 11C
nuclear reaction. After radiolabeling, [11C]Me-JDTic was
purified by preparative high-performance liquid chromato-
graphy (HPLC) performed on a Waters system, equipped
with a 600 gradient pump, a linear variable UV detector set at
270 nm and a γ-detector using a reverse-phase C-18
uptisphere TF C-18 Interchim column (250×10 mm) eluting
with CH3OH/H2O (60:40, v/v) at 4 ml/min. For radio-
chemical purity and stability measurements, the radioactive
tracer solution was ascertained on an analytic HPLC system
using a μ-Bondapak C18 Waters column (250×4.6 mm)
eluting with CH3CN/CH3OH/H2O containing 0.1% TFA
(15/15/70, v/v/v) at 1 ml/min. Measurement of unmetabo-
lized radiotracer was performed by TLC analysis on silica
gel plates (Merck). The TLC plates were developed with
CHCl3/CH3OH/NH4OH (8/1.8/0.2, v/v/v) or CHCl3/
(CHCl3/CH3OH/NH4OH, 8/1.8/0.2, v/v/v) (1/1, v/v), and
the radioactivity distribution was measured using an instant
imager (Packard).

2.2. Chemistry

2.2.1. (3S)-7-Hydroxy-N-((1S)-1-{[3R,4R)-4-(3-hydroxyphe-
nyl)-3,4-dimethyl-1-piperidinyl]methyl}-2-methylpropyl)-
2-methyl-1,2,3,4-tetrahydro-3-isoquinolinecarboxamide
(Me-JDTic)

By reductive amination: formalin (0.08 ml, 0.86 mmol)
was added to a stirred solution of JDTic (200 mg,
0.430 mmol) in dry DCE (5 ml). The mixture was heated
at 50°C for 1 h and allowed to cool to room temperature.
After the addition of Na(OAc)3BH (410 mg, 1.94 mmol), the
reaction mixture was stirred at room temperature for 4 h then
quenched by the addition of saturated NaHCO3 until
bubbling subsided. After extraction (three times) with a
solution of CH2Cl2/THF (3:1), the combined organic layers
were dried over Na2SO4, filtered off and concentrated under
reduced pressure. The resulting residue was purified by flash
chromatography using a mixture of [CHCl3/CH3OH/
NH4OH (80:18:2)]/CHCl3 (60:40) as eluent to afford
MeJDTic as a white solid (40 mg, 19%), mp 106–107°C.
Rf=0.35 [CHCl3/CH3OH/NH4OH (80:18:2)]. [α]D

25+99.9° (c
1.00, MeOH). 1H NMR (CD3OD): δ 7.09 (t, J=3.8 Hz, 1H),
6.92 (d, J=4.5 Hz, 1H), 6.76 (s, 1H), 6.73–6.71 (m, 1H),
6.58 (dd, J=9, 5.3 Hz, 2H), 6.53–6.50 (m, 1H), 3.98–3.83
(m, 3H), 3.80 (s, 2H), 3.47 (d, J=16 Hz, 1H), 3.31 (s, 1H),
3.13–2.44 (m, 9H), 2.37 (t, J=18 Hz, 1H ), 1.93–1.81 (m,
2H), 1.27 (s, 3H), 0.90 (t, J=3 Hz, 6H), 0.71 (d, J=3 Hz, 3H).
13C NMR (CD3OD): δ 175.2, 158.2, 156.7, 153.2, 137.3,
130.8, 130.0, 125.6, 118.0, 114.9, 113.8, 113.2, 113.1, 61.3,
58.3, 58.2, 56.9, 52.3, 51.8, 40.2, 39.4, 32.3, 32.0, 31.9,
28.1, 20.0, 18.4, 17.8, 16.7; HRMS (ES) m/z : 480.3216
[M+H]+ (C29H42N3O3, calcd. 480.3147).

By methylation reaction: a mixture of JDTic (50 mg,
0.11 mmol) and methyl iodide (7 μl, 0.11 mmol) or methyl
triflate (12 μl, 0.11 mmol) in dry acetonitrile (5 ml) was
stirred at RT for 2 h. After solvent removal under reduced
pressure, the resulting residue was purified by flash
chromatography using a mixture of [CHCl3/CH3OH/
NH4OH (80:18:2)]/CHCl3 (60:40) as eluent to afford Me-
JDTic as a white solid (15.5 mg, 30%).

2.3. Radiolabeling

2.3.1. (3S)-7-Hydroxy-N-((1S)-1-{[3R,4R)-4-(3-hydroxyphe-
nyl)-3,4-dimethyl-1-piperidinyl]methyl}-2-methylpropyl)-2-
[11C]-methyl-1,2,3,4-tetrahydro-3-isoquinolinecarboxamide
([11C]-MeJDTic)

[11C]-CO2 was passed through a drying column of P2O5

then concentrated from the gas target in a stainless steel loop
cooled to −178°C. Upon warming, [11C]-CO2 was trans-
ferred by a flow of N2 into a reactor containing LiAlH4 in
THF (1 M, 200 μl) and maintained at 0°C. When transfer of
radioactivity was complete, the reactor was heated at 140°C
until total THF removal. After cooling for 2 min and addition
of hydriodic acid (1.5 ml, 54%), the reactor was heated again
at 140°C. The formed [11C]-methyl iodide was distilled
under a stream of N2 and passed through a glass column
containing silver triflate on graphite carbon and heated at
200°C. The resulting [11C]-methyl triflate was swept in a
pre-dried 1 ml receiving vial containing JDTic (2 mg,
4.3 μmol) in CH3CN (300 μl) at RT via Teflon tubing. Once
radioactivity levels plateaued in the collection vial, the N2

flow was stopped and the final solution was stirred at RT for
5 min. The reaction mixture was purified by reverse-phase
HPLC. The desired fraction (tR ([11C]-MeJDTic)=21 min)
was collected and diluted in water (32 ml). The resulting
mixture was transferred into two consecutive cartridges
(Sep-Pak C-18), and [11C]-MeJDTic was eluted with
methanol (0.8 ml). The radioactive alcoholic solution was
evaporated to dryness under N2 at 90°C, and the residue was
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taken up in 1 ml of aqueous solution of 2-hydroxypropyl-β-
cyclodextrin (2%, pH 6.5). The aqueous solution of [11C]-
MeJDTic was passed through a sterile 0.22-μm filter into a
sterile, pyrogen-free bottle. Aliquots of the formulated
solution were used to establish the chemical and radio-
chemical purity and specific activity of the final solution by
analytical HPLC (tR ([11C]-MeJDTic)=10.5 min). The
identity of [11C]-MeJDTic was confirmed by HPLC and
radioTLC. RadioTLC of the formulated [11C]-MeJDTic was
carried out on silica plates using CHCl3/CH3OH/NH4OH (8/
1.8/0.2, v/v/v, Rf=0.55) and CHCl3/(CHCl3/CH3OH/
NH4OH, 8/1.8/0.2, v/v/v) (1/1, v/v, Rf=0.30).

2.4. Lipophilicity

Apparent radioligand lipophilicity was determined by a
conventional partition method between 1-octanol phase and
phosphate buffered saline (PBS, pH 7.4) using the standard
counting technique. Briefly, 1-octanol and PBS were mixed
(1/1; v/v) for 20 min, then [11C]Me-JDTic was added. The
tube was capped, vigorously shaken at room temperature for
40 min, then centrifuged at 3000×g for 5 min. An aliquot
(100 μl) from each phase was removed and the radioactivity
was counted in a γ-counter (Cobra 2 gamma counter,
Packard). The 1-octanol/phosphate buffer (pH 7.4) partition
coefficient of [11C]Me-JDTic was calculated as follows: log
Poct/PBS=log (radioactivity concentration in the 1-octanol
phase/radioactivity concentration in the PBS phase). The
reported value represents the mean of six measurements.

2.5. Animal studies

Animal experiment procedures were in accordance with
the recommendations of the EEC (86/609/ EEC) and the
French National Committee (decret 87/848) for the care and
use of laboratory animals. Nonfasted male CD1 mice
weighing 25 to 35 g were used in all experiments. Animals
were kept at constant temperature (22°C) and humidity
(50%) with 12-h light/dark cycles and were allowed free
access to food and water until experiment time. Anesthesia
was induced with 5% isoflurane in a gas mixture of nitrous
oxide/oxygen (70/30%) and maintained with 1.5–2.5%
isoflurane during the entire surgical procedure. Body
temperature was monitored rectally and kept close to 37°C.
Catheter was inserted into the tail vein.

2.6. Biodistribution studies

Mice were injected with [11C]-MeJDTic (200–400 μCi;
≈6 nmol) formulated in 2-hydroxypropyl-β-cyclodextrin
(2%, pH 6.5) distilled water solution (200 μl) and were
sacrificed at 5, 10, 20 and 30 min postinjection (n=3 per
time). Whole brain and peripheral organs were quickly
dissected. The radioactivity of weighed tissue samples was
measured in a γ-counter. For cerebral distribution measure-
ment, animals were decapitated at 10 min (n=4) after [11C]-
MeJDTic injection. Brains were quickly removed and
dissected out on an ice-cold plate to obtain the selected
regions of interest. These brain samples were weighed and
counted. Data were expressed as the percentage of injected
dose (decay-corrected) per gram of tissue (%ID/g).

2.7. Competition studies

In blocking studies, U50,488, morphine or naltrindole
(3 mg/kg) was administrated to mice 5 min prior to
radiotracer (n=4 for each condition). The mice were
sacrificed 10 min after injection of the radiotracer and
brain sections were handled as described for the biodistribu-
tion studies. Radioactive concentrations in brain regions
were compared with that of control animals.

2.8. Radiometabolite studies

Mice were injected with [11C]-MeJDTic (1.5–1.9 mCi;
≈33 nmol) in 2-hydroxypropyl-β-cyclodextrin (2%) dis-
tilled water solution (200 μl) and were sacrificed at 5, 10 and
20 min postinjection (n=3 per time). Whole brain and
intracardiac blood sample were quickly collected. Brain
metabolite analysis was carried out on whole brain crushed
in 1 ml methanol (UltraTurrax T25, Janke and Kunkel) and
centrifuged at 5000×g for 10 min. Plasma metabolite
analysis was carried out on intracardiac blood samples
(≈0.7 ml). After centrifugation (5000×g, 10 min), plasma
was mixed with methanol (1/3, v/v) and centrifuged again.
The radioactivity of the precipitate was measured to quantify
the methanol extraction efficiency. Supernatants were
filtered off and analyzed by thin layer chromatography
(TLC) and HPLC. Plates were developed using a mixture of
CHCl3/CH3OH/NH4OH (8/1.8/0.2, v/v/v) or CHCl3/
(CHCl3/CH3OH/NH4OH, 8/1.8/0.2, v/v/v) (1/1, v/v).

2.9. Data analysis

Radioactivity data corresponding to the [11C]-MeJDTic
uptake, in the different experimental conditions and in the
selected regions of interest, were analyzed by a two-way
ANOVA. When the differences between groups were greater
than expected by chance, a multiple comparison Tukey's test
was used to isolate the divergent group(s). A value of Pb.05
was considered statistically significant.
3. Results and discussion

3.1. Chemistry and radiochemistry

JDTic and MeJDTic, used as precursor for radiolabeling
and reference compound, respectively, were prepared
according to the reported multistep synthesis [25,26]. In
this report, JDTic was converted into MeJDTic by reductive
amination using sodium triacetoxyborohydride and formal-
dehyde (Scheme 2), but no information in the yield was
given [26]. In our hands, MeJDTic was obtained in only 19%
yield, and JDTic was recovered as the only side-product. All
attempts to increase the yield of MeJDTic by changing the
amounts of reagents (1–8 equiv of formaldehyde, 4–10



Scheme 2. Synthesis of MeJDTic from JDTic.
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equiv of sodium triacetoxyborohydride), the temperature
(RT to 50°C) and the reaction time (1.5 to 13 h) failed.
Finally, we studied the methylation of JDTic using methyl
iodide or methyl triflate (Scheme 2). In order to prevent any
O-methylation as a competitive reaction, no base was added.
Yield of MeJDTic reached 30% by stirring JDTic with
methyl iodide or triflate (1 equiv) in CH3CN for 2 h at RT. In
both cases, starting JDTic and the corresponding salt
resulting from the double N-methylation of JDTic were
isolated in 30% and 40% yields, respectively. No further
optimization was undertaken.

Due to the poor results obtained in nonradioactive
chemistry and the fact that formaldehyde labeled with
carbon-11 was not readily prepared [31], the reductive
amination approach to obtain [11C]-MeJDTic was not
attempted. Radiosynthesis of [11C]-MeJDTic was per-
formed by methylation of JDTic using either [11C]-methyl
iodide or [11C]methyl triflate as shown in Scheme 3. [11C]-
Methyl iodide [32] has the advantage of being easily
produced in large quantities of radioactivity in all PET
centers, while [11C]-methyl triflate obtained from [11C]-
methyl iodide [33] is much more reactive. Due to the low
mass amount of [11C]-methyl iodide or triflate (high
specific activity) compared to JDTic [30], no N-quaterniza-
Scheme 3. Radiosynthesis of [11C]-MeJDT
tion was expected. Better results in terms of efficiency,
purification, automation and overall synthesis time were
obtained with [11C]-methyl triflate [radiochemical yield
decay corrected and calculated from [11C]-methyl triflate:
78–98% after reaction in CH3CN for 3 min at RT (nN20);
from [11C]-methyl iodide: 75–82% after reaction in DMF
for 5 min at RT (n=5)]. In production mode, batches of
[11C]-MeJDTic (6–30 mCi, 222–1110 MBq, ca. 30–40%
decay corrected radiochemical yield from 11CO2 at end of
synthesis) formulated in an aqueous solution of 2-hydro-
xypropyl-β-cyclodextrin (2%, pH 6.5) were obtained in a
total synthesis time of 50 min (after irradiation for 20 min at
20 μA). Specific activities (at end-of-synthesis) ranged from
1480 to 4440 MBq/μmol (40–120 mCi/μmol). Radio-
chemical and chemical purities of [11C]-MeJDTic were
greater than 99% and 90%, respectively. Identity of [11C]-
MeJDTic was confirmed by radioTLC and analytical HPLC
after coelution or coinjection of the labeled product with the
nonradioactive MeJDTic and observation of a single
radioactive and UV peak. The formulated [11C]-MeJDTic
displayed no radiolysis at room temperature for at least
180 min postradiosynthesis and was stable as a PET ligand
while performing evaluation on animals. The log Poct/PBS

value of [11C]-MeJDTic was 2.77±0.02 (n=8).
ic through 11C-methylation of JDTic.



Table 1
Percentage of unchanged [11C]-MeJDTic found in mouse brain, plasma and
lung as a function of time

5 min 10 min 20 min

Brain 85.7±5.4 90.4±4.1 70.9±3.7
Plasma 91.4±3.1 60.5±10.4 48.0±9.1
Lung 99.4±0.3 98.6±0.2 97.7±0.7

Values are shown as mean±S.E.M (n=3 in duplicate for each determination).
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3.2. Organ biodistribution studies

Evaluation of [11C]-MeJDTic as a PET radioligand for
κ-opioid receptor imaging was performed by ex vivo studies
using male CD1 mice. The mice were injected with the
radioligand and sacrificed at various time points postinjection
(5, 10, 20 and 30 min). The whole brain or brain parts, as well
as the peripheral organs, were dissected and the radioactivity
was counted. The distribution of radioactivity was expressed
as the percent injected dose per gram of tissue. In all
experiments, the injected dose was calculated by taking into
account the present specific radioactivity. It was determined
that the injected dose was lower than the κ-opioid receptor
density (Bmax) reported in murine brain [34].

Fig. 1 shows the organ distribution of radioactivity
between 5 and 30 min after [11C]-MeJDTic administration.
At each time point studied, the highest uptake (12–30 %
ID/g) was found in the lung (where the density of κ-opioid
receptors is large [35]) and kidney. In the liver, the uptake
amounted to 15 %ID/g at 5 min that cleared to reach a value
of 3–5 %ID/g at 30 min. In the spleen and pancreas, the
uptake values of radioactivity were stable in the 4–12 %ID/g
range over the period studied. Accumulation was significant
in the salivary gland, heart, bladder and intestine (3–7 %
ID/g), and lowest in the thymus, muscle, testicle and adipose
tissue (b3 %ID/g). Uptake of radioactivity by whole brain
reached a maximum value of 0.15±0.01 %ID/g at 5 min
postinjection and remained essentially constant for 20 min
Fig. 1. Radioactivity distribution in various tissues after intravenous administratio
radioactivity is significantly different from plasma, ⁎Pb.05; ⁎⁎⁎Pb.001.
before declining to 0.09±0.02 %ID/g at 30 min. This brain
uptake was relatively low despite the lipophilicity of [11C]-
MeJDTic (log P=2.7) predicting a good blood–brain barrier
(BBB) penetration [36]. Indeed, it is usually admitted that the
optimal lipophilicity range for brain entry is observed for
compounds with log P values between 1 and 3. Below that
range, passive diffusion through the BBB is poor, whereas
above that range, binding to blood components (e.g., red
blood cells and albumin) limits the amount of radiotracer
available for brain entry. The blood radioactivity levels were
also relatively moderate at all points measured. The high
accumulation of [11C]-MeJDTic found for peripheral organs,
notably the lung and kidney, probably minimized the amount
of the radioligand available for circulation and brain
delivery. Other critical factors, including ionization potential,
specific binding to BBB efflux pumps or binding sites on
plasma proteins, might also be responsible for the relatively
low cerebral penetration of the radiotracer [37]. Never-
theless, the amount of [11C]-MeJDTic reaching the brain was
n of [11C]-MeJDTic in mouse; n=3 per time, mean±S.E.M., tissues where



Table 2
[11C]-MeJDTic regional brain uptake in mice 10 min after intravenous
injection

Regions Control
condition

Blocking
condition a

Total/NSBb SB/Total c

Hypothalamus 0.32±0.07 0.02±0.01 16.0 94
Thalamus 0.16±0.02 0.02±0.01 8.0 88
Cerebellum 0.13±0.02 0.03±0.02 4.3 77
Striatum 0.11±0.02 0.03±0.02 3.7 73
Hippocampus 0.10±0.02 0.03±0.01 3.3 70
Olfactory tubercles 0.09±0.01 0.02±0.01 4.5 78
Cortex 0.08±0.01 0.03±0.01 2.7 63

Results are expressed as %ID/g of tissue (mean±S.E.M., n=4 for each
determination).

a Blocking with U50,488 (3 mg/kg) 5 min before [11C]-MeJDTic
injection.

b Ratio between total binding and NSB.
c Percent of specific binding over total binding.
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sufficient for accurately and precisely measuring the total
and nonspecific bindings (NSBs) as demonstrated in
competition studies.

3.3. Metabolite studies

Before examining the cerebral distribution, analysis of the
radioactive products detected after injection of [11C]-
MeJDTic was performed to clearly identify the radioactive
species in the brain and to get information about the
metabolic stability of [11C]-MeJDTic in vivo. Plasma
samples, brain and lung homogenates were harvested at 5,
10 and 20 min after injection, then analyzed by radioTLC
(Table 1). Plasma metabolite analysis revealed no lipophilic
Fig. 2. Effect of the administration of κ, µ and δ blocking agents on [11C]-MeJDTi
[11C]-MeJDTic (mean±S.E.M., n=4 for each condition, ⁎Pb.05; ⁎⁎⁎Pb.001 comp
metabolites having a propensity to diffuse into the brain.
Intact [11C]-MeJDTic accounted for 91% of the radioactivity
at 5 min postinjection, then the radioligand was continuously
metabolized in slow rates giving a major radiometabolite
much more polar than the parent radioligand as estimated
from relative retention times. At 20 min, about 50% of [11C]-
MeJDTic still remained in the circulation. In the lung where
radioactivity binding was the highest, most (N97%) of the
radioactivity was associated with [11C]-MeJDTic over all the
studied period. Unchanged [11C]-MeJDTic was also detected
in brain homogenates with no evidence of any radio-
metabolite at 5 and 10 min postinjection. Only at 20 min was
the percentage of the remaining MeJDTic (71%) statistically
different from those obtained at 5 (Pb.01) and 10 min
(Pb.05). Due to its low amount in the brain, the polar
radiometabolite found in plasma was not expected to cross
the BBB. Its identity was not further elucidated.

3.4. Cerebral biodistribution studies

The brain anatomical regions of interest were identified
using the atlas of Franklin and Paxinos [38] and selected for
both their density in κ-opioid receptors and their access in
microdissection as follows: hypothalamus, olfactory tuber-
cles, striatum, thalamus, cortex, cerebellum and hippocam-
pus. The regional brain distribution of [11C]-MeJDTic was
explored at 10 min after injection since at this time (i) no
significant radiometabolite was detected, (ii) the radio-
activity in the brain was maximal and (iii) the ratio of brain/
circulating blood could promote an optimal quality contrast
(0.20 at 5 min; 0.37 at 10 min). The uptake of [11C]-
MeJDTic in each of the dissected regions is listed in Table 2.
c concentration in selected mouse brain regions 10 min after the injection of
ared to total binding).
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Distribution of [11C]-MeJDTic in the selected brain areas
was strongly heterogeneous. In the control condition, data
indicated significant uptake of [11C]-MeJDTic higher in the
hypothalamus (Pb.001) than in the other structures. This is in
agreement with the fact that κ-opioid receptors are known to
be highly confined in this structure [34,39]. Then, the uptake
values decreased as follows : thalamusNcerebellumNstriatum≈
hippocampus≈olfactory tubercles≈cortex.

3.5. Competition studies

To assess the in vivo selectivity of [11C]-MeJDTic for κ-
opioid receptors, blocking studies were performed using
U50,488, a κ referring agonist. In these studies, mice
received the κ ligand (3 mg/kg) 5 min prior to radiotracer
injection and were compared to the control group that
received only [11C]-MeJDTic. Results are shown in Table 2
and Fig. 2. The NSB was very low, and statistically
significant reduced uptakes were obtained in blocking vs.
control conditions. Only the cortex showed a modest
decrease (≈60%) in percent uptake of [11C]-MeJDTic due
to a relatively poor receptor density.

In a second set of experiments, the binding specificity of
[11C]-MeJDTic was evaluated by saturating µ and δ binding
sites after preadministration (3 mg/kg, 5 min prior to
radiotracer) of morphine (a µ agonist) or naltrindole (a δ
antagonist), respectively. By contrast with U50,488 preinjec-
tion,morphine did notmodify [11C]-MeJDTic binding inmice
brain confirming that this radioligand did not bind to µ-opioid
receptors (Fig. 2). Likewise, naltrindole did not quantitatively
change [11C]-MeJDTic binding in four of the studied regions
revealing that this ligand selectively did not bind to δ-opioid
receptors. In two areas, the thalamus and hypothalamus, the
addition of large amount of naltrindole significantly reduced
[11C]-MeJDTic binding. These reductions could be explained
by the fact that selectivity of naltrindole toward δ receptor is
debatable. Indeed, a κ-receptor binding was not excluded as
this compound was found to have agonist activity in vivo that
appeared to be mediated mainly by κ-opioid receptors.
Moreover, in behavior assays, the selective κ-opioid receptor
antagonist, norbinaltorphimine, significantly inhibited nal-
trindole antinociceptive effects [40]. The overall experiments
of pre-saturation of µ, δ and κ binding sites finally
demonstrated a high selective binding of [11C]-MeJDTic to
κ-receptor with a greater evidence than the one reported for
[11C]-GR103545 [19].

In conclusion, [11C]-MeJDTic was prepared according to
a reliable radiosynthesis involving methylation of JDTic
using [11C]methyl triflate. Ex vivo studies in mice clearly
indicated that the radiotracer crossed the BBB and remained
unchanged in the brain within the time frame set for in vivo
experiments. [11C]-MeJDTic labeled κ-opioid receptors in
cerebral regions of interest selected for their high density in
the studied receptor. The radioligand binding was saturable
and selective of the κ-opioid receptor. These results showed
that [11C]-MeJDTic may be considered as a new “lead”
radioligand for κ-opioid receptor PET imaging and merits in
vivo investigation in baboon. Furthermore, they encourage
us to undertake the development of fluorine-18 (emitter β+,
t1/2=109.7 min) labeled analogues of MeJDTic to obtain a
readily usable PET radiotracer with high specific activity
suitable for quantification of κ-opioid receptors in the brain.
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