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radioligand to assess cannabinoid CB1 receptors in rodents
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[11C]MePPEP is an inverse agonist and a radioligand developed to
image cannabinoid CB1 receptors with positron emission tomography
(PET). It provides reversible, high specific signal in monkey brain. We
assessed [11C]MePPEP in rodent brain with regard to receptor selec-
tivity, susceptibility to transport by P-glycoprotein (P-gp), sensitivity
to displacement by agonists, and accumulation of radiometabolites. We
used CB1 receptor knockout mice and P-gp knockout mice to assess
receptor selectivity and sensitivity to efflux transport, respectively.
Using serial measurements of PET brain activity and plasma con-
centrations of [11C]MePPEP, we estimated CB1 receptor density in rat
brain as distribution volume. CB1 knockout mice showed only non-
specific brain uptake, and [11C]MePPEP was not a substrate for P-gp.
Direct acting agonists anandamide (10 mg/kg), methanandamide
(10 mg/kg), CP 55,940 (1 mg/kg), and indirect agonist URB597 (0.3
and 0.6 mg/kg) failed to displace [11C]MePPEP, while the inverse
agonist rimonabant (3 and 10 mg/kg) displaced N65% of [11C]
MePPEP. Radiometabolites represented ~13% of total radioactivity in
brain between 30 and 120 min. [11C]MePPEP was selective for the CB1

receptor, was not a substrate for P-gp, and was more potently dis-
placed by inverse agonists than agonists. The low potency of agonists
suggests either a large receptor reserve or non-overlapping binding
sites for agonists and inverse agonists. Radiometabolites of [11C]
MePPEP in brain caused distribution volume to be overestimated by
~13%.
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Introduction

The cannabinoid type 1 (CB1) receptor is the most abundant G-
coupled protein receptor in brain known to date and is involved in
multiple neuromodulatory pathways (Grotenhermen, 2005, Pacher
et al., 2006). In addition, the CB1 receptor is associated with ad-
dictive behaviors (alcohol, drugs, and food) and is now an active
target for medication development (Xie et al., 2007). For example,
rimonabant, a CB1 receptor inverse agonist, was recently approved
in Europe for appetite reduction and weight loss (Van Gaal et al.,
2005).

Effective PET radioligands for CB1 receptors have potential to
guide dosing of therapeutic agents and to act as biomarkers in the
study of physiology and pathophysiology. For example, Burns et al.
(2007) reported the synthesis of a novel PET radioligand for the CB1

receptor and its use to measure receptor occupancy in monkeys and
humans. We also developed a promising PET radioligand for
the CB1 receptor, [

11C]MePPEP ((3R,5R)-5-(3-methoxy-phenyl)-3-
((R)-1-phenyl-ethylamino)-1-(4-trifluoromethyl-phenyl)-pyrroli-
din-2-one) (Yasuno et al., 2008). MePPEP is a high potency inverse
agonist with selectivity for CB1 (Kb=0.6 nM) vs.CB2 (Kb=360 nM)
receptors. Despite its moderately high lipophilicity (LogD7.4=4.8),
[11C]MePPEP shows good brain uptake and a high percentage
(N85%) of specific binding in monkey brain (Yasuno et al., 2008).
We sought to evaluate further this promising radioligand in rodents,
using invasive procedures and transgenic animals that are difficult or
unavailable in primates.

Rodents allowed two important parameters to be investigated
that would be difficult to measure in primates. First, after eutha-
nizing rats and extracting radioactivity, we measured radiometabo-
lites in brain and assessed their impact on PET measurements and
data analysis. Compartmental modeling is the “gold standard”
method to analyze serial PET measurements of brain radioactivity
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and plasma concentrations of parent radioligand. The typical out-
come measure is distribution volume, which is proportional to the
density of receptors and the affinity of the radioligand (Innis et al.,
2007). Compartmental analysis typically assumes that the radio-
activity measured by PET represents only parent radioligand. If so,
then stable values of distribution volume over time will be obtained
after a minimal period of image acquisition (e.g., 20–60 min). If
estimates of distribution volume continuously increase with longer
durations of data acquisition, one suspects either the accumulation of
radiometabolites in brain or a failure of the radioligand to reach
equilibrium in brain and plasma.

Second, rodents allowed us to administer very high doses of
drugs to assess the differential potency of agonist and inverse
agonists to displace radioligand binding. We found that an inverse
agonist, rimonabant, potently displaced [11C]MePPEP binding in
brain. In contrast, high and, in some cases, lethal doses of an
agonist failed to displace any significant radioligand binding in
brain.

Materials and methods

Anandamide (arachadonoyl ethanolamide), methanandamide
((R)-(+)-arachidonyl-1'-hydroxy-2'-propylamide), and URB597
((3'-(aminocarbonyl)[1,1'-biphenyl]-3-yl)-cyclohexylcarbamate)
were purchased from Cayman Chemical (Ann Arbor, MI). CP
55,940 (5-(1,1-dimethylheptyl)-2-[(1R,2R,5R)-5-hydroxy-2-(3-hy-
droxypropyl)cyclohexyl]-phenol) was purchased from Tocris Bio-
science (Ellisville, MO). Rimonabant, MePPEP, and O-desmethyl-
MePPEP were synthesized at Eli Lilly and Company (Indianapolis,
IN).

Animals

Male Sprague–Dawley rats (346±68 g) and age-matched P-gp
knockout (mdr-1a/1b(−/−)) (Schinkel et al., 1996) and wild type
mice (mdr-1a/1b(+/+), 27.7±4.7 g) were purchased from Taconic
Farm (Germantown, NY, USA). Dr. George Kunos (National In-
stitute of Alcohol Abuse and Alcoholism) provided the CB1

receptor knockout mice.

Synthesis of [11C]MePPEP

[11C]MePPEP was prepared from the desmethyl precursor and
[11C]iodomethane, as previously described in Yasuno, et al. (2008).

Preparation for PET scanning

All rodents were anesthetized with 1.5% isoflurane in 100%
oxygen, and body temperatures were maintained between 36.5 and
37.0 °C with a heating pad or lamp. Intravenous injections were
performed via polyethylene cannulae (PE-10; Becton Dickinson,
NJ, USA) in the mouse tail or rat penile vein. The cannulae were
secured with tissue adhesive (Vetbond; 3M, St. Paul, MN, USA).
To measure the concentration of [11C]MePPEP in serial blood
samples, an arterial cannula was placed in the femoral artery
of each of four rats (332±67 g). After [11C]MePPEP injection,
arterial pressure caused a continuous flow of blood which was
collected as 6 samples of ~200 μL each for the first 3 min.
Afterwards, samples of 200 μL were collected at 5 and 10 min;
500 μL at 25, 40, and 60 min; and ~3 mL at the end of the 2-hour
scan.
PET imaging

The Advanced Technology Laboratory Animal Scanner (Seidel
et al., 2003) can accommodate a single rat or a pair of mice, for
which we typically paired a wild type and knockout mouse. Serial
dynamic scans began at the time of injection and continued for
100 min with frames of 6×20 s, followed by 5×1, 4×2, 3×5,
3×10, and 2×20 min. Images were reconstructed by a 3D ordered-
subset expectation maximization algorithm into 17 coronal slices
with 3 iterations, resulting in a resolution of about 1.6 mm full
width at half maximum (Johnson et al., 2002, Liow et al., 2003).
The data were not corrected for attenuation or scatter.

Tomographic images were analyzed with pixel-wise modeling
computer software (PMOD Technologies Adliswil, Switzerland).
Regions of interest were identified relative to a rat (Paxinos and
Watson, 1998) or mouse (Paxinos and Franklin, 2001) brain ste-
reotactic atlas. Radioactivity was decay-corrected to time of injec-
tion and expressed as percent standardized uptake value (% SUV),
which normalizes for injected activity and body weight.

kSUV ¼ activity per g tissueð Þ= injected activityð Þ½ �
� g body weight

Displacement of [11C]MePPEP with cannabinoid agents

All pharmacological challenges were administered at 40 min after
radioligand injection, which was between 15 and 20 min after peak
uptake. Rimonabant (3 mg/kg, IV) was administered in a dose known
to displace [11C]MePPEP in monkey brain (Yasuno et al., 2008). We
selected doses of agonist agents that are known to have central
nervous system activity as measured with behavior or with levels of
anandamide, the primary endogenous agonist for CB1 in the brain
(Fride and Mechoulam, 1993, Abadji et al., 1994, McGregor et al.,
1996, Piomelli et al., 2006). URB597 is an indirect acting agonist,
because it inhibits both fatty acid amide hydrolase (FAAH), an
enzyme that metabolizes anandamide, as well as the anandamide
transporter (Dickason-Chesterfield et al., 2006). The dose of URB597
used (0.3 mg/kg IP) was reported to cause FAAH inhibition within
15min and increase brain levels of anandamide N3 foldwithin 60min
(Piomelli et al., 2006). Therefore, two animals were administered
URB597 at 40 min after radioligand injection to parallel the other
agonist challenges, and another animal was administered URB597 at
1 h before the radioligand injection to achievemaximal and prolonged
inhibition of FAAH. To ascertain if URB597 did not increase
endogenous anandamide sufficiently, or if injected anandamide was
rapidly metabolized, we pretreated two rats with URB597 and
administered anandamide at 40 min after radioligand injection.

Ex vivo mass spectrometry

The mass spectrometry experiments used a novel technique in
which the reporter molecule (MePPEP) was injected at low doses
and subsequently measured in brain extracts with mass spectro-
metry (Chernet et al., 2005). The animals were pretreated with
pharmacological doses (e.g., 10 mg/kg IV) of displacing agents
15 min before being injected with MePPEP (30 µg/kg IV). The
animals were euthanized 60 min later and the concentration of
MePPEP was measured in brain extracts with mass spectrometry.

The mass spectrometry experiments were performed at Eli Lilly
(Indianapolis, IN) and are described below. Rimonabant or CP



Fig. 1. Forebrain radioactivity after injecting [11C]MePPEP in mice.
Symbols represent the mean±SD for wild type (▲; n=4) and P-gp knockout
(□; n=4) mice. The peak uptake was 199% SUVat 18 min in the knockout
mice and 181% SUV at 18 min in the wild type mice.
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55,940 was in a vehicle comprised of intralipid (Sigma Chemical
Co. St. Louis, MO) containing 0.2% acetic acid. MePPEP (1 mg)
was dissolved in 1 mL of intralipid containing 1% acetic acid,
diluted with sterile water to a final concentration of 30 μg/mL, and
administered to rats in a volume of 1 mL/kg.

Adult male Sprague–Dawley rats (225–250 g; Harlan Sprague–
Dawley, Indianapolis, IN) were used without anesthesia. Vehicle,
rimonabant (10 mg/kg), or CP 55,940 (1 mg/kg) was administered
by tail vein IV to groups of 3 rats, and MePPEP (30 µg/kg IV) was
administered 15 min later. Rats were sacrificed 1 h later by cervical
dislocation. A portion of each frontal cortex was dissected, weighed,
and placed in centrifuge tube on ice. Brain tissues were homo-
genized using a cell disrupter in four volumes (W/V) of acetonitrile
containing 0.1% formic acid. To extract the tracer (i.e., MePPEP),
tissues were centrifuged at 20,000 ×g for 14 min. Aliquots of
supernatant containing the tracer were diluted with water to an
acetonitrile content less than that of the mobile phase and injected by
auto sampler onto an HPLC employing a Zorbax SB-C18, 2.1×50-
mm narrow bore rapid resolution column (part# 871700-902,
Agilent Technologies, Wilmington, DE). Separation was achieved
using isocratic conditions, in a mobile phase of 70% acetonitrile
containing 1% acetic acid at a flow rate of 0.25 mL/min. Eluted
MePPEP was measured using an Agilent model 1946 single quad
mass spectrometer run in positive mode, fitted with an electrospray
ion source and set to m/z 455 ion. Clearly delineated chromato-
graphic peaks with the retention time of authentic standards and
expected molecular weight were seen after each injection of sample.
Standards were prepared by adding known quantities of MePPEP to
brain tissue samples from untreated rats and processed as described
above. MePPEP was quantified based on peak area. Data are pre-
sented in ng MePPEP per g of tissue as mean±SD (n=3).

Compartmental modeling of rat with [11C]MePPEP

To estimate the density of CB1 receptors in brain, we performed
compartmental modeling in 4 rats using 2-hour PET data and serial
arterial plasma concentrations of [11C]MePPEP separated from
radiometabolites. We used measured values of the plasma con-
centration for all time points, since bi- and tri-exponential curves
provided a poor fit of the plasma data. One and two-tissue com-
partmental models were analyzed with PMOD 2.85 software
(PMOD Technologies Ltd., Adliswil, Switzerland). We followed
the recently proposed consensus nomenclature for reversibly bind-
ing radioligands (Innis et al., 2007), where VT is the total distribution
volume, including specific and nondisplaceable uptake.

Measurement of parent and radiometabolites in plasma and brain

Anticoagulated blood samples (~1 mL for mouse, ~6 mL for
rat) were obtained by cardiac puncture at 30 min after radioligand
injection in mouse and after 30, 60, 90, and 120 min in rat. The
animals were then euthanized by decapitation, and brain tissues
were harvested. An additional blood sample was taken at 60 min
from one rat that was euthanized at 120 min, and the plasma
metabolite composition was found to match the other rats eutha-
nized at 60 min. Thus, the rats euthanized at 120 min reliably
reflect those euthanized at 60 min. We extracted, analyzed, and
measured radioactivity in brain and plasma as described in Zoghbi
et al. (2006). The HPLC used for these studies used a radial
compression module (RCM-100) with a mobile phase of MeOH:
H2O:Et3N (82.5:17.5:0.1; by volume) at a flow rate of 2.0 mL/min.
Concentrations of [11C]MePPEP and radiometabolites were
calculated as the product of the radio-HPLC fractional parent or
radiometabolite activity multiplied by the total tissue activity (dpm/g).
The recovery of added [11C]MePPEP from plasma samples was
N99%, and the recovery of total radioactivity from tissues and plas-
ma samples was N83%. The recovery of radioactivity from HPLC
column was monitored either by γ-counter measurements of the
eluates or by injecting methanol (2 mL) at the end of analysis.

Results

Radioligand preparation

[11C]MePPEP was prepared with 100±0% radiochemical purity,
and 99.9±0% chemical purity. The specific activity at time of
radioligand injection was 112.0±54.7 GBq/µmol (n=34 batches).
The mean injected activity was 13.1±5.5 MBq (0.12±0.07 nmol)
for mouse studies and 49.3±23 MBq (0.44±0.30 nmol) for rat
studies.

Receptor occupancy by [11C]MePPEP

Due to the relatively small bodymass of rodents, PET ligands can
cause significant (N5–10%) receptor occupancy, which violates the
assumptions of tracer methodologies. We estimated the receptor
occupancy in rodents caused by the injected mass dose of MePPEP
based on reports of receptor density and on our measurements of
brain uptake. The density (Bmax) of CB1 receptors in cerebellum is
1750 fmol per mg protein in rat (Hirst et al., 1996) and 1810 fmol per
mg protein in mouse (Abood et al., 1997). Assuming that 10% of
brain weight is protein, these densities correspond to 175 nM in rats
and 181 nM in mice. The maximal brain uptake was ~190% SUV
(2.4 nM) in rats and ~260% SUV (11.2 nM) in mice. Assuming that
80% of the ligandwas specifically bound, themaximal occupancy of
CB1 receptors was 1.1% (=80%*2.4 nM/175 nM) in rats and 5.0%
(=80%*11.2 nM/181 nM) in mice.

[11C]MePPEP was not a P-gp substrate in mouse

[11C]MePPEP was not a substrate for P-gp, an efflux transporter
expressed at the blood-brain barrier. P-gp knockout (n=4) and wild



Table 1
Effect of P-gp gene knockout on plasma and brain concentrations of [11C]
MePPEP in mice

Animal [11C]MePPEP concentration (% SUV)

CP Forebrain Cerebellum Forebrain/CP

Wild type 5.5±4.8 191±56 214±63 65.0±55.2
P-gp knockout 8.2±0.8 373±146 383±160 44.8±13.0

CP = plasma concentration of [11C]MePPEP.

Fig. 3. Displacement of [11C]MePPEP by agonists and inverse agonist in
rats. Drugs were administered IV 40 min after [11C]MePPEP. Anandamide
(△) 10 mg/kg; methanandamide (▽) 10 mg/kg; CP 55,940 (◊) 1 mg/kg;
URB597 (anandamide reuptake inhibitor, ×) 0.6 mg/kg; URB597 with
anandamide (+) 0.6 mg/kg and 10 mg/kg, respectively; and rimonabant (○)
3 mg/kg. The curves are representative of two studies with anadamide, CP
55,940, URB597 both alone and with anandamide, and rimonabant, and of
one study with methanandamide. The baseline curve (■) is the mean of 8
animals.
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type (n=4) mice were injected with [11C]MePPEP. Brain uptake
peaked at ~20 min with similar concentrations of 200 and 182%
SUV in the knockout and wild type mice, respectively (Fig. 1). In
addition, the area under the curve of activity vs. time from 0 to
90 min in knockout mice was only 1.1 times that of wild type mice
with no significant difference between the two groups (P=0.58,
two-tailed Student t-test).

To determine whether greater brain uptake in P-gp knockout
than in wild type mice was merely the result of higher plasma
concentration of the radioligand, we euthanized animals at 30 min
and measured radioactivity in brain and plasma. The concentra-
tions of [11C]MePPEP in plasma were 5.5 and 8.2% SUV for wild
type and P-gp knockout mice, respectively, with corresponding
forebrain uptake of 191 and 383% SUV (Table 1). The brain to
plasma ratio at this single time point was actually lower in P-gp
knockout (45) compared to wild type (65) mice, on average. Thus,
[11C]MePPEP was not a substrate for P-gp in mice as assessed with
brain uptake, either corrected or uncorrected for the plasma
concentration of radioligand.

Specificity of [11C]MePPEP for CB1 receptors in mice

[11C]MePPEP was selective for the CB1 receptor in mice when
assessed by pharmacological displacement of a highly selective
CB1 inverse agonist. Baseline and displacement scans were acquired
within a 3-hour interval in the same animal. Rimonabant (3 mg/kg
IV), administered at 25 min after [11C]MePPEP, displaced more
than half of the brain activity by 90 min compared to the baseline
scan. After displacement by rimonabant, brain uptake decreased
Fig. 2. Displacement of brain activity in P-gp knockout and CB1 receptor kno
displacement (▲), and preblocked (○) conditions. Rimonabant (3 mg/kg, IV) was
time-activity curves in a wild type (□) and CB1 receptor knockout (▲) mouse.
from peak of 260% at 25 min to about 100% SUV at 90 min.
The residual activity after displacement was similar to that of a
preblock study in a different animal (Fig. 2A). In the preblock study,
the same dose of rimonabant was given at 30 min before [11C]
MePPEP. A ratio of areas under the curve of preblocked vs. baseline
animals from 0 to 90 min was 0.32, indicating that 68% of brain
uptake was specifically bound to CB1 receptors.

Comparing CB1 knockout to wild type mice with [11C]MePPEP
yielded results of receptor selectivity consistent with the displace-
ment by rimonabant. Brain activity in CB1 receptor knockout mice
was 100% SUV at 3 min and quickly declined to 30% SUV at
90 min. In contrast, maximal brain uptake in wild type animals was
170% SUVat 20 min and slowly declined to 100% SUVat 90 min
(Fig. 2B). Thus, compared to knockout animals, the CB1 receptors
in the wild type mice bound more radioligand and therefore
required greater time to achieve peak activity in brain. The ratio of
ckout mice. (A) P-gp knockout mice were examined under baseline (□),
administered 30 min before or 25 min (↑) after [11C]MePPEP. (B) Forebrain



Fig. 4. Brain and plasma concentrations of radioactivity after injecting [11C]MePPEP in rats. (A) The brain time-activity curve of this rat was visually and
statistically better fit by the two- (solid line) than the one- (dashed line) tissue compartment model. (P=0.007 by F-test). (B) The plasma concentration of [11C]
MePPEP separated from radiometabolites from same animal as panel A peaked at 45 s and rapidly declined thereafter. The range of the concentration was large,
and the insert has an overlapping value at 5 min.
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areas under the curve from 0 to 90 min in knockout compared to
wild type mice was 0.35, indicating that 65% of the uptake was
specifically bound to CB1 receptors.

Displacement by agonists vs. inverse agonists

Direct and indirect acting agonists caused no discernable
changes in brain uptake (Fig. 3), and all agonist curves at their
terminal points were within one standard deviation of baseline
scans (n=8). The direct acting agonists anandamide (10 mg/kg IV,
n=2), methanandamide (10 mg/kg IV, n=1), and CP 55,940 (1 mg/
kg IV, n=2) were administered at 40 min. Inhibition of anan-
damide reuptake by inhibiting both FAAH, the enzyme that
metabolizes anandamide, and the anandamide transporter has an
indirect agonist effect by increasing the concentration of this
endocannabinoid. The anandamide reuptake process blocker,
URB597, was administered at 40 min after radioligand injection
in two animals (0.3 mg/kg and 0.6 mg/kg IV), and as a pre-
treatment at 1 h before radioligand injection in a third animal
(0.3 mg/kg IV). Two additional animals were pretreated with
URB597 (0.6 mg/kg IV), and anandamide (10 mg/kg IV) was
administered 40 min after radioligand injection.

The direct agonist agents were administered at doses that had
pharmacological effects. Anandamide transiently decreased respira-
tion rate, with shallow and irregular breathing. Methanandamide
caused the death of one animal after 35 min, possibly by respiratory
depression. CP 55,940 caused decreased respiration rate for the
duration of the scan, and later the death of one animal after 50min. In
contrast, URB597 had no noticeable pharmacological effect.

In contrast to the agonists, rimonabant rapidly displaced brain
activity when administered at 3 mg/kg IV at 40 min after the
radioligand (n=2 rats). Compared to baseline studies (n=8 rats),
rimonabant decreased brain activity by 63% at the end of the scan
(2 h) (Fig. 3). Rimonabant had no noticeable effects on temperature
or respiration.

Ex vivo mass spectrometry

Our results of agonist state assessment using PET were relia-
bly replicated using ex vivo mass spectrometry. Rimonabant (an
inverse agonist) caused N90% receptor blockade, whereas CP
55,940 (an agonist) caused no receptor blockade. More specifi-
cally, rimonabant (10 mg/kg) pretreatment decreased MePPEP in
rat frontal cortex at 60 min from a baseline, vehicle-treated con-
centration of 34.4±5.3 to 2.3±0.6 ng/g. In contrast, CP 55,940
(1 mg/kg) caused no significant change in the concentration of
MePPEP against vehicle-treated rats from 40.0±4.4 to 40.3±
1.5 ng/g. Rimonabant appeared to displace or block more MePPEP
binding measured by ex vivo mass spectrometry (N90%) than by in
vivo PET (~65%).

Compartmental modeling of [11C]MePPEP in rat brain

Pharmacokinetic modeling of brain and plasma time-activity
data showed that estimates of total distribution volume (VT)
achieved stable, well identified values during a 2-hour scan. We
used brain time-activity data and serial plasma concentrations of
[11C]MePPEP to estimate VT, which is proportional to receptor
density (Bmax). Due to the limited resolution of PET, the measured
concentrations of brain activity were similar in all regions. For this
reason, we sampled activity from a large area that included the
entire forebrain.

In three out of four rodents the two-tissue compartment model
was superior to the one-tissue compartmental model, and we used
both to assess the minimal imaging time required for stable
identification of VT. The brain time-activity data from 0–120 min
(n=4 rats) as well as the measured serial concentration of [11C]
MePPEP were analyzed with compartmental modeling. The two-
tissue compartment model gave better statistical fit of brain data
than the one-tissue compartment in three of the four rats with
Pb0.01, with the other animal achieving P=0.08 (F-test; Fig. 4A).
To assess the stability of distribution volume over time, we
increasingly truncated the brain data, from 0–120 to 0–30 min, at
terminal times of 120, 100, 80, 60, 50, 40, and 30 min. The
calculated distribution volume increased asymptotically from 30 to
120 min and reached 90% of the terminal value within ~70 and
55 min for one-tissue and two-tissue compartmental models,
respectively (Fig. 5).

The concentration of unchanged [11C]MePPEP rapidly declined
in plasma. From a peak of ~1100% SUV at about 45 s, its



Fig. 5. Time instability of distribution volume (VT) in rat. Increasingly
truncated intervals of brain time-activity data were analyzed from time 0 to
that indicated on the x-axis. Time points represent the mid-point of the
acquisition time, therefore data captured in a time frame from 100 to 120 min
are plotted at 110 min. VT was calculated for one-(■) and two-(●) tissue
compartment models and expressed as a ratio to that determined with the
complete scanning data from 0 to 120 min. The terminal VT for forebrain
was 9.4±3.7 mL cm−3 for one-tissue and 10.0±4.2 mL cm−3 for two-tissue
compartment models. The error bar represents SD of the ratios, n=4
animals.
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concentration declined to 50% SUV at 5 min and further to 12%
SUVat 120 min (Fig. 4B). Metabolism was also rapid, as shown by
the accumulation of radiometabolites in plasma. [11C]MePPEP as a
percentage of total radioactivity declined from 100% in the injected
sample to 50±9.1% at 5 min, 27±5.8% at 26 min, and 16±1.5%
at 60 min (Fig. 6A). Rat plasma samples contained at least
three radiometabolites, which eluted earlier than [11C]MePPEP on
HPLC and were, therefore, less lipophilic than the parent radio-
ligand (Fig. 6B).

Ex vivo measurements in rat

To assess the chemical composition of radioactivity in brain
over time, we euthanized three animals at 30, 60, and 90 min, and
two animals at 120 min. Radiometabolites of [11C]MePPEP were
Fig. 6. Metabolism of MePPEP in rat. (A) Metabolism of MePPEP (■) was rapid wi
end of the scan. The curves represent the mean of 4 animals. (B) At 90 min three me
metabolite (1) was followed by two more lipophilic metabolites (2 and 3), separated
animal.
present in rat brain but at relatively stable percentage (~13%) of
total radioactivity. The percentages of radiometabolites in rat brain
were 12.9±0.4% at 30 min, 13.2±6.0% at 60 min, 16.4±9.3% at
90 min, and 12.3±4.8% at 120 min.

Discussion

[11C]MePPEP was not a substrate for P-gp in mice, and was
selective for the CB1 receptor based on displacement studies in rats
and on imaging of receptor knockout mice. In both rodent species,
specific binding was ~65% of total brain uptake. Although the
inverse agonist rimonabant displaced [11C]MePPEP, agonists at
high doses were ineffective (anandamide, methanandamide, CP
55,940, and URB597). Compartmental modeling in rats showed
that distribution volume was defined within 90% of the value at
120 min within 70 min of scanning. Distribution volume is the
ratio at equilibrium of the drug concentration in brain to that
plasma. Since we estimated total radioactivity with PET rather than
only unchanged [11C]MePPEP, we overestimated its distribution
volume in rat brain by ~13%.

Utility of PET imaging in rodents

PET is an expensive methodology and arguably should be re-
served for human experimentation or studies preliminary for such
use. With this perspective, what are the advantages and disadvan-
tages of using rodents to screen radioligand candidates and to un-
derstand their distribution in the body?

P-gp and other efflux transporters have been increasingly
recognized over the past 10–20 years to modulate the distribution
and metabolism of many drugs (Ambudkar et al., 1999). P-gp
inhibitors can be used to assess whether a drug is a substrate, but
these inhibitors may have secondary effects that confound the
primary measurement. Cyclosporin A is a so-called “first gene-
ration” P-gp inhibitor and has multiple other effects on drug
disposition and general health of the animal (Liow et al., 2007). In
contrast to pharmacological inhibition, P-gp knockout mice
provide an exact genetic model. Nevertheless, results from these
transgenic animals should be interpreted cautiously. P-gp shows a
species difference in substrate selectivity, and results in rodents
may not apply in primates (Katoh et al., 2006). In addition, P-gp is
th most of the radioactivity comprised of the most polar metabolite (×) by the
tabolites less lipophilic than MePPEP were eluted by HPLC. The most polar
from MePPEP (4). This representative chromatograph comes from a single
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widespread in the body and can affect metabolism and distribution.
Thus, control experiments are indicated, as we performed for [11C]
MePPEP (Table 1), to ensure that the effects on brain uptake are
not merely mediated by changes in plasma concentration of
radioligand.

Similar to secondary effects of pharmacological inhibition of
P-gp, CB1 receptor displacing agents may also have off-target
activity. The CB1 receptor knockout mouse provides a highly spe-
cific model of receptor blockade. Combined use of this transgenic
animal with pharmacological displacement provided definitive
evidence that the in vivo brain uptake of [11C]MePPEPwas selective
and specific for the CB1 receptor. In addition, we found that the
nonspecific uptake was ~35% in both CB1 receptor knockout mice
and rimonabant-treated mice and rats.

PET measures only radio activity and does not identify its
chemical source e.g., parent vs. radiometabolite. Thus, one
advantage of rodent imaging is the ease of sacrificing the animal
to identify radiochemical species. For example, increasing distribu-
tion volumewith time inmonkeys and humans is often interpreted as
evidence for accumulation of radiometabolites in brain. We
extracted radioactivity from rat brain at several times after
radioligand injection and characterized its radiochemical composi-
tion with HPLC. Our data showed that radiometabolites in brain
could account for the delay in reaching an accurate distribution
volume during the period 30 to 120 min.

Experiments with rodents can use high doses of drugs that
would be toxic to monkeys or not approved for humans. For
example, we used high and toxic doses of CB1 receptor ligands to
estimate maximal displacement of [11C]MePPEP in brain. Doses
were selected (see Materials and methods) that were active by
behavioral testing (e.g., methanandamide) or by measurement of
increased anandamide concentrations in brain (e.g., the ananda-
mide reuptake process inhibitor, URB597). Furthermore, the doses
were toxic (anandamide) and even fatal in two situations (metha-
nandamide, CP 55,940; see Results).

Two limitations of PET imaging in rodents relate to the small
size of their brains, which affects both resolution and the maximal
mass dose of carrier ligand that may be given without causing
unacceptable receptor occupancy. The resolution of PET cameras
for small animals is ~1.5 mm, while those for humans have
resolutions of 2.5 to 6 mm (Cherry, 2006). The rat brain (~1.5 g) is
N900 times smaller than that of humans (~1400 g), which corre-
lates to a decrease in spherical radius by ~10 fold. Therefore,
although the resolution of rodent PET is 2 to 4 times better than
primate PET, the distance between brain structures is about 10
times smaller. Even the enhanced resolution that may be achieved
by placing detectors close to the rodent brain does not compensate
for the much smaller size of the target. Thus, one cannot reliably
measure substructures in rodent brain as in humans.

The small size of the rodent brain also imposes strict limits on
injected mass dose of carrier ligand. For example, the same mass
dose of ligand will occupy a higher percentage of CB1 receptors in
mice than in humans, because mice have fewer receptors. The
concentration of receptors may be similar, but the volume in mice
is smaller than in humans. Radioligand imaging is typically per-
formed under tracer conditions, in which 5–10% of receptors are
occupied by carrier ligand. Greater occupancies violate the as-
sumptions of compartmental modeling and typically preclude
measurement of distribution volume. Thus, one must confirm that
doses which provide tracer receptor occupancy in humans are
appropriate for rodents. For [11C]MePPEP, we extracted brain
radioactivity and, based on published values of receptor density,
estimated that the peak concentration of radioligand corresponds
to b1.1% and b5% receptor occupancy in rat and mouse brain,
respectively.

Utility of ex vivo mass spectrometry

Mass spectrometry has several advantages relative to PET and
can be used to select candidates for PETscanning. Compared to PET,
ex vivo mass spectrometry is rapid, can study a large group of
animals and several displacing agents in one day, does not involve
radioactivity or require a cyclotron, and may be set to measure the
parent compound only. In fact, we had used ex vivo mass spec-
trometry to compare potency and time course of receptor occupancy
by a number of candidates prior to selecting MePPEP for radio-
labeling and PET imaging. Although mass spectrometry has the
advantage of monitoring a single identified chemical species, the
results do not necessarily reflect those from PET, which measures
total radioactivity comprised of parent radioligand and radiometa-
bolites. For example, in the current study, ex vivomass spectrometry
showed that rimonabant displaced N90% of MePPEP brain uptake,
whereas comparable PET imaging showed that rimonabant
displaced ~65% of brain radioactivity after injection of [11C]
MePPEP. The difference was caused in part by radiometabolites
measured with PET that were not detected with mass spectrometry.

Displacement of an inverse agonist radioligand by agonists ligands

We found that agonists were much less potent than inverse
agonists to displace [11C]MePPEP binding to CB1 receptors in rat
brain. Our results cannot distinguish between two potential and
previously published explanations: receptor reserve and non-
overlapping binding sites. The situation is complex because of
potential differences with in vitro and in vivo binding and the
unclear mechanism of inverse agonism.

First, we should distinguish in vitro affinity and in vivo receptor
occupancy. In vitro binding studies have shown that the agonists
we used have 2–100 fold lower affinity than rimonabant for
CB1 receptors. For example, anandamide andmethanandamide have
2–10 fold lower affinity than rimonabant to displace the agonist
ligand [3H]CP 55940 (Abadji et al., 1994, Adams et al., 1995, 1998).
In addition, anandamide has 100 fold lower affinity than rimonabant
to displace [3H]rimonabant itself (Rinaldi-Carmona et al., 1996).
Although these two agonists have clearly lower in vitro receptor
affinity than rimonabant, the question we have addressed is the in
vivo occupancy associated with pharmacological effects.

Second, the mechanism of inverse agonism is not completely
understood, and its expression is dependent upon the particular assay
system (Pertwee, 2005). Nevertheless, inverse agonists universally
antagonize (i.e., reverse) the effects of agonists. The special property
of inverse agonists is their ability, in at least some systems, to reduce
the output signal below baseline levels found in the absence of
agonist. Rinaldi-Carmona et al. (1996) studied the binding of [3H]
rimonabant, an inverse agonist. They found that some agonists, like
CP 55,940 and WIN 55,212-2, had competitive inhibition but
that the endogenous cannabinoid, anandamide, had noncompetitive/
allosteric effects. Furthermore, receptor mutational analysis and
molecular modeling support separate or partially overlapping bind-
ing sites for agonists, inverse agonists, and anandamide (McAllister
et al., 2003; Murphy and Kendall, 2003). Thus, one explanation
for our finding of minimal potency of agonists to displace [11C]
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MePPEP is that the agonist site does not completely overlap with the
inverse agonist site labeled by [11C]MePPEP.

Using an in vitro system, Gifford et al. (1999) suggested that
CB1 receptors have significant receptor reserve for agonists. They
used superfused rat hippocampal slices and electrically-evoked
[3H]acetylcholine release to assay the CB1 receptor for a dose-
response. The agonist WIN 55,212-2 maximally inhibited acety-
lcholine release at only 7.5% occupancy of [131I]AM 281-labeled
receptors. These results were interpreted as receptor reserve, in
which maximal agonist effect is achieved at much less than full
receptor occupancy.

Our PET imaging results cannot determine whether the inability
of CB1 agonist ligands to displace [11C]MePPEP is due to high
receptor reserve or non-overlapping agonist and inverse agonist
binding sites. An agonist PET radioligand would provide valuable
information, and our studies show that rodents can be used with
PET to measure in vivo CB1 receptor binding.

Conclusion

Using pharmacological displacements and knockout mice, we
found that [11C]MePPEP was selective for the CB1 receptor and
had specific binding representing ~65% of total brain radioactivity.
The much higher in vivo potency of inverse agonists vs. agonists to
displace [11C]MePPEP is consistent with these two binding sites
being non-overlapping or with significant receptor reserve for
agonist effects. Rat brain contained ~13% radiometabolites from
30 to 120 min, which thereby overestimated distribution volume to
a similar extent.
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