
11C-JHU75528: A Radiotracer for PET Imaging
of CB1 Cannabinoid Receptors

Andrew G. Horti, Hong Fan, Hiroto Kuwabara, John Hilton, Hayden T. Ravert, Daniel P. Holt, Mohab Alexander,
Anil Kumar, Arman Rahmim, Ursula Scheffel, Dean F. Wong, and Robert F. Dannals

Department of Radiology, Johns Hopkins Medical Institutions, Baltimore, Maryland

The development of the radioligands for PET imaging of the
cerebral cannabinoid receptor (CB1) is of great importance for
studying its role in neuropsychiatric disorders, obesity, and drug
dependence. None of the currently available radioligands for
CB1 are suitable for quantitative PET, primarily because of their
insufficient binding potential (BP) in brain or low penetration
through the blood–brain barrier (BBB). The goal of this study
was to evaluate 11C-JHU75528, an analog of the selective CB1
antagonist rimonabant, in vivo as a potential CB1 radioligand
for PET. Methods: The brain regional distribution and pharma-
cology of 11C-JHU75528 have been evaluated in vivo in mice
(dissection) and baboons (PET). Results: 11C-JHU75528 readily
entered the mouse and baboon brain and specifically and selec-
tively labeled cerebral CB1 receptors. The ratio of striatum to
brain stem in mice and the binding potential (BP) in the baboon
putamen were 3.4 and 1.321.5, respectively. The specific bind-
ing of 11C-JHU75528 in vivo was blocked by preinjection of
nonlabeled JHU75528. Administration of rimonabant (1 mg/kg,
intravenously) also blocked the specific binding of 11C-JHU75528
in the mouse and baboon brain, whereas various central non-
cannabinoid drugs did not significantly reduce the 11C-JHU75528
binding in the mouse brain. 11C-JHU75528 formed several
hydrophilic metabolites, but only a minute fraction of metabolic ra-
dioactivity penetrated the BBB.Conclusion: 11C-JHU75528 holds
promise as a radiotracer with suitable imaging properties for quan-
tification of CB1 receptors in the human brain.
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To date, 2 cannabinoid receptors have been character-
ized and cloned: CB1, predominantly located in the neural
tissue and, to a lower extent, in the peripheral tissues; and
CB2, which is found primarily in the peripheral tissues (1).
Recent reviews summarize evidence that endocannabinoids
and cannabinoid receptors play an essential role inmany cen-
tral and peripheral disorders (2–4). An altered regulation

of the cannabinoid system is found in depression schizo-
phrenia and motor function disorders (2).

Findings from both clinical and preclinical studies suggest
that ligands that block CB1 receptors offer a novel approach
for treating patients with drug dependence. This approach
may be efficacious across different classes of abused drugs,
including alcohol, opiates, marijuana, and nicotine (5,6).

The administration of cannabinoid agonists leads to ro-
bust increases in food intake and can promote body weight
gain in several species, including humans (7). In contrast,
selective CB1 antagonists cause decreased appetite and are
associated with weight loss when administered long term
(7). The highly selective CB1 antagonist rimonabant (SR-
141716; Acomplia [Sanofi-Aventis]) (8) has recently been
found in phase III studies to significantly reduce body weight
and waist circumference and to improve lipid and glucose
metabolism in overweight and obese patients (9,10).

Despite the importance of the cannabinoid receptor sys-
tem, the physiologic and pharmacologic roles played by
these receptors in the central nervous system (CNS) are still
not fully understood. The lack of radioligands for quantitative
emission tomography imaging of cerebral cannabinoid rece-
ptors in humans represents a gap that hampers noninvasive
research of the cannabinoid receptor system. Investigators
have been attempting to fill this gap since the pioneering
work on 18F-labeled D9-THC (D9-tetrahydrocannabinol) in
1991 (11). Noninvasive imaging of the central CB1 receptor
using PET would provide a great opportunity to study the
role of CB1 in variety of disorders and for the development
of cannabinergic medications. However, quantitative PET of
CB1 in animal and human brain is still not possible, even
though CB1 is abundant and displays high densities in the
mammalian brain (1).

The existing PET/SPECT CB1 radioligands—mainly
analogs of rimonabant and agonist WIN 55,212-2—exhibit
high nonspecific binding that limits their application in PET
and SPECT (11–22). At present, the in vivo radiotracers suc-
cessfully used for imaging CNS receptors other than CB1
have lipophilicities in the range of logD7.4 5 21.5 to 14.
However, all currently available CB1 PET radiotracers dis-
play greater lipophilicity. A lipophilicity that is too high is
often associated with increased nonspecific binding and,
correspondingly, a low binding potential (BP), even when
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the ligands have good binding affinity (23,24). Although
the problem of high lipophilicity of CB1 radioligands is
well recognized (13,15,18), it has not been fully resolved.
An in vivo CB1 radiotracer with good binding affinity,
lower lipophilicity, and, as a result, a better chance for rea-
sonable imaging properties is still not available. To our
knowledge, the best achieved ratio of target region to non-
target region for the in vivo CB1 radiotracers was 2.5 in the
mouse brain (for 18F-SR144385) (13) and 1.5 in the rhesus
monkey brain (for 11C-NIDA41020) (25). The only re-
ported attempt to quantify CB1 in the living human brain
has demonstrated a low BP (0.220.3) of the radioligand
123I-AM281 (21).
Another common problem with many previously devel-

oped PET radiotracers for imaging CB1 is poor permeabil-
ity of the blood–brain barrier (BBB). A variety of molecular
properties affect permeation of the BBB, including lipo-
philicity, hydrogen bonding capacity, molecular charge,
size, shape, and flexibility. Although the influence of some
of these factors is still unclear, it is well understood that
optimal lipophilicity (logD7.4 between 1 and 4) is required
for good BBB permeability (23,26). Therefore, insufficient
brain uptake of many CB1 radioligands is not surprising be-
cause their lipophilicities (logD7.4 . 4) are well above the
conventional optimum for BBB permeability.
A very high lipophilicity is inherent to all cannabinoids

because of their hydrophobic interaction with the receptor
binding site. It is also influenced by the location of the bind-
ing site within the lipid bilayer of the cell membrane (27).
A positive correlation between affinity and lipophilicity
was demonstrated for 2 series of rimonabant analogs (15).
This suggests that the design of a high-affinity CB1 radio-
ligand with reduced lipophilicity and, as a result, a lower
nonspecific binding and better BBB permeation is a chal-
lenge.
Our goal was to develop a CB1 ligand with a higher af-

finity and reduced lipophilicity. We recently synthesized
JHU75528 (4-cyano-1-(2,4-dichlorophenyl)-5-(4-methoxy-
phenyl)-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide), a
novel analog of rimonabant with a unique combination of
higher binding affinity determined by inhibition binding
assay with 3H-CP55,940 and membranes from HEK-293
cells expressing the human recombinant CB1 receptor
(Ki

JHU75528/Ki
Rimonabant 5 0.3) and lower lipophilicity (ex-

perimental logD7.4 5 3.3) than those of rimonabant (calcu-
lated logD7.45 6.0) (28). In the same study, we radiolabeled
JHU75528 with 11C. Here we present the evaluation of
11C-JHU75528 (4-cyano-1-(2,4-dichlorophenyl)-5-(4-11CH3-
methoxyphenyl)-N-(piperidin-1-yl)-1H-pyrazole-3-carboxam-
ide) as a potential PET radiotracer for quantitative in vivo
imaging of cerebral CB1.

MATERIALS AND METHODS

Radiosynthesis of 11C-JHU75528
11C-JHU75528 was synthesized as described by our laboratory

(28). Briefly, the radiotracer was prepared by radiomethylation of

the corresponding phenolic precursor. The final product was
purified by high-performance liquid chromatography (HPLC) and
formulated as a sterile apyrogenic solution in saline containing 9%
alcohol. The specific activity of the tracer was in the range of 185–
314.5 GBq/mmol (5,00028,500 mCi/mmol), calculated at the end
of synthesis, and the radiochemical purity exceeded 99%. The aver-
age radiochemical yield was 15% (nondecay corrected).

Biodistribution Studies in Mice
Baseline Study. Male CD-1 mice, weighing 25230 g (Charles

River Laboratories), were used for biodistribution studies. The
animals were sacrificed by cervical dislocation at various times
after injection of 11C-JHU75528 (7.4–11.1 MBq [2002300 mCi];
specific radioactivity, ;111 GBq/mmol [;3,000 mCi/mmol], in
0.2 mL saline) into a lateral tail vein. The brains were rapidly
removed and dissected on ice. The brain regions of interest were
weighed and their radioactivity content was determined in an au-
tomated g-counter with a counting error below 3%. Aliquots of
the injectate were prepared as standards and their radioactivity
content was counted along with the tissue samples. The percent-
age injected dose per gram of tissue (%ID/g tissue) was calcu-
lated. All experimental protocols were approved by the Animal
Care and Use Committee of the Johns Hopkins Medical Institu-
tions.

Blocking with Rimonabant. In vivo CB1 receptor blocking
studies were performed by intravenous administration of 2 mg/kg
of rimonabant (SR141716) followed by intravenous injection of
the radiotracer (7.4–11.1 MBq [200–300 mCi]; specific radioac-
tivity, ;111 GBq/mmol [;3,000 mCi/mmol]) 15 min thereafter.
Rimonabant was dissolved in a vehicle solution (saline/alcohol/
cremophore EL (9:1:0.06)) and administered in a volume of
0.1 mL. Control animals were injected with 0.1 mL of the vehicle
solution. Ninety minutes after administration of the tracer, brain
tissues were harvested, and the radioactivity content was deter-
mined.

Saturation of 11C-JHU75528 Binding with JHU75528. In vivo
saturation studies were done by intravenous administration of
various doses of JHU75528 (0.08, 0.42, 0.78, and 4.17 mg/kg)
followed by intravenous injection of the radiotracer (7.4–11.1
MBq [200–300 mCi]) 15 min thereafter. JHU75528 was dissolved
in a vehicle (saline/alcohol/cremophore EL (9:1:0.01)) and ad-
ministered in a volume of 0.1 mL. Control animals were injected
with 0.1 mL of the vehicle solution. Sixty minutes after admin-
istration of the tracer, brain tissues were harvested, and their radio-
activity content was determined.

CB1 Selectivity. In vivo receptor blocking studies were per-
formed by intravenous administration of 0.1 mL of 6 noncanna-
binoid drugs shown in Table 1, followed by intravenous injection
of the radiotracer (7.4–11.1 MBq [200–300 mCi]). Control animals
were injected with 0.1 mL of isotonic saline. Sixty minutes after
administration of the tracer, brain tissues were harvested, and their
radioactivity content was determined as a %ID/g tissue nor-
malized to the control in each region.

PET Studies in Baboon
General Design of PET Experiments. The experimental proto-

col was approved by the Animal Care and Use Committee of the
Johns Hopkins Medical Institutions. Two male baboons (Papio
anubis), 22 and 26 kg, were studied in baseline control (n 5 2)
and blocking (n 5 1) experiments. The animals were fasted for
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12 h before the PET study. Anesthesia was given initially with
intramuscular injection of 20 mL (9 mg/kg) Saffan (alphadolone
and alphaxalone mixture, 1:1) (Schering-Plough). The baboon was
intubated and anesthesia was maintained with a constant infusion
of Saffan diluted with isotonic saline (1:4) at an average flow rate
that corresponded to 7.5 mg/kg/h. Circulatory volume was main-
tained by infusion of isotonic saline. An arterial catheter was
inserted for blood sampling. Physiologic vital signs, including
heart rate, electrocardiogram, blood pressure, and oxygen satura-
tion were monitored continuously throughout the study.

The animal was positioned in a high-resolution research tomo-
graph (ECAT HRRT) brain PET scanner (CPS Innovations, Inc.).
The head of the baboon was fitted with a thermoplastic mask that
was then attached to a head holder for reproducible fixation.

A 6-min transmission scan with a 37-MBq (1 mCi) 68Ge source
was initially performed for attenuation correction. Dynamic PET
data were then acquired in 3-dimensional (3D) list mode during a
90-min period after a bolus injection of the radioligand in a list
mode. Arterial blood was sampled rapidly initially and with pro-
longed intervals throughout the scan. Plasma samples taken at 0,
5, 30, 60, and 90 min were analyzed for metabolite as described.

The image reconstruction procedure consists of histogramming
of the raw list-mode data into specified dynamic sinograms. The
reconstruction of the attenuation density m-map and segmentation
of the m-map were done, followed by calculation of attenuation
factors using forward projection. The statistical 3D reconstruction
of each frame sinogram uses 6 iterations of the OP-OSEM algo-
rithm (Ordinary Poisson ordered subset expectation maximization;
16 subsets), followed by 2-mm gaussian postsmoothing. This is cor-
rected for random coincidence events by application of iterative
noise reduction/smoothing on the measured delayed coincidences
and for scatter distribution using the Watson single-scatter simula-
tion method. Application of dead time, decay, and calibration factor
corrections was finally performed producing quantitative dynamic
image sequences. The final frame schedule was used as follows: 4 ·
15 s, 4 · 30 s, 3 · 60 s, 2 · 120 s, 5 · 240 s, and 12 · 300 s.

To analyze the PET images, the SPGR (spoiled gradient) MRI
volume was acquired in the same baboon as the 76 transaxial
images for anatomic identification of brain structures with the
Signa 1.5-T scanner (GE Healthcare) using the following param-
eters: repetition time, 38 ms; echo time, 5 ms; flip angle, 45�; slice
thickness, 1.5 mm with no gap; field of view, 24 · 18 cm; image
acquisition matrix, 256 · 192, reformatted to 256 · 256.

PET Data Analysis. Volumes of interest (VOIs) were placed
manually on SPGR MRI volumes for putamen, thalamus, cere-
bellum, and pons. Then, VOIs were transferred to PET space using
MRI-to-PET alignment parameters that were obtained by manu-

ally aligning MR cortical outlines to averaged PET volumes
(across 10- and 90-min frames) in 3D. In addition, a standard VOI
template consisting of frontal, temporal, parietal, and occipital
lobe VOIs was spatially transferred to an individual animal’s PET
space by applying standard-to-individual MRI spatial normaliza-
tion parameters and MRI-to-PET alignment parameters. VOIs were
applied to individual PET frames to obtain time–radioactivity
curves (time–activity curves) of regions. The VOI drawing and co-
registration tools were developed locally by one of the authors.

A preliminary study indicated that a 2-tissue, 1-vascular com-
partment model with 5 parameters described time–activity curves
(the k4 model with vascular volume). Thus, distribution volumes
(DV 5 K1/k2 (1 1 k3/k4)) of regions were estimated using the k4
model with the following parameters: K1 and k2 are blood–brain
and brain–blood clearance rate constants, respectively; k3 is
Bmax9�kon�f2, where Bmax9 is the density of available CB1 recep-
tors, kon is the unidirectional association constant, and f2 is the
free fraction (i.e., not nonspecifically bound) of CB1 in the brain;
k4 is the unidirectional dissociation constant; and v0 is the intra-
tissue vascular volume. To reduce the number of model param-
eters to estimate, the K1/k2 value was fixed at the pons value to
estimate the remaining parameters in other regions (29,30). As-
suming that the minute amounts of metabolites of 11C-JHU75528
that enter the brain do not bind to the CB1 receptor, metabolite-
corrected plasma and time–activity curves were used for model
parameter estimation except that the total plasma time–activity
curve was used to calculate the intravascular radioactivity in re-
gions. Regional values of BPs were calculated as DV ratio minus
1 (DV/DVR – 1, where DVR is distribution volume of the reference
region). The pons was selected as a reference region. Regional
BP values were also obtained by the multilinear reference tissue
method with 2 parameters (MRTM2) (31). Regional changes of BP
after blocking were calculated as 1 2 BPB/BPC, where subscripts
C and B refer to control and blocking PET experiments, and ex-
pressed as percentage.

Control PET Studies. Two control studies in the baboon were
done. A sterile apyrogenic solution (3 mL) of 11C-JHU75528 (625.3
and 1,110 MBq [16.9 and 30 mCi]; 188.7–199.8 GBq/mmol [5,100–
5,400 mCi/mmol]) in isotonic saline containing 9% alcohol was
injected intravenously as a bolus, followed by PET immediately after
the administration.

Blocking with Rimonabant. Immediately after the completion
of the first control experiment, a dose of 1 mg/kg rimonabant in a
vehicle of saline/alcohol/cremophore EL (10:1:0.06) was given
intravenously and 11C-JHU75528 (603.1 MBq [16.3 mCi]; 276.4
GBq/mmol] [7,470 mCi/mmol]) was injected 15 min after admin-
istration of the blocker.

TABLE 1
Non-CB1 CNS Drugs for Blocking Studies in Mice

Non-CB1 drug Target receptor Dose (mg/kg) Time of administration before radiotracer (min)

Naltrindole Selective d-opiod antagonist 3 5

Naloxone m-, k-, d-opioid antagonist 1 15

SCH23390 D1- and D5-antagonist and 5-HT1C/2C agonist 1 5
Spiperone D2-like and 5-HT2A receptor antagonist 1 5

Ketanserin 5-HT2/5-HT2C antagonist 2 5

Cytisine a4b2-nAChR agonist 2 15

5-HT 5 5-hydroxytryptamine (serotonin); nAChR 5 nicotinic acetylcholine receptor.
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Analysis of Metabolites
Baboon Plasma. Metabolites of 11C-JHU75528 in the baboon

were studied using a general method developed previously for
PET radiotracers (32). Specifically, arterial blood samples were
withdrawn at 5, 15, 30, 60, and 90 min after injection and plasma
was analyzed for the presence of 11C-JHU75528 and its radiola-
beled metabolites. Briefly, 3 mL plasma in 8 mol/L urea acidified
with 50 mg citric acid is passed through a capture column (Strata-
X, 19 · 4.6 mm; Phenomenex) at 2 mL/min, followed by 1% ace-
tonitrile in water to wash plasma proteins from the column. The
effuent from the capture column, containing only highly polar
components, flows through a dual bismuth germanate detector
(Bioscan). The solvent is then switched to 65% acetonitrile in 10
mmol/L sodium phosphate buffer, pH 5.5 (2 mL/min), for elution
of the radiolabeled components bound to the capture column onto
the analytic column (Synergi Polar-RP, 10 mm, 250 · 4.6 mm;
Phenomenex).

Mouse Plasma and Mouse Brain. Male CD-1 mice were
injected intravenously with 111 MBq (3 mCi) 11C-JHU75528 in
0.2 mL saline. Whole brain and heparinized blood were harvested
at 10, 20, and 30 min after the injection of radiotracer. Mouse
blood and brain extract were analyzed by the method described for
the baboon blood analysis. Each brain was homogenized in 1 mL
of acetonitrile and the homogenate was centrifuged for 5 min in a
microcentrifuge. An aliquot of the supernatant was diluted with
water and analyzed by HPLC as described.

RESULTS

Biodistribution Studies in Mice

The initial in vivo evaluation of 11C-JHU75528 was
performed in mice. The brain uptake of 11C-JHU75528 was
high. The time–activity curves of 11C-JHU75528 in cere-
bellum, hippocampus, striatum, cortex, brain stem, and thal-
amus (Fig. 1) show the peak concentration of radioactivity
in all regions at 15–20 min followed by washout. The highest
accumulation of 11C radioactivity occurred in the striatum
(6.6% 6 0.7% ID/g tissue [mean 6 SD of 3]), hippocam-
pus, cortex, and cerebellum, and the lowest radioactivity
occurred in the brain stem and thalamus. The clearance rate
of 11C-JHU75528 from the thalamus and brain stem was

higher than that from any other region studied. The ratios
of tissue to brain stem increased steadily over the observa-
tion period, reaching values of 3.4 in the striatum and 2.8 in
the hippocampus and cerebellum at 90 min after injection
(Fig. 1).

A blocking dose of the selective CB1 antagonist
rimonabant significantly inhibited 11C-JHU75528 binding
at 90 min after administration of the tracer in all regions of
the mouse brain examined, except the thalamus, a region with
a low density of CB1 (Fig. 2).

To study saturation of the radiotracer binding, we in-
jected unlabeled JHU75528 before administration of the
radioligand (Fig. 3). The observed reduction of radioac-
tivity after JHU755280 administration was greater in the
regions with higher density of CB1 than that in the CB1-
poor thalamus. When specific binding was estimated by us-
ing the radioactivity concentration in the blocked thalamus
as nonspecific binding in the hippocampus and striatum, the
decrease in these brain regions amounted to 84%. Impor-
tantly, the blocking doses of JHU755280 and rimonabant
did not produce visible pharmacologic effects in mice.

For determination of the selectivity of 11C-JHU75528
toward CB1 receptors versus several major cerebral recep-
tor systems, we compared the regional biodistribution of
the radiotracer in control mice with that in mice preinjected
with various CNS active drugs (Table 1). The choice of the
drugs was dictated by the interaction of CB1 receptors with
the receptor systems of these drugs (1) and the recent data
suggesting that CB1 antagonists are promising medications
for treatment of dependence to various classes of non-
cannabinoid narcotics (5,6). None of the drugs injected be-
fore administration of the radiotracer significantly reduced
accumulation of radioactivity when compared with that of
the control animals, suggesting that these drugs did not com-
pete with 11C-JHU75528 for the binding sites. However,
injection of spiperone significantly increased accumulation
of radioactivity in the striatum and brain stem and injection

FIGURE 1. Regional brain distribution of 11C-JHU75528 in
mice. CB 5 cerebellum; Hip 5 hippocampus; Str 5 striatum;
Ctx 5 cortex; BS 5 brain stem; Th 5 thalamus.

FIGURE 2. Comparison of regional brain uptake of 11C-
JHU75528 in mice at 90-min time point in control (white bars)
and blocking experiments with rimonabant (1 mg/kg) (black
bars). There was significant blocking in all regions except
thalamus. Str 5 striatum; Hip 5 hippocampus; Cb 5 cerebel-
lum; Ctx 5 cortex; Th 5 thalamus. Data are mean 6 SD. *P ,

0.001, significantly different from controls; **P 5 0.09, insignif-
icantly different from controls (ANOVA single-factor analysis).
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of ketanserin and cytisine increased accumulation of radio-
activity in the hippocampus and striatum, correspondingly
(Fig. 4).

PET Studies in Baboon

A robust incorporation of radioactivity into the baboon
brain (Figs. 5 and 6) was seen in a baseline PET study after
injection of 11C-JHU75528. Like the results of our mice
studies, the pattern of radioactivity distribution in baboon
brain is comparable with the distribution of CB1 that was
found in previous autoradiographic experiments (33,34)

and PET/SPECT (19,20,25) data. The ratios of putamen to
thalamus and putamen to pons increased over the 90-min
observation period, reaching a high for the CB1 receptor
values of 2.2 and 2.5, respectively.

Similar to the blocking results in mice, injection of
rimonabant (1 mg/kg, intravenously) dramatically reduced
the regional radioactivity uptake in the baboon brain re-
gions with high and intermediate densities of CB1, whereas
little displacement of radioactivity from the CB1-poor thal-
amus and pons was observed (Figs. 5 and 6). This result
suggests that the thalamus or pons may be used as reference
regions for mathematic modeling. We did not notice any sig-
nificant changes in the vital signs of the baboon when either
the tracer dose of 11C-JHU75528 or the blocking dose of
rimonabant was injected.

High extracerebral uptake of 11C-JHU75528 within the
anterior basal portion of the baboon skull (Fig. 5A) was
significantly blocked by the administration of rimonabant
(Fig. 5B). This suggests that the presence of CB1 in that

FIGURE 3. Saturation of inhibition of 11C-JHU75528 accumu-
lation by intravenous preinjection of unlabeled JHU75528 (0.08,
0.42, 0.78, and 4.12 mg/kg) in different regions of mouse brain
60 min after injection of radiotracer. Data are mean 6 SD, 3
animals per concentration.

FIGURE 4. Effect of central drugs on accumulation of 11C-
JHU75528 in mouse brain regions 60 min after injection of
tracer expressed as %ID/g tissue normalized to control in each
region. Cb 5 cerebellum; Hip 5 hippocampus; Str 5 striatum;
Ctx 5 cortex; Bs 5 brain stem. Data are mean 6 SD of 3 mice.
*P , 0.05, significantly different from controls. Columns that do
not include the asterisk are insignificantly different from controls
(P . 0.05) (ANOVA single-factor analysis).

FIGURE 5. Averaged baboon PET images (frames taken
between 10 and 90 min) of 11C-JHU75528 scans, displayed
on aligned MR images. Lines cross at center of left putamen.
Images are shown in same color scale (Bq/mL [nCi/mL]). (A)
Transaxial image, baseline. (B) Transaxial image, blocking with
rimonabant (1 mg/kg, intravenously). (C) Sagittal image, base-
line. (D) Sagittal image, blocking with rimonabant. Transaxial
images display putamen, thalamus, and temporal and occipital
cortices. Sagittal images display putamen, frontal, parietal, and
occipital cortices, and cerebellum, among other structures. On
baseline scan, radioactivity accumulated predominantly in
putamen, frontal cortex, and cerebellum, and less in thalamus
and pons.

PET IMAGING OF CB1 • Horti et al. 1693



area corresponds, perhaps, to bone marrow. Previous stud-
ies have demonstrated the presence of messenger RNA of
the CB1 receptor in various peripheral tissues, including bone
marrow (1).
Mathematic modeling of radiotracer distribution in the

baboon brain with the pons taken as a reference region dem-
onstrated that the highest BP value was in the putamen (1.3)
followed by the caudate nucleus (0.85) and the frontal lobe
(0.74). The lowest values were observed in the occipital
lobe (0.26) and the thalamus (0.09) (Fig. 7A). Blocking
with rimonabant caused greater reduction of the regional
values of BP in the putamen, caudate nucleus, and cere-
bellum as compared with those in the occipital cortex and
thalamus (Fig. 7B). We found a good correlation of regional
BP values of the reference region approach (y) to regional
BP values of the k4-model approach (x) with metabolite-
corrected plasma inputs (y 5 0.74x 1 0.19; R2 5 0.974)
(BPPutamen 5 1.5).
HPLC metabolite analysis of blood samples from mice

and baboon showed that 11C-JHU75528 undergoes metab-
olism with a moderate rate of conversion of the parent com-
pound to 5 hydrophilic metabolites. These metabolites

appear to poorly penetrate the BBB. Thus, 94% of un-
changed parent compound was present in the mouse brain
versus 19% in the blood in 30 min after intravenous
administration of 11C-JHU75528. The major part of this
minute amount of radiolabeled metabolites in the mouse
brain seen on a reverse-phase HPLC chromatogram (not
presented) corresponds to a wide peak having a retention
time of the void volume of the capture column. This peak is
typical of metabolites of 11CH3O-arenes such as ½11C�DTBZ
((6)-a-[11C]dihydrotetrabenazine) or [11CH3]L-159884 (32)
and is likely to correspond to 11CO2 (35). 11CO2 is excreted
primarily through the lungs and only partially penetrates the
BBB (36).

DISCUSSION

Previous in vitro studies demonstrated that our novel
cannabinoid radioligand JHU75528 exhibits a unique com-
bination of high binding affinity and a lipophilicity value
that is in the optimal range for BBB permeability. We ex-
pected that 11C-JHU75528 would enter the brain and would
display good specific binding and, because the tracer

FIGURE 6. Data obtained from PET
study in baboon that demonstrates imag-
ing of CB1 with 11C-JHU75528. Tp 5

temporal lobe; Cx 5 cortex; Pu 5 puta-
men; Th 5 thalamus; CB 5 cerebellum;
Po 5 pons; CN 5 caudate nucleus; Pa 5

parietal lobe; Oc 5 occipital lobe; Fr 5

frontal lobe. The record high ratio of
accumulated radioactivity in CB1-rich
regions vs. CB1-poor regions (Pu/Po 5

2.5) suggests that tracer could be used
successfully in PET studies. (A) Regional
brain time–activity curves of 11C-
JHU75528 (bolus, 625.3 MBq [16.9
mCi]; specific radioactivity, 199.8 GBq/
mmol [5,400 mCi/mmol]) in male baboon
(26 kg). (B): Putamen and thalamus time–
activity curves of 11C-JHU75528 in same
male baboon as in A in a control and a blockade study (1 mg/kg rimonabant, intravenously, 15 min before radiotracer injection;
radiotracer: bolus, 603.1 MBq [16.3 mCi]; specific radioactivity, 277.5 GBq/mmol [7,470 mCi/mmol]).

FIGURE 7. (A) Mean regional BP
values 6 SD (n 5 2). (B) Percent changes
in BP of baboon brain regions after
blocking with rimonabant. Fr 5 frontal
lobe; Tm 5 temporal lobe; Pa 5 parietal
lobe; Oc 5 occipital lobe; Pu 5 putamen;
CN 5 caudate nucleus; Th 5 thalamus;
Cb 5 cerebellum.
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lipophilicity is lower than those of currently know CB1
radioligands, relatively low nonspecific binding.
As we expected, the in vivo distribution studies with 11C-

JHU75528 in mice (Fig. 1) demonstrated high uptake of
radioactivity in the striatum, hippocampus, cortex, and cere-
bellum and lower uptake in the thalamus and brain stem.
This distribution of 11C radioactivity matches the distribu-
tion of CB1 in mammalian brain (33,34), providing evi-
dence that 11C-JHU75528 binds in vivo with CB1 receptor.
To our knowledge, the ratios of target to brain stem obtained
from this distribution study in mice are the highest reported
to date for in vivo CB1 radioligands. The shape of the ratio–
time curve in mice (Fig. 1) suggests that the maximum
value of the ratio has not been reached during the 90-min
observation period.
After injection of 11C-JHU75528 in the baboon, the

radioactivity was distributed heterogeneously, which also
matched the previously published distribution of the CB1 re-
ceptor in autoradiographic studies (33,34). Radioactivity
reached its peak at about 10 min after injection, and the bind-
ing was reversible (Fig. 6). The ratio of target to nontarget
(ratio of putamen to brain stem 5 2.5) was high for a CB1
radiotracer.
The successful blocking of the accumulation of 11C-

JHU75528 radioactivity in mice and baboon with the
selective CB1 antagonist rimonabant demonstrated that
11C-JHU75528 uptake in the receptor-rich regions of the
brain is CB1 mediated (Figs. 2, 5, and 6). In addition, the
blockade of the 11C-JHU75528 binding with nonlabeled
JHU75528 in the saturation experiments suggested that the
binding of the radiotracer is specific.
We did not observe side effects in mice injected intra-

venously with nonlabeled JHU75528 in the doses up to
4.3 mg/kg. This result suggests a low acute toxicity of
JHU75528 in mice.
The in vivo CB1 selectivity of 11C-JHU75528 was

studied in the experiment involving several non-CB1 CNS
drugs. Preadministration of these drugs did not significantly
reduce the accumulation of radioactivity in the brain re-
gions compared with the control experiment (Fig. 4). The
reason for the increase of uptake of 11C-JHU75528 in sev-
eral brain regions in the presence of spiperone, ketanserin,
and cytisine is unclear. However, such effects of CNS drugs
are not uncommon and have been attributed to added tracer
availability from the periphery or blood flow changes (13).
HPLC analyses of mouse and baboon plasma indicate

that in both species 11C-JHU75528 forms the same radio-
active metabolites, including 11CO2. However, only a small
amount of radioactivity other than the parent compound
was found in the mouse brain. This result suggests that for
quantification of the CB1 receptor with 11C-JHU75528, PET
metabolite modeling is not necessary.
Mathematic modeling of 11C-JHU75528 in the baboon

brain revealed a BP value in putamen (BP 5 1.321.5) that
is comparable with that of many CNS receptor radiotracers
that are currently in use for quantitative PET studies. 123I-

AM281, the only available radioligand for imaging of CB1
receptors in the human brain by emission tomography,
exhibits a lower value of BP (0.220.3) in the target organ
(21). Further test–retest and PET modeling studies with
11C-JHU75528 in baboon are warranted.

In brief, 11C-JHU75528 manifests reasonable properties
for quantitative imaging of CB1 in the human brain. The
main advantage of 11C-JHU75528 as an in vivo radiotracer
is a good signal-to-noise ratio. In addition to CB1 receptor
imaging of different classes of abused drugs (5,6), 11C-
JHU75528 can be used potentially as a PET radioligand for
studying CB1 receptors in disorders when altered regula-
tion of the CB1 system is found (2). Good BP values in the
baboon brain suggest that the radiotracer can be used for
imaging CB1 receptors in patients with Tourette syndrome
and Parkinson’s disease (21). Other potential applications
are in schizophrenia and depression, where CB1 receptors
are upregulated in the frontal cortex (37–40). An emerging
application of CB1 antagonists for obesity treatment and
recent evidence that hypothalamic levels of endocannabi-
noids are raised in animal obesity models may promote
PET of the CB1 system for development of drugs for treat-
ment of obesity (2).

CONCLUSION

11C-JHU75528 readily enters the mouse and baboon
brain. 11C-JHU75528 specifically and selectively labels
cerebral CB1 receptors with substantially a higher value
of the target-to-nontarget ratio than that of the previously
reported radiotracers. The specific binding of 11C-JHU75528
in vivo can be saturated by preinjection of nonlabeled
JHU75528. Rimonabant, a selective CB1 antagonist and
emerging medication for treatment of obesity and drug
dependence, effectively blocks the specific binding of 11C-
JHU75528, whereas various central noncannabinoid drugs
do not reduce normalized regional 11C-JHU75528 binding.
Injection of blocking doses of JHU75528 and rimonabant
did not cause measurable side effects in mice or a baboon.
11C-JHU75528 undergoes metabolism at a moderate rate and
forms several hydrophilic metabolites, but only a minute frac-
tion of metabolic radioactivity penetrates the BBB. Prelim-
inary kinetic analyses of baboon PET images demonstrated
reasonable values of BP in CB1-rich brain regions in base-
line studies and substantially lower BP in the blocking study.
11C-JHU75528 holds promise as a radiotracer with good
imaging properties for quantification of CB1 receptors in the
human brain.
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