[18F]MK-9470, a positron emission tomography (PET)
tracer for in vivo human PET brain imaging of the
cannabinoid-1 receptor
H. Donald Burns*†, Koen Van Laere‡, Sandra Sanabria-Bohórquez*, Terence G. Hamill*, Guy Bormans§, Wai-si Eng*,
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[18F]MK-9470 is a selective, high-affinity, inverse agonist (human
IC50, 0.7 nM) for the cannabinoid CB1 receptor (CB1R) that has been
developed for use in human brain imaging. Autoradiographic
studies in rhesus monkey brain showed that [18F]MK-9470 binding
is aligned with the reported distribution of CB1 receptors with high
specific binding in the cerebral cortex, cerebellum, caudate/putamen, globus pallidus, substantia nigra, and hippocampus. Positron
emission tomography (PET) imaging studies in rhesus monkeys
showed high brain uptake and a distribution pattern generally
consistent with that seen in the autoradiographic studies. Uptake
was blocked by pretreatment with a potent CB1 inverse agonist,
MK-0364. The ratio of total to nonspecific binding in putamen was
4 –5:1, indicative of a strong specific signal that was confirmed to
be reversible via displacement studies with MK-0364. Baseline PET
imaging studies in human research subject demonstrated behavior
of [18F]MK-9470 very similar to that seen in monkeys, with very
good test–retest variability (7%). Proof of concept studies in
healthy young male human subjects showed that MK-0364, given
orally, produced a dose-related reduction in [18F]MK-9470 binding
reflecting CB1R receptor occupancy by the drug. Thus, [18F]MK9470 has the potential to be a valuable, noninvasive research tool
for the in vivo study of CB1R biology and pharmacology in a variety
of neuropsychiatric disorders in humans. In addition, it allows
demonstration of target engagement and noninvasive dose-occupancy studies to aid in dose selection for clinical trials of CB1R
inverse agonists.
inverse agonist occupancy

M

arijuana (Cannabis sativa) has been of interest for its psychotropic and potential therapeutic effects for thousands of
years and recently has received substantial attention from the
pharmaceutical industry as a potential source of novel treatments
for a wide variety of neuropsychiatric conditions including multiple
sclerosis (1), pain and nausea (2–4), glaucoma (5), levodopainduced dyskinesia in Parkinson’s disease (6–10). The actions of this
herb are thought to stem mainly from the agonist interaction of its
major active component, ⌬9-tetrahydrocannabinol (⌬9-THC), with
either of two known cannabinoid receptor subtypes: cannabinoid-1
receptor (CB1R), found mainly in the brain (11), and CB2R, found
mainly in immune system cells in the periphery and in only minute
amounts in the normal CNS (12). By using autoradiographic and
immunohistochemical techniques in postmortem human brain, it
has been found that CB1R are distributed with high density in
substantia nigra, globus pallidus, putamen, hippocampus, and
cerebellum (13, 14).
Of particular recent interest is the role that CB1R and its
endogenous ligands play in feeding behavior (15) and in addiction
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(16, 17). It is well known that ⌬9-THC stimulates food intake (18)
and CB1R knockout mice are lean and resistant to diet-induced
obesity (19). Rimonabant (SR-141716A), a CB1R inverse agonist,
was recently approved in the 25 states of the European Union for
the treatment of obesity (Management Report for the First Half of
2006 from Sanofi Aventis; available at http://en.sanofi-aventis.com/
Images/060630_halfreport2006_en_tcm24-13284.pdf).
Over the past decade, substantial effort has been invested in
developing CB1R single-photon emission computed tomography
and positron emission tomography (PET) ligands to allow in vivo
imaging of this receptor system. Such ligands would be valuable
tools for the investigation of CB1R neurobiology. Endogenous
CB1R ligands have only moderate affinity and are highly lipophilic,
thus not likely to be satisfactory as in vivo single-photon emission
computed tomography or PET ligands. Successful in vivo ligands
are generally high affinity and only moderately lipophilic. High
nonspecific binding and low brain penetration are normally seen
with lipophilic compounds. Most reported efforts at developing
ligands for in vivo imaging of CB1R have focused on single-photon
emission computed tomography or PET radiotracers based on the
1,5-diaryl-3-carboxypyrazole structure of SR-141716A that are also
highly lipophilic.
Of these, [123I]AM251 [supporting information (SI) Table 2]
failed to show significant brain uptake in the baboon brain (20). The
less lipophilic [123I]AM281 was more promising as an imaging
agent, showing higher brain uptake, especially in the CB1R-rich
cerebellum that was partially blocked by pretreatment with SR141716A (21). More recently, [123I]AM281 has been used in clinical
studies of ⌬9-THC therapy of Tourette patients (22) to determine
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Fig. 1. Chemical structure of CB1R-selective PET tracer, [18F]MK-9470; MK0364, a structurally analogous CB1R inverse agonist used in the occupancy
drug studies in this paper; and AM251, a structurally unique CB1R inverse
agonist used as the blocking compound in the autoradiographic studies.

whether [123I]AM281 distribution matches the known distribution
of CB1R and whether decreased tracer binding could be detected
during ⌬9-THC therapy. [123I]AM281 demonstrated a low specific
signal, and 3-week ⌬9-THC treatment had no significant effect on
specific signal in a group of four patients. A study using [124I]AM281
in one schizophrenic patient showed low brain uptake and very
poor contrast (23).
Recently, several groups have developed novel 11C-labeled PET
tracers§§ with promising characteristics (see SI Table 2 for structures). [11C]JHU75528, a tracer with good binding affinity and
relatively low nonspecific binding, was reported recently (24). In
baboon brain imaging studies, the expected distribution of the
tracer was observed with the binding potential in the putamen of
1.3–1.5. Tracer uptake was blocked with unlabeled JHU75528 or
rimonabant. [11C]SD 5024 (25) also shows appropriate characteristics of brain penetration and specific binding and is in further
investigation.,
As part of our CB1R inverse agonist drug development program,
we developed [18F]MK-9470 (see Fig. 1 and Table 1), an 18Flabeled, selective, high-affinity inverse agonist CB1R PET radiotracer. We have shown in preclinical and clinical imaging studies
that this tracer is a useful tool for noninvasive studies of CB1R
biology/pharmacology and for use in measuring receptor occupancy of potential therapeutic CB1R inverse agonists. We report
here the radiosynthesis, preclinical characterization, and results of
PET imaging studies in rhesus monkeys and healthy human volunteers of [18F]MK-9470.

Receptor
CB1R
CB2R

IC50, nM (n)

EC50, nM

% activity relative
to CP55940

0.7 (4)
44 (4)

0.9
8

⫺127
⫺225

consistent with autoradiography results. Uptake in white matter
was significantly lower. Results of scans acquired after i.v. bolus plus
constant infusion of MK-0364 (Fig. 1) to steady-state plasma levels
of ⬇1 M showed substantial reduction in [18F]MK-9470 binding
in gray matter to a level very close to that in white matter. The
specific signal observed was ⬇5:1 (total/nonspecific) in one monkey
and ⬇4:1 in another (Fig. 3) for several key regions of the brain
(cerebellum, frontal cortex, putamen, and thalamus). Other gray
matter regions behaved similarly.
To determine whether the observed binding is reversible, a
rhesus imaging study was conducted with an i.v. bolus administration of MK-0364 (Fig. 3) given 120 min into a baseline scan with
[18F]MK-9470. This caused rapid washout of radioactivity from all
gray matter regions in the brain, confirming reversibility of tracer
binding to CB1 receptors.
Rhesus Occupancy Studies. Taken together, these previous results
demonstrate that [18F]MK-9470 is a very well behaved, CB1Rselective tracer in the rhesus monkey. We therefore used it to
establish occupancy/dose and occupancy/plasma level relationships
for MK-0364 in a group of three rhesus monkeys (SI Table 3).
Occupancy for each postdose scan was calculated and plotted vs.

Results
Receptor Affinity and Specificity. MK-9470 (Fig. 1) is a potent CB1R

inverse agonist with 0.7 nM binding affinity for the human CB1R
and a 60-fold selectivity for CB1R over CB2R (Table 1). Extensive
in vitro screening against ⬎100 cerebral receptors/ion channels
revealed no significant off-target activities. A total of six targets had
affinities ⬍5 M, with the affinities ranging from 0.5 to 2.7 M.
vivo binding studies by using rhesus brain sections. As shown in Fig.
2, the anatomical distribution of binding sites is consistent with the
reported localization of CB1R in the brain of various mammalian
species and supports the specificity of [18F]MK-9470 for this site.
Cerebral cortex, cerebellum, caudate/putamen, globus pallidus,
substantia nigra, and hippocampus were areas of intense positive
signal. Posterior hypothalamus, ventral tegmental area, and
periventricular gray area all showed moderate signals, and the
lowest signal was found in the thalamic nuclei. Addition of the
inverse agonist AM251 effectively blocked specific binding.
In Vivo Rhesus Monkey Imaging. Baseline PET scans showed rapid

brain penetration and accumulation of [18F]MK-9470 in most gray
matter regions of the brain as expected for binding to CB1R and
§§A report (50) on [11C]MePPEP, another PET tracer for the CB1R, appears promising on the

basis of preclinical studies.
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Fig. 2. Autoradiographic distribution of bound [18F]MK-9470 in the rhesus
brain. Coronal sections (20 m) of rhesus brain were incubated with [18F]MK9470. Specific binding was assessed by incubating replicate sections with
(lower two rows) and without (upper two rows) 1 ⫻ 10⫺5 M AM251, a
structurally unique CB1R inverse agonist. The sections were exposed to phosphorimaging plates for 20 min, scanned, and analyzed with MCID software.
Amg, amygdala; Cb, cerebellum; cc, corpus callosum; Cd, caudate; cgmb,
central gray substance midbrain; Gpe, external globus pallidus; Gpi, internal
globus pallidus; Hi, hippocampus; lv, lateral ventricle; MnR, median raphe
nucleus; PH, posterior hypothalamus; pphg, posterior hippocampal gyrus; Pu,
putamen; pvga, periventricular gray area; Rt, reticular nucleus; SN, substantia
nigra; Th, thalamic nuclei; VTA, ventral tegmental area; 3V, third ventricle.
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the plasma level of MK-0364 during the image acquisition time
(expressed as the average of plasma level measured just before and
just after the image was acquired). Results showed good correlation
between occupancy and steady-state plasma level, with very high
blockade of tracer binding achieved at the highest levels tested, as
shown in Fig. 4.
In Vivo Human Imaging. [18F]MK-9470 exhibited relatively slow brain

kinetics reaching a plateau at ⬇120 min after bolus injection (Fig.
5B). Tracer uptake was observed in all gray matter regions and
remained relatively constant from 120 to 360 min after tracer
injection. The greatest levels of uptake were observed in the
striatum, frontal cortex, and posterior cingulate, whereas intermediate uptake was seen in the cerebellum and the lowest uptake was
observed in the thalamus and hippocampus (Fig. 5A).
[18F]MK-9470 metabolite analysis. The appearance of labeled metabolites in arterial plasma after [18F]MK-9470 bolus injection is
depicted in Fig. 5C for the four subjects in the test–retest panel. At
10 min, 77 ⫾ 5% (n ⫽ 8) of the total radioactivity in arterial plasma
corresponded to [18F]MK-9470. This declined to 33 ⫾ 5% at 60 min,
18 ⫾ 3% at 120 min, and 13 ⫾ 3% at 180 min. For the first two
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Fig. 5. Uptake of
in human brain. (A) Baseline images (120 –
180 min after tracer injection, day 1 of subject 1) show the regional distribution of tracer binding was consistent with labeling CB1R and with rhesus
monkey images. Color scale corresponds to SUV units. (B) Tissue TACs (symbols) and [18F]MK-9470 plasma curve (solid line). E, putamen; 䊐, occipital
cortex; {, cerebellum; ƒ, thalamus; and ⫻, white matter. Data are corrected
for the physical decay of 18F. (C) Average [18F]MK-9470 fraction in arterial
plasma (n ⫽ 8), as measured in the four subjects participating in the test–retest
study. Error bars represent SD.

subjects, 6 ⫾ 1% (n ⫽ 4) of the total radioactivity in arterial plasma
corresponded to [18F]MK-9470 at 270 min and 5 ⫾ 1% (n ⫽ 4) at
360 min. Note that, although the input function decreases with time,
the tissue activity remains relatively constant from 120 min to the
end of the scan in all examined regions. These tracer kinetics in
plasma and tissue suggest that [18F]MK-9470 remains bound to
CB1R for the duration of the scanning procedure, supporting the
use of an area under the curve (AUC) analysis approach (49) for
estimating receptor availability.
Test–retest studies. Reproducibility was evaluated in four subjects by
scanning each subject twice, with an interval of ⬇24 h between
scans. Reproducibility was calculated by using the AUC of
the second scanning segment, AUC(120–180 min), as 100 ⫻
abs[AUC(test) ⫺ AUC(retest)]/AUC(test). Within-subject test–
retest variability was ⬍7% for all regions for all four subjects. The
between-subject variability in all regions for the four subjects in the
test–retest study and the nine subjects (baseline condition) in
the occupancy study described below was 16%.
Human CNS Occupancy by MK-0364. To illustrate feasibility of CNS
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Fig. 3. In vivo PET images of
in rhesus monkey brain. (A)
Baseline images (section through the basal ganglia and cerebellum, 60 –120
min after tracer injection) demonstrate high tracer uptake in the brain with a
regional distribution consistent with the known in vitro CB1R distribution. (B)
[18F]MK-9470 PET images acquired after MK-0364 dosing via bolus plus constant infusion to steady-state plasma levels sufficient to provide a high level of
blockade of CB1R. Color scale indicates SUV units. (C) TACs with open symbols
showing tracer binding in baseline conditions (0 –120 min). At 120 min into the
baseline scan, a chase MK-0364 dose was administered via bolus plus constant
infusion, resulting in rapid displacement of the tracer from the CB1R, confirming reversible binding. E, putamen; 䊐, occipital cortex; {, cerebellum; ƒ,
thalamus; and ⫻, white matter. Data are corrected for the physical decay of 18F.
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Fig. 4. Relationship between MK-0364 plasma concentration and in vivo
CB1R occupancy measured by using [18F]MK-9470 in rhesus monkey brain. PET
studies were performed after a single dose (ƒ) and multiple doses (E) of
MK-0364. When the data were fitted by using a Hill equation (dashed line,
nH ⫽ 1 ⫽ slope of the Hill plot), the projected plasma concentration producing
50% receptor occupancy (Occ50) was estimated to be 34 nM.
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CB1R occupancy determination by [18F]MK-9470 in humans, we
present the results of a CB1R occupancy study in nine healthy
volunteers. Subjects received an oral dose of MK-0364 or placebo
(n ⫽ 2) once a day for 14 days. The administered MK-0364 doses
were as follows: 1.0 mg (n ⫽ 2), 4.0 mg (n ⫽ 3), or 7.5 mg (n ⫽ 2).
Baseline scans were acquired before treatment, and posttreatment
scans were performed ⬇24 h after the last dose of MK-0364 or
placebo. Imaging is illustrated in Fig. 6 for two subjects, one who
was dosed with placebo and one who received 7.5 mg of MK-0364.
Central CB1R occupancy data of this MK-0364 multiple-dose PET
study are summarized in Fig. 7. For the two subjects receiving
placebo, apparent CB1R occupancy was consistent with the test–
retest estimates. The measured CB1R occupancies (⫾SD) after
administration of 1.0, 4.0, and 7.5 mg of MK-0364 were 11 ⫾ 1, 23 ⫾
7, and 41 ⫾ 12%, respectively.
Burns et al.
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Fig. 6. PET images of CB1R were acquired in normal healthy male subjects
before and after treatment with MK-3640 or placebo. (A) Representative
transverse parametric SUV images at the level of the basal ganglia for two
human subjects, acquired before (Left) and 24 h after (Right) treatment with
either placebo (Upper) or a 7.5 mg dose of MK-0364 (Lower). (B) Graphs show
the corresponding TACs: E, putamen; 䊐, occipital cortex; {, cerebellum; and
ƒ, thalamus. The open symbols denote baseline values, and the closed symbols
denote the scan after treatment.

Discussion
The CB1R is one of the most abundant G protein-coupled receptors in the CNS, rivaling the abundance of benzodiazepine, striatal
dopamine, and ionotropic glutamate receptors (14), and is 10-fold
higher than that of opioid receptors (26). Expressed by all types of
neural cells, including neurons, astrocytes, and oligodendrocytes
(27), the postmortem regional distribution in the brain is heterogeneous and has been well characterized especially in rats (14, 26,
28–30) and also in humans (13, 31, 32). The findings of our monkey
autoradiography data are in qualitative agreement with these
studies, indicating suitability of the [18F]MK-9470 for demonstrating CB1R sites in the brain in vivo.
In vitro, the observed affinity values for [18F]MK-9470 (human
IC50, 0.7 nM) are slightly more potent than rimonabant, 2.2 nM
(observed Ki value for [3H]CP55940 displacement) (33). Moreover,
affinity for the human CB1R is very high compared with the
endocannabinoids AEA (anandamide) and 2-AG (2-arachidonoyl
glycerol), which show affinities more toward the 26–209 M range
for AEA and even above 10 M for 2-AG (34). These endocannabinoids also have poor selectivity for the CB1R over CB2R (35).
Therefore, it is not clear whether endogenous action of the endocannabinoids is able to displace radiotracer binding, e.g., to study
endocannabinoid release in analogy to dopamine (36).
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Fig. 7. Relationship between MK-0364 dose and CB1R occupancy using
[18F]MK-9470 in human brain. Baseline PET scans were performed before drug
administration. Subjects received a daily dose of MK-0364 or placebo for 14
days and were scanned ⬇24 h after the last dose. Error bars represent SD.
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The development of radioligands for PET imaging of receptors
in the CNS is a demanding task, and although binding has been
demonstrated for many radioligands, only a few are suitable for
applied quantitative studies (37). The human and rhesus monkey
studies demonstrate that [18F]MK-9470 can be used for quantitative
CB1R occupancy assessment. Furthermore, the development of
this radiotracer constitutes a major step into the characterization of
the endocannabinoid system in human and animal CNS. In vivo
occupancy determination allows for demonstration of target engagement and can aid in titration of dose regimen for subsequent
clinical trials compared with pharmacokinetic profiling alone.
Assessment of target engagement is critical in bridging from
preclinical experiments to the clinic. Moreover, occupancy may also
serve as a correlate of pharmacodynamic and safety parameters,
as has been assessed extensively with the dopamine D2 receptor
system (38).
In humans, high CB1R receptor availability is found in frontal
neocortical areas, subserving higher cognitive and executive functions, and in the posterior cingulate, a region pivotal for consciousness and higher cognitive processing (39). In humans, we observed
⬇10% lower cerebellar CB1R binding compared with neocortical
activity. This is at odds with the in vivo and ex vivo findings that
highest CB1R expression in rats and monkeys is observed in the
cerebellum. For humans, this is in line with the absence of gross
motor disturbances after marijuana exposure and confirms recent
immunohistochemical brain CB1R distribution data of membrane
homogenates (40).
We have found relatively low in vivo [18F]MK-9470 uptake in the
hippocampus, pallidum, and substantia nigra. Especially for the
latter two regions, partial volume effects due to the limited resolution of PET may have resulted in an underestimation of receptor
availability. Neurochemical inhibition and enhanced green fluorescent protein microscopy studies, focused on the hippocampus, have
suggested the presence of a large CB1R reserve of ⱕ85% located
in intracellular vesicles (41–43). At present, it is unknown whether
[18F]MK-9470 binds to intracellular receptors. The observed differences between our in vivo CB1R expression study and reported
postmortem research may be related to differences in the properties
of the radioligand used. It is generally accepted that G proteincoupled receptor agonists have a higher affinity for the coupled
receptor than for uncoupled receptor, whereas inverse agonists
have a higher affinity for the uncoupled receptor than coupled
receptor (44). The G protein level can also influence the ratio of
coupled receptor to uncoupled receptor (45). Therefore, a radiolabeled agonist such as [3H]CP55940 may report a quantitatively
different CB1R density than that reported by a radiolabeled inverse
agonist such as [18F]MK-9470. Subtype selectivity does not account
for the differences because only few CB2 receptors are present in
the normal brain predominantly at the level of the brainstem (12).
Repeat studies were conducted in four subjects. Data analysis
with the AUC method showed very good test–retest variability
(⬇7%), suggesting that this tracer will be a valuable tool for
determination of CB1R occupancy and for studying regional CB1R
receptor availability in the human brain under healthy conditions
and in a variety of neuropsychiatric disorders. The between-subject
variability in all regions was 16%, indicating higher physiological
variability consistent with other known receptor systems such as
dopamine or serotonin. The observed intersubject variability may
be related to genetic polymorphisms in the CB1R (46), but also the
use of standardized uptake value (SUV) as indicator for receptor
availability may contribute. This variability needs to be investigated
further with respect to aging, gender, and neuropsychological
profile differences.
In conclusion, this study presents the successful in vivo characterization of CB1R distribution in healthy human brain by using
PET imaging. In vivo PET imaging of CB1R provides a method for
quantitative study of CB1R-related CNS pathophysiology and
possible related therapeutic pathways involving the endocannabiPNAS 兩 June 5, 2007 兩 vol. 104 兩 no. 23 兩 9803
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noid system, which may play an important role in major neurological and psychiatric diseases such as neurodegeneration, eating
disorders, substance abuse, schizophrenia, and depression. In vivo
occupancy determination allows for demonstration of target engagement and assessment of titration for potential dose regimens.
Materials and Methods
Anesthetics. Ketamine (Ketaset) was obtained from Fort Dodge
(Fort Dodge, IA), and propofol (Rapinovet) was obtained from
Schering-Plough Animal Health (Union, NJ).
Chemical Synthesis of MK-9470 and Precursor to [18F]MK-9470. MK-

9470 (N-[2-(3-cyanophenyl)-3-(4-(2-[18F]fluorethoxy)phenyl)-1methylpropyl]-2-(5-methyl-2-pyridyloxy)-2-methylproponamide)
(Fig. 1) and MK-9470-P, the phenol precursor to [18F]MK-9470,
were prepared in Merck’s Good Manufacturing Practice Process
Research facilities. Both MK-9470 and [18F]MK-9470 were prepared from MK-9470-P by coupling with fluoroethylbromide (P.L.,
L.S.L., T.G.H., J.P.J., T. J. Lanza, Jr., R.G., S.K., C.R., W.-s.E.,
S.S.-B., et al., unpublished work).
In Vitro and in Vivo Pharmacology. In vitro binding studies were

conducted as previously reported (47) with the exception that 4
mg/ml homogenate suspension was added to initiate the incubation.
Autoradiography. Autoradiographic studies were conducted as pre-

viously described (48) with rhesus monkey brain slices incubated for
2 h at room temperature in buffer containing either [18F]MK-9470
alone or in combination with 10 M AM251. Brain slices were then
washed (three times for 3 min) with ice-cold buffer, rinsed with
ice-cold distilled water, air dried, and placed on a tritium-sensitive
phosphorimaging plate for 20 min, after which a Fuji (Tokyo,
Japan) BAS5000 PhosphorImager was used to scan the phosphorimaging plates, regions of interest were drawn by using MCID
Elite, and final images were prepared by using Photoshop.
Radiochemical Synthesis of [18F]MK-9470 (Preclinical Studies). The
description of the synthesis of [18F]MK-9470 for preclinical and
clinical studies can be found in the SI Text.
Rhesus Monkey Imaging Studies. Studies were conducted in four
male rhesus monkeys (6–7 kg) under the guiding principles of the
American Physiological Society and the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of
Health and were approved by the West Point Institutional Animals
Care and Use Committee at Merck Research Laboratories.
PET acquisitions were performed by using the ECAT EXACT
HR⫹ (CTI/Siemens, Knoxville, TN) in 3D mode. Animals were
anesthetized with ketamine (10 mg/kg, i.m.) followed by propofol (2
mg/kg, i.v. bolus plus a constant infusion of 0.4 mg䡠kg⫺1䡠min⫺1),
intubated, and then ventilated by using medical grade compressed
air at ⬇100 ml per breath at a rate of 25 respirations per minute.
Body temperature was maintained with circulating water heating
pads, and temperature, SpO2, and end-tidal CO2 were monitored
for the duration of the study. A bolus injection of ⬇110 MBq of
[18F]MK-9470 was injected i.v. over 15 s with emission imaging
initiating at the time of injection. For the chase study, the monkey
was administered MK-0364 at 120 min after [18F]MK-9470 injection. The chase dose consisted of a stock solution of 0.8 mg/ml
MK-0364 (in a vehicle consisting of 15% EtOH, 40% PEG400, and
45% water) and was intravenously administered as a bolus (0.8
mg/kg) followed by constant infusion (0.64 mg䡠kg⫺1䡠h⫺1), and
continued to the end of the scan (180-min total scan time).
Test–retest reproducibility was evaluated in all animals by performing at least two 90-min scans a week apart. Test–retest variability was ⬍10%.
Approximately 1 week after the last baseline scan, conscious,
fasted, chaired monkeys were administered a single oral dose (0.2,
9804 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0703472104

1, 2, 3, 9, or 20 mg/kg) of MK-0364 via nasal gastric lavage as a
solution in 15% ethanol/40% PEG400 in water. Follow-up scans
were acquired at 5 h or 1, 3, or 7 days after dosing. In the multiple
dosing studies, two monkeys received 0.5 mg daily doses of MK0364 and underwent PET scans at 1, 5, and 8 days after dosing (SI
Table 3). Plasma samples were collected during PET scans for
determination of plasma levels of MK-0364.
Fig. 4 shows the resulting CB1R occupancy at the various doses
used. The relationship between CB1R occupancy and MK-0364
plasma concentration (y) was described by using the Hill equation:
Occupancy (%) ⫽ A ynH/[(Occ50)nH ⫹ ynH]. When the maximum
occupancy A was set to 100% and the Hill coefficient nH to 1, the
projected plasma concentration producing 50% receptor occupancy (Occ50) was estimated to be 34 nM.
Imaging Studies in Human Subjects. Subjects. All human imaging
studies described here were conducted in the Division of Nuclear
Medicine, University Hospital Leuven, Belgium. Thirteen healthy
male volunteers (age range, 18–40 years) were recruited in response to advertisements in the University Hospital and community newspapers. Four subjects participated in a test–retest reproducibility substudy and the remaining nine subjects in the MK-0364
occupancy study. No control was placed on socioeconomic status or
educational level. All underwent thorough physical examination,
blood and urine testing (including toxicology for all major known
addictive drugs), as well as high-resolution MRI T1 MPRAGE and
routine T2 imaging. All investigations were performed by boardcertified specialists.
Exclusion criteria based on history included known disorders of
the CNS, head trauma with loss of consciousness, implanted
electronic devices, substance abuse (alcohol, drugs, or psychoactive
medication) or existing dependency or previous clinical treatment
for complications of substance abuse, consumption of psychoactive
medication during the past 3 months, or major internal disease.
Urine testing included toxicology for benzodiazepines, neuroleptics, natural and synthetic opiates, cocaine and metabolites, amphetamines, and cannabinoids.
The study was approved by the local ethics committee and
performed in accordance with the World Medical Association
Declaration of Helsinki. Written informed consent was obtained
from all of the volunteers before the study.
Imaging procedure. PET acquisitions were performed by using an
HR⫹ camera (Siemens, Erlangen, Germany) in 3D mode. Subjects
received on average 185 MBq of [18F]MK-9470 in slow i.v. bolus
injection. All subjects fasted for at least 4 h before measurements,
and all measurements took place during daytime between 1100 and
1900 hours.
For the first two subjects (test–retest study), the scanning protocol consisted of four scanning segments separated by 30-min
breaks with a total duration of 360 min. The first segment started
simultaneously with the injection of the tracer and lasted 90 min.
The remaining three segments had a total duration of 60 min (six
10-min frames) each and occurred at ⬇120, 210, and 300 min. For
these two subjects, CB1R index values estimated by using the
120–180 min interval differed from the corresponding values
estimated by using the 120–360 min interval by ⱕ1%. Therefore,
the scanning protocol for all other subjects consisted of the first two
segments only (0–90 min and 120–180 min).
Blood sampling (test–retest study only). Before scanning, a radial
artery cannula was inserted under local anesthesia for blood
sampling. For total radioactivity assessment, 2-ml samples were
withdrawn manually every 10 s for the first 2 min after tracer
injection. Thereafter, the sampling interval increased progressively
to ⬇15 min. Three 2-ml blood samples were taken every 30 min
during segments 2–4. Additional samples were taken for assessing
the [18F]MK-9470 unchanged fraction in plasma at 2, 5, 10, 20, 40,
60, and 90 min. For segments 2–4, 5-ml samples were taken at the
beginning and end of the scanning period. For the two subjects
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CB1R availability. The method of analysis used to estimate CB1R

availability for occupancy determination was based on the TACs
alone (49). The [18F]MK-9470 plasma concentration became negligible during the study and [18F]MK-9470 tissue concentration was
essentially constant from 120 min to up to 6 h after tracer injection.
Therefore, the area under the curve of the tissue TAC (AUC) after
120 min can be used as an index of CB1R availability.
Test–retest reproducibility. Each of the four subjects had two CB1R
PET brain scans performed on consecutive days. No drug was
administered to these subjects. The arterial line for input function
estimation was kept in place overnight. Test–retest reproducibility
was calculated by using AUC(120–180 min) as 100 ⫻ abs[1 ⫺
AUC(day 2)/AUC(day 1)].
Receptor occupancy panels placebo vs. MK-0364 14-day multiple dose
study. The study was double-blind, randomized, and placebo-

controlled, with multiple panels designed to estimate brain CB1R
occupancy of the inverse agonist MK-0364. Each subject underwent
an initial [18F]MK-9470 PET brain scan under baseline conditions.
Then, subjects received a single, daily oral dose of MK-0364 or
placebo for the next 14 days. Two subjects received placebo. The
administered MK-0364 doses were as follows: 1.0 mg (n ⫽ 2), 4.0
mg (n ⫽ 3), or 7.5 mg (n ⫽ 2). Postdosing scans were conducted ⬇24
h after the last dose of MK-0364. CB1R occupancy (CB1RO) after
oral dosing with MK-0364 or placebo (PD) was calculated by using
AUC(120–180 min) value under baseline (BL) conditions as 100 ⫻
[1 ⫺ AUC(BL)/AUC(PD)].
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scanned for 180 min, only the samples at 10, 20, 40, 60 and 90, 120,
and 180 min were taken for estimating [18F]MK-9470 unchanged
fraction.
[18F]MK-9470 metabolite analysis. Acetonitrile (1 ml) was added to 1
ml of plasma and the mixture was centrifuged to precipitate protein.
A 1-ml aliquot of the supernatant was filtered (Millex GV; Millipore, Bedford, MA; 0.22 m, 13 mm in diameter) and injected onto
the HPLC system [Waters, Milford, MA; C18 XTerra; 5 m, 4.6 ⫻
250 mm, 1.5 ml/min, 50:50 acetonitrile:50 mM sodium acetate (pH
5.5)]. HPLC eluants from 0–5 min (fraction 1, metabolite fraction)
and 5–10 min (fraction 2, parent fraction) were collected. The
amount of radioactivity in each fraction was counted in a ␥ counter
to determine drug metabolism.
Image analysis. MRI and a [18F]MK-9470 PET image obtained by
summing all frames in the first acquisition segment were coregistered by using SPM99 (www.fil.ion.ucl.ac.uk/spm). Regions of
interest were drawn in the basal ganglia, thalamus, cerebellum,
frontal, parietal, occipital, medial, and lateral temporal cortex,
hippocampus, and white matter (centrum semiovale) with the
Montreal Neurological Institute DISPLAY software (www.bic.
mni.mcgill.ca/software) by using the MRI for anatomical delineation. After alignment of all PET segments, tissue time–activity
curves (TACs) were obtained by projecting the defined regions of
interest onto all frames of the dynamic PET scans and expressed in
SUV by using each subject’s weight and the corresponding tracer
injected dose as TAC (SUV) ⫽ TAC (becquerels) ⫻ 1,000 ⫻
subject’s weight (kilograms)/injected dose (becquerels). Alignment
between PET segments, TAC creation, and all subsequent analyses
were performed by using in-house developed analysis software
written in Matlab.

