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Brain �-opioid receptors (ORs) may be involved in several
pathologic conditions, such as addiction, psychosis, and sei-
zures. (�)-4-Methoxycarbonyl-2-[(1-pyrrolidinylmethyl]-1-[(3,4-
dichlorophenyl)acetyl]-piperidine (GR89696) is a potent and se-
lective �-OR agonist. The (�)-isomer, GR103545, is the active
enantiomer of GR89696. The aim of this study was to charac-
terize the potential of 11C-GR103545 to image �-OR in vivo with
PET. Methods: Brain uptake of 11C-GR103545 was studied in
baboons under control conditions and after blockade by nalox-
one (1 mg/kg intravenously). Uptake of the racemic 11C-
GR89696 and of the inactive enantiomer (�)-11C-GR89696 was
also evaluated. Regional total distribution volumes were derived
using the arterial input function and a 2-tissue-compartment
model. Results: 11C-GR103545 showed excellent brain pene-
tration and uptake kinetics, with significant washout observed
within the time frame of the PET experiment. Naloxone pretreat-
ment did not affect cerebellar total distribution volume and
reduced total distribution volume in other regions to a level
comparable to that in the cerebellum. The regional pattern of
11C-GR103545 binding potential was consistent with the distri-
bution of �-OR in primate brain, with highest levels observed in
anterior cortical regions (prefrontal cortex and cingulate cortex)
and striatum. In most regions, the specific-to-nonspecific equi-
librium partition coefficient (V3�) ranged from 1 to 2, predicting
reliable quantification. 11C-GR103545 V3� values were approxi-
mately double the 11C-GR89696 V3� values, whereas (�)-11C-
GR89696 V3� values were negligible, demonstrating the enan-
tiomeric selectivity of the binding and the advantage of using
the pure active enantiomer for PET studies. Conclusion: 11C-
GR103545 is a promising PET radiotracer for imaging the �-OR.
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Opioid receptors (ORs) belong to the superfamily of
G-protein–coupled receptors and are generally classified
into at least 3 subtypes: � (enkephalin-preferring), � (dynor-
phin-preferring), and � (morphine-preferring; �-endorphin
may be a major endogenous ligand at this receptor) (1).
These different receptor subtypes have been isolated,
cloned, and pharmacologically characterized (2). In general,
agonists at the �- and �-receptor sites are rewarding and
reinforcing, whereas agonists at the �-receptor site are aver-
sive.

In humans, the �-OR is the most abundant brain OR and
is widely distributed in forebrain, midbrain, and brain stem
structures. Its protein and messenger RNA are concentrated
in deeper layers of the neocortex (particularly temporal,
parietal, and frontal cortices), striatum, and thalamus, with
lower levels in amygdala, hippocampus, occipital cortex,
and cerebellum (3–5). A similar distribution is seen in the
nonhuman primate brain (6,7).

One gene coding for the �-OR has been identified in
humans (3). However, radioligand binding studies have
suggested the existence of �-OR subtypes with different
ligand binding and anatomic distribution profiles. Thus, �1-
and �2-binding sites have been described in rodents, non-
human primates, and humans (8–10). The cloned human
�-OR appears pharmacologically similar to the �1-subtype
(11), but �1-receptors appear to compose the minority of
�-OR in primates (9). The �2-receptor, which is the pre-
dominant subtype in primates (8), may represent the het-
erodimerization of 2 fully functional ORs (� and �), result-
ing in a new receptor that exhibits ligand binding and
functional properties distinct from those of either receptor
(12). Other lines of evidence suggest that these different
binding subtypes may, in fact, represent different affinity
states of the same receptor (13,14).

The �-OR has been implicated in several clinical brain
disorders, including substance (particularly psychostimu-
lant) abuse (15), epilepsy (16), Tourette’s syndrome (17),
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and Alzheimer’s disease (18). Of additional possible clini-
cal significance is the observation that certain �-OR ago-
nists are extremely potent hallucinogens (19) and a report
that hallucinations in chronic schizophrenia are ameliorated
by high-dose naloxone, a relatively nonselective opiate re-
ceptor antagonist that antagonizes �-OR at higher doses
(20). In addition, �-OR agonism promotes (and antagonism
reduces) neurodegeneration in models of central nervous
system injury and ischemia (21). Thus, the ability to image
�-OR would be important in characterizing the involvement
of �-transmission in these conditions.

Several OR radiotracers are currently available for PET
in humans, including 11C-carfentanil (22), 11C-diprenor-
phine (23), 11C-buprenorphine (24), 18F-cyclofoxy (25), and
11C-naltrindole (26), but none is selective for the �-OR.

(�)-4-Methoxycarbonyl-2-[(1-pyrrolidinylmethyl]-1-
[(3,4-dichlorophenyl)acetyl]-piperidine (GR89696) is a
novel, highly potent, and selective �-OR agonist (27). The
(�)-isomer, (�)-4-methoxycarbonyl-2-[(1-pyrrolidinyl-
methyl]-1-[(3,4-dichlorophenyl)acetyl]-piperidine, also
known as GR103545, is the more potent optical isomer of
GR89696. GR89696 is centrally penetrating, with a log P
value of 3.14 (28), and has potent antinociceptive, sedative,
and diuretic effects (28–31). Ki values for GR89696 �1- and
�2-receptor binding are in the low nanomolar or subnano-
molar range. GR89696 displaces 3H-bremazocine binding
(representing both �1- and �2-receptors) with a Ki of 2.3
nmol/L in the guinea pig (32) and 1.15 nmol/L in the rhesus
monkey (33). Ki values at the �1- and �2-receptors selec-
tively were 0.5 nmol/L and 6.3 nmol/L, respectively (32).

In 1999, Ravert et al. (34) reported the radiolabeling of
the racemic 11C-GR89696. Studies in mice supported the
potential of this radiotracer for PET imaging of �-OR. More
recently, Ravert et al. (35) reported the 11C-labeling and in
vivo evaluation of both optical isomers of GR89696 in
mice. Uptake of the active isomer, 11C-GR103545, corre-
lated with the known distribution of �-OR. On the other
hand, the inactive isomer, (�)-GR89696, showed a homo-
geneous brain uptake.

The present study was undertaken to further evaluate the
potential of the active isomer, 11C-GR103545, as a PET
radiotracer to image and quantify �-OR. PET studies were
performed on baboons (Papio anubis) to characterize the
kinetics and distribution of 11C-GR103545 in the primate
brain. Studies were performed under both control and
blocked conditions to demonstrate the specificity of the
uptake. Kinetic analyses using the arterial input function
were developed to quantify in vivo �-OR availability. The
distribution of 11C-GR103545 in the baboon brain was com-
pared with the distribution of the racemic 11C-GR89696 and
of the inactive enantiomer (�)-11C-GR89696, to demon-
strate enantiomeric selectivity. The distribution of 11C-
GR103545 in the baboon brain was also compared with the
distribution of the selective �-OR agonist radiotracer 11C-
carfentanil.

MATERIALS AND METHODS

General
The chiral high-performance liquid chromatography (HPLC)

column was a Chiralcel-OD (4.6 	 250 mm; Daicel). The analytic
HPLC system was equipped with a Rheodyne injector (Alltech)
with a 2-mL sample loop, an ODS-3 column (5 �m, 250 	 4.6
mm; Phenomenex), a PDA detector (Waters), and a flow-cell

-detector (Bioscan). The semipreparative HPLC system com-
prised an ODS-Prep column (10 �m, 250 	 10 mm; Phenome-
nex), an ultraviolet detector (model 450; Alltech), and a pin diode

-detector (Bioscan). For metabolite analysis, a ODS-Prep column
(10-�m, 250 	 4.6 mm; Phenomenex), a flow-cell 
-detector
(Bioscan), and a fraction collector (Spectra/Chrom CF-1; Fisher
Scientific) were used.

1H-nuclear magnetic resonance (NMR) spectra were recorded
on DRX300 or DRX400 NMR instruments (Bruker). Optical ro-
tations were measured using a P-1010 digital polarimeter with a
halogen lamp and a 1-cm sample cell (Jasco Inc.).

Chemistry
Numbered compounds refer to the numbering scheme in Figure

1. GR103545 (compound 8) and its optically pure precursor,
(�)-7, were prepared from D-serine according to a modification of
a published procedure (31). The reaction conditions are shown in
Figure 1. The most critical step of the synthesis is the preparation
of the optically pure (�)-6, which involves the formation of an
intermediate aldehyde from compound 5, followed by a reductive
amination reaction. To avoid the undesired racemization, a solu-
tion of anhydrous HCl in methanol was used to adjust the pH of the
reaction mixture to 6. The optical purity of (�)-6 was further
confirmed after its conversion to the optically pure GR103545.

The optical purity of the synthetically obtained GR103545 and
its chiral precursor, (�)-7, were confirmed by both optical rotation
measurements and chiral HPLC analysis (Fig. 2). Our measured
optical rotations of GR103545 agreed with those reported in the
literature (31,35).

The chiral HPLC procedure was that used by Ravert et al. (35)
for the separation of GR103545 from GR89695. A similar proce-

FIGURE 1. Preparation of GR103545 and the chiral precursor
7. Reaction conditions: (a) thionyl chloride (SOCl2), methanol; (b)
N-Boc-N-Bz-NBz-glycine, N,N-dicyclohexylcarbodiimide; (c)
SOCl2; (d) lithium aluminum hydride; (e) 3,4-dichlorophenyl-
acetyl chloride; (f) dimethyl sulfoxide, oxalyl chloride, morpho-
line; (g) pyrrolidine, HCl/methanol, pH 6; (h) sodium cyanobo-
ronhydride3; (i) H2/Pd/C; (j) methyl chloroformate.
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dure was used for the verification of the enantiomeric purities of
the synthetically prepared GR103545 and compound 7. Figure 2A
shows the baseline separation of both optical isomers of (�)-7.
The first peak of the chiral HPLC corresponds to that of (�)-7
isomer. The same conditions were used to isolate the less active
enantiomer, (�)-7, from the racemic (�)-7.

Similarly, the 2 optical isomers of GR89695 can be detected by
the chiral HPLC method (Fig. 2B). The synthesized GR103545
showed a single peak with a retention time of 6.1 min (top line),
indicating the high optical purity of the authentic GR103545.

Synthesis of (�)-1-[(3,4-Dichlorophenyl)Acetyl]-2-[(1-
Pyrrolidinyl)Methyl]-Piperidine, (�)-7. A solution of (�)-1-[(3,4-
dichlorophenyl)acetyl]-4-(phenylmethyl)-2-[(1-pyrrolidinyl)meth-
yl]piperidine (0.293 g, 0.521 mmol), compound 6, in 8 mL of
tetrahydrofuran:water (1:1) and 0.7 mL of concentrated HCl was
hydrogenated (hydrogen balloon) over 10% palladium over char-
coal (Pd/C) (0.14 g) at room temperature for 6 h. The solution was
filtered through celite, and the filtrate was concentrated in vacuo.
The residue was mixed with water (20 mL) and basified with
sodium bicarbonate. The mixture was extracted twice with meth-
ylene chloride. The organic extracts were combined, dried over
sodium carbonate, and concentrated in vacuo. The residue was
purified by flash column chromatography on silica gel (100:5:1
methylene chloride:methanol:ammonium hydroxide) to give a col-

orless oil (0.16 g, 86%). 1H-NMR (deuterated chloroform): 7.4 (br
s, 2H), 7.15 (m, 1H), 4.4–4.8 (m, 1H), 3.4–3.9 (m, 3H), 2.4–3.3
(m, 12H), 1.5–2 (br s, 4H � water). [�]25 � �39.86° (c � 0.01756
g/mL, CHCl3). Chiral HPLC (20:80:0.01 isopropanol:hexane:di-
ethylamine, 2 mL/min) showed the presence of only 1 isomer, with
a retention time of 3.4 min.

Synthesis of (�)-1-[(3,4-Dichlorophenyl)Acetyl]-2-[(1-Pyrro-
lidinyl)Methyl]-Piperidine, (�)-7. (�)-1-[(3,4-dichlorophenyl)ac-
etyl]-4-(phenylmethyl)-2-[(1-pyrrolidinyl)-methyl]piperidine (0.4
g, 0.712 mmol), concentrated HCl (0.85 mL), and Pd/C (0.15 g) in
22 mL of tetrahydrofuran:H2O (1:1) were hydrogenated according
to the procedure described above to give (�)-7 (0.24 g, 95%).

Isolation of (�)-1-[(3,4-Dichlorophenyl)Acetyl]-2-[(1-Pyrro-
lidinyl)Methyl]-Piperidine, (�)-7. (�)-7 was isolated by chiral
HPLC using an analytic Chiralcel-OD and a solvent mixture of
25% isopropanol and 75% hexane with 0.01% diethylamine at a
flow rate of 2 mL/min. The retention times for (�)- and (�)-7
were 3.4 and 6 min, respectively. (�)-7: [�]25 � �20.8° (c �
0.0048 g/mL, CHCl3).

Synthesis of GR103545, (�)-8. To a solution of (�)-7 (1.28 g,
3.596 mmol) and triethylamine (0.51 mL, 3.66 mmol) in methyl-
ene chloride at �10°C was added methyl chloroformate (0.278
mL, 3.598 mmol). The solution was stirred at �10°C for 50 min.
A solution of aqueous sodium carbonate was added. The mixture
was extracted with methylene chloride. The organic extracts were
dried and concentrated in vacuo. The residue was purified by flash
column chromatography on silica gel (100:5:0.5 methylene chlo-
ride:methanol:ammonium hydroxide) to give a colorless oil. Chiral
HPLC (10:90:0.01 isopropanol:hexane:diethylamine, Chiralcel-
OD, 2 mL/min) showed the presence of only 1 isomer, with a
retention time of 6 min. 1H-NMR (deuterated chloroform): 7.4 (m,
2H), 7.15 (m, 1H), 4.4–4.9 (m, 1H), 4–4.2 (m, 2H), 3.7–3.9 (m
plus a strong s at 3.75, 4H), 2.4–3.6 (m, 10H), 1.7–1.9 (br s, 4 H).

The oil was dissolved in methanol, and an equal molar amount
of fumaric acid (0.192 g) was added. The solution was warmed
in a water bath, and ethyl acetate was added to make the
solution cloudy. After cooling, the salt was collected by filtra-
tion. Melting point � 184°C[b]–185°C, [�]25 � �24.4° (c �
0.0023 g/mL, H2O).

Synthesis of GR89696, (�)-8. GR89696 was prepared from
(�)-7 (0.2 g) according to the procedure described for the prepa-
ration of (�)-8. The colorless oil of the free base was converted to
the HCl salt. Melting point � 171°C–175°C.

Radiochemistry. 11CO2 was produced via the 14N(p,�)11C nu-
clear reaction on a gas target (filled with 1% O2 in N2, 200 psi)
using the Columbia University RDS112 negative ion cyclotron
(CTI). 11CO2 was delivered into a 0.15-mL solution of lithium
aluminum hydride (20 mg) in tetrahydrofuran (5 mL) at room
temperature. After trapping, the solution was heated with a heat
gun under a stream of argon to remove tetrahydrofuran. A 1%
solution of water in diethyleneglycol butyl ether (1 mL) was added
to the residue, and the mixture was heated with a heat gun under
a stream of argon (25–30 cm3/min) to distill 11C-methanol into
methylene chloride (0.3 mL) in an ice bath. After the distillation,
a solution of 20% phosgene in toluene (5 �L) was introduced. The
solution was left at room temperature for 5 min, and a solution of
(�)-7, the desmethylcarbonyl GR103545 (3 mg), and triethyl-
amine (5 �L) in methylene chloride (0.3 mL) was introduced. The
solution was heated at 50°C for 5 min and then evaporated to
dryness. The residue was dissolved in 1 mL of acetonitrile and
purified by semipreparative HPLC (25% acetonitrile and 75% 0.1

FIGURE 2. (A) Chiral HPLC separation of optical isomers of
compound 7, showing R-(�)-isomer of 7, S-(�)-isomer of 7, and
racemic (�) isomers of 7. HPLC conditions: column, Chiralcel
OD (250 	 4.6 mm); solvent, 25%:75%:0.01% isopropanol:
hexane:diethylamine; flow rate, 2 mL/min. (B) Chiral HPLC sep-
aration of optical isomers of GR89695, showing GR103545 (the
(�)-isomer) and GR89695 (the racemic isomers). HPLC condi-
tions: column, Chiralcel OD (250 	 4.6 mm); solvent, 20%:80%:
0.01% isopropanol:hexane:diethylamine; flow rate, 2 mL/min.
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mol/L ammonium formate) at a flow rate of 8 mL/min. The desired
tracer had a retention time of 11 min. The product fraction was
mixed with 100 mL of water and passed through a C18 Sep-Pak
(Waters). After washing with 10 mL of water, the Sep-Pak was
eluted with 1 mL of ethanol to recover the tracer. A small portion
of the solution was removed for determination of specific activity.
The rest of the solution was mixed with 9 mL of saline and passed
through a sterile 0.2-�m filter and collected in a vented sterile vial.
The specific activity and radiochemical purity were determined by
analytic HPLC (30% acetonitrile and 70% 0.1 mol/L ammonium
formate, 2 mL/min).

11C-GR89696 (the racemic tracer) and the 11C-labeled inactive
enantiomer, (�)11C-GR89696, were similarly prepared starting
from (�)-7 (the racemic precursor) and (�)-7 (the inactive iso-
mer), respectively.

Baboon PET Studies
General Design. Three adult male baboons (baboons A, B, and

C; 24, 13, and 14 kg, respectively) were studied in 10 separate PET
experiments. The first aim was to characterize the brain uptake of
11C-GR103545 under control and blocked conditions. Each ba-
boon was studied in 2 PET experiments (i.e., 6 scans). The first
experiment was a baseline scan with 11C-GR103545 to establish
the regional distribution of its specific binding. After this, the
nonselective opiate receptor antagonist naloxone was administered
in a dose of 1 mg/kg intravenously, to block specific binding of the
tracer. This was followed by a second scan with 11C-GR103545.
The second aim was to evaluate the enantiomeric selectivity of the
uptake. For this purpose, baboon A was studied in 4 PET exper-
iments, the first with 11C-GR89696, that is, the racemic tracer; the
second with 11C-GR89696 after pretreatment with naloxone, 1
mg/kg intravenously; the third with 11C-GR103545, that is, the
active optical isomer; and the fourth with (�)-11C-GR89696, that
is, the inactive isomer.

PET Experimental Procedures. Experiments were performed
according to protocols approved by the Columbia Presbyterian
Medical Center Institutional Animal Care and Use Committee and
previously described (36). In summary, unfed animals were im-
mobilized with ketamine (10 mg/kg intramuscularly) and anesthe-
tized with 1%–2% isoflurane in O2 via an endotracheal tube. A
catheter was inserted in a femoral artery for arterial blood sam-
pling. PET was performed with the ECAT EXACT HR� scanner
(Siemens/CTI) in 3-dimensional mode. A 10-min transmission
scan was obtained before radiotracer injection for attenuation
correction. Radiotracers were administered by intravenous bolus
injection over 30 s. Emission data were collected in 3-dimensional
mode for 121 min as 24 successive frames of increasing duration
(6 	 10 s, 2 	 1 min, 4 	 2 min, 2 	 5 min, 10 	 10 min).

Input Function Measurement. Procedures associated with mea-
surement of the input function have previously been described in
detail (36). In summary, arterial samples were collected every 10 s
for the first 2 min and every 20 s from 2 to 4 min using an
automated blood-sampling system and drawn manually thereafter
at various intervals to a total of 30 samples. Six samples (collected
at 2, 4, 12, 30, 60, and 90 min) were analyzed by HPLC to
determine the fraction of plasma activity representing unmetabo-
lized parent tracer. A biexponential function was fitted to the 6
measured parent fractions and used to interpolate values between
and after the measurements. The input function was then calcu-
lated as the product of total counts and interpolated parent fraction
at each time point. The measured input function values were fitted

to a sum of 3 exponentials and the fitted values were used as input
for the kinetic analyses. The clearance of the parent tracer (L/h)
was calculated as the ratio of the injected dose to the area under the
curve of the input function. The initial distribution volume (Vbol, in
L) was calculated as the ratio of the injected dose to peak plasma
concentration. The plasma free fraction (f1) was determined by
ultrafiltration of triplicate 0.2-mL aliquots of plasma. The amount
of radioactivity in the filter unit and the filtrate was counted. The
f1 was calculated as the ratio of the concentration (radioactivity/
mL) of the filtrate to that of the total.

Image Analysis. An MR image of each baboon’s brain was
obtained to identify the regions of interest (ROIs), as previously
described (36). The following regions were drawn on the MR
images: cerebellum; brain stem; thalamus; striatum; medial tem-
poral lobe; and temporal, cingulate, frontal, parietal, and occipital
cortices.

PET emission data were attenuation corrected using the trans-
mission scan, and frames were reconstructed using a Shepp filter
(cutoff frequency of 0.5 cycles per projection ray). Reconstructed
image files were then processed by MEDx image analysis software
(Sensor System). Each baboon’s PET images were coregistered
with the corresponding MR image as previously described (36).
ROI boundaries were transferred from the MR image to the indi-
vidual registered PET frames, and time–activity curves were mea-
sured and decay corrected. Right and left regions were averaged.
For a given animal, the same regions were used for all radiotracers.

Brain Uptake. Total brain uptake was expressed as the percent-
age of the injected dose per gram of tissue in a region encompass-
ing the entire brain. Regional peak times were defined as the mid
time of the frame associated with the highest activity value. To
estimate the degree of washout from the brain captured during the
scan (121 min), the decrease in activity from the peak to that
recorded during the last frame of acquisition was calculated and
expressed as a percentage of the peak activity.

Derivation of VT. Regional total distribution volumes (VT, in
mL/g) were derived by kinetic analysis of the regional time–
activity curves, using the metabolite-corrected arterial plasma con-
centrations as the input function, according to a 1- or 2-tissue-
compartment model. Kinetic parameters (K1 and k2 for the
1-tissue-compartment model; K1–k4 for the 2-tissue-compartment
model) were derived by nonlinear regression using a Levenberg-
Marquart least-squares minimization procedure implemented in
MATLAB (The Math Works, Inc.). In the 1-tissue-compartment
model, K1 (mL/g/min) and k2 (per min) are the rate constants
governing the transfer of the ligands into and out of the brain,
respectively. In the 2-tissue-compartment model, K1 and k2 are the
rate constants governing the transfer of the ligands into and out of
the nondisplaceable compartment (free and nonspecific binding),
whereas k3 (per min) and k4 (per min) describe the respective rates
of association to and dissociation from the receptors.

VT was derived from kinetic parameters as:

VT �
K1

k2
Eq. 1

in the 1-tissue-compartment model, and as:

VT �
K1

k2
�1 �

k3

k4
� Eq. 2

in the 2-tissue-compartment model.
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Analysis of the first 6 PET experiments showed that, using an
unconstrained 2-tissue-compartment model, the Levenberg-Mar-
quart algorithm failed for almost all regions in half the experi-
ments, as some kinetic parameters assumed a negative value.
Therefore, a constrained (k  0) sequential quadratic program-
ming algorithm (also implemented in MATLAB) was used. Given
the unequal sampling over time (increasing frame acquisition time
from the beginning to the end of the study), the least-squares
minimization procedures were weighted by frame duration.

Derivation of �-OR Parameters. Cerebellar VT (VT CER) was
used as an estimate of the nondisplaceable distribution volume
(including free and nonspecific binding) in the ROIs. The binding
potential (BP, in mL/g) was derived as the difference between VT

in the ROI (VT ROI) and VT CER. BP is related to receptor parameters
by:

VT ROI � VT CER � BP � f1 �
Bmax

KD
, Eq. 3

where Bmax is the concentration of available sites (nmol/L/g of
tissue) and KD is the in vivo equilibrium dissociation constant of
the radiotracer (nmol/L/ml of brain water) (37).

The main outcome measure of interest was the specific-to-
nonspecific equilibrium partition coefficient (V3�). V3� was calcu-
lated as the ratio of BP to VT CER and related to receptor parameters
by:

BP

VT CER
� V3� � f2 �

Bmax

KD
, Eq. 4

where f2 is the free fraction in the nonspecific distribution volume
of the brain (f2 � f1/VT CER) (37).

Statistical Analysis. Values are given as mean � SD. Dependant
variables were analyzed using a paired t test, ANOVA, or repeat-
ed-measures ANOVA, when appropriate. Post hoc tests were
performed using the Fisher test of protected least-significant dif-
ference. A 2-tailed probability value of 0.05 was selected as the
significance level. Goodness of fit of models with different levels
of complexity was compared using the Akaike information crite-
rion and the F test. The SE of the parameters was given by the
diagonal of the covariance matrix and expressed as a percentage of
the parameters (coefficient of variation). Primary references have
been published by Laruelle et al. (37).

RESULTS

Radiochemistry
The synthesis time for 11C-GR103545 was about 50 min.

Radiochemical yield (based on the amount of 11CO2) at
end of synthesis (EOS) was about 2%. Chemical purity
was more than 95% and radiochemical purity was more
than 98%.

PET Experiments
Injected Doses. Mean � SD and ranges of injected doses,

specific activities at time of injections, and injected masses
for the 11C-GR103545 and 11C-GR89696 scans (n � 10)
were 107.3 � 40.7 MBq (37.0–177.6 MBq), 9,916 � 5,069
GBq/mmol (3,700–18,315 GBq/mmol), and 0.00025 �
0.00011 mg/kg (0.00016–0.00051 mg/kg). Masses below
0.0003 mg/kg were generally without significant effects on

blood pressure, heart rate, respiratory rate, or recovery from
anesthesia. Masses higher than 0.0003 mg/kg were limited
to 2 scans blocked with naloxone, when potential physio-
logic side effects from �-OR agonism were prevented.

Plasma Analysis. Plasma metabolite analysis after the
injection of 11C-GR103545 revealed no lipophilic metabo-
lites. The fraction of total plasma activity corresponding to
the parent compound at 2, 4, 12, 30, 60, and 90 min after
injection of 11C-GR103545 (n � 4 experiments) was 91% �
10%, 83% � 14%, 55% � 12%, 35% � 7%, 25% � 5%,
and 28% � 9%, respectively. Initial distribution volume
(Vbal) clearance, and f1 for 11C-GR103545 were 1.9 � 0.5 L,
23.3 � 8.6 L/h, and 24% � 9%, respectively (n � 4
experiments).

Control Experiments. 11C-GR103545 showed excellent
brain penetration, with peak total brain uptake of 0.010% �
0.004% injected dose per gram at 16 � 3 min (n � 4
experiments). Over time, activity became concentrated in
regions with high �-OR densities, that is, cingulate cortex,
striatum, frontal cortex, temporal cortex, and parietal cortex.
Intermediate levels were found in thalamus and medial
temporal lobe, and low levels in brain stem and occipital
cortex. Lowest levels were found in cerebellum (Fig. 3A).
Figure 4 displays time–activity curves for a subset of rep-
resentative brain regions (cerebellum, occipital cortex, fron-
tal cortex, parietal cortex, and cingulate cortex) after ad-
ministration of 11C-GR103545. Good separation was seen
between activities in different regions. In regions with low-
est activity, initial uptake was rapid, with an early and sharp
peak, followed by rapid washout. In regions with higher
activity, uptake was slower, with smoother peaks, followed
by moderate washout. Regional mean peak uptake times are
presented in Table 1. Regional rank order for 11C-
GR103545 peak uptake time was cerebellum � occipital
cortex � brain stem � thalamus � medial temporal lobe �
temporal cortex � frontal cortex � parietal cortex � stri-
atum � cingulate cortex. Rank order for the mean regional
washout of 11C-GR103545 (relative decrease from peak
time to the last frame; Table 1) was cerebellum  occipital
cortex  brain stem  temporal cortex  parietal cortex 
thalamus � medial temporal lobe  frontal cortex  cin-
gulate cortex � striatum.

The 4 11C-GR103545 baseline scans were chosen to as-
sess the best model for kinetic analysis. In all regions, VT

was larger when calculated with a 2-tissue-compartment
model than when calculated with a 1-tissue-compartment
model, and this difference was statistically significant (re-
peated-measures ANOVA, effect of model P � 0.0001).
There was no significant difference in the SE of VT (per-
centage coefficient of variation) between the 2 models (re-
peated-measures ANOVA, effect of model P � 0.07). How-
ever, the goodness of fit to the data, as indicated by the
Akaike information criterion, was significantly better for the
2-tissue-compartment model (repeated-measures ANOVA,
effect of model P � 0.0001). Similarly, the F test indicated
a significantly better fit (P � 0.05) for the 2-tissue-com-
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partment model in all 4 studies for 6 of the 10 regions and
in 3 of the 4 studies for the remaining 4 regions (Table 2).
Moreover, mean regional F values were significantly differ-
ent from unity (i.e., the null hypothesis of no difference in
goodness of fit between 2-tissue-compartment model and
1-tissue-compartment model) by paired t test (P � 0.02). In

view of the significant difference in calculated VT between
the 2 models, and the significantly better fit to the data
(Akaike information criterion and F test) of the 2-tissue-
compartment model, the 2-tissue-compartment model was
selected as the best model for the kinetic analysis of all
ROIs, including the reference region (cerebellum).

Table 3 (baseline columns) displays the regional VT, BP,
and V3� values for 11C-GR103545. The rank order for spe-
cific binding was cingulate cortex  striatum  frontal
cortex  temporal cortex  parietal cortex  medial tem-
poral lobe  thalamus  brain stem  occipital cortex.

FIGURE 3. (A) Sagittal (left), coronal
(middle), and transverse (right) slices of
representative baboon PET scan acquired
from 40 to 80 min after injection of 11C-
GR103545. Activity is concentrated in cin-
gulate, frontal, temporal, and parietal cor-
tices; medial temporal lobe; and striatum.
Little activity is seen in brain stem and oc-
cipital cortex. Cerebellar uptake appears
close to background level. (B) 11C-
GR103545 scans (same slices in same ba-
boon over same interval) after pretreatment
with naloxone, 1 mg/kg intravenously. Im-
ages in A and B are normalized to their
respective injected doses of activity and
displayed with same intensity range. (C)
Coregistered MR images of same baboon.

FIGURE 4. Time–activity curves in selected brain regions
from single, representative study after bolus injection of 11C-
GR103545: cerebellar (E), occipital (�), frontal (‚), parietal (f),
and cingulate (F). Points are measured values; lines are values
fitted to a 2-tissue-compartment model. ID � injected dose.

TABLE 1
Regional Peak Uptake Times and Activity Washout

for 11C-GR103545

Region
Peak uptake time

(min)
Activity washout

(%)

Cerebellum 8.0 � 1.6 66.1 � 5.5
Brain stem 10.1 � 6.1 46.8 � 12.6
Thalamus 18.3 � 11.9 33.1 � 12.6
Striatum 38.5 � 5.0 22.4 � 5.8
Medial temporal lobe 18.3 � 6.5 32.4 � 8.8
Cingulate cortex 41.0 � 12.9 22.6 � 1.9
Frontal cortex 22.3 � 4.3 26.5 � 5.1
Temporal cortex 21.0 � 6.1 37.2 � 4.3
Parietal cortex 22.9 � 6.3 34.4 � 5.2
Occipital cortex 9.0 � 1.2 56.5 � 4.9

Values are mean � SD of 4 experiments; activity washout is
decrease from peak to last frame.
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Values of V3� were above 0.5 for all regions except brain
stem and occipital cortex. Specific binding was blocked by
pretreatment with naloxone.

Blocking Experiments. After naloxone, 1 mg/kg intrave-
nously (Table 3, after-naloxone columns, and Fig. 5), values
of BP and V3� fell significantly (repeated-measures
ANOVA, P � 0.001) across all regions to fairly homoge-
neous low-to-negligible levels. The change in VT CER after
naloxone was not significant (from 3.7 to 3.4 mL/g; P �

0.77), supporting the absence of significant specific binding
in that region.

Assessment of Enantiomeric Selectivity. Figure 6 displays
brain time–activity curves for a subset of representative
brain regions (cerebellum, occipital cortex, frontal cortex,
parietal cortex, and cingulate cortex) for the 4 experiments
performed on baboon A to compare the imaging properties
of the racemic compound 11C-GR89696 and its active (11C-
GR103545) and inactive ((�)-11C-GR89696) enantiomers.

TABLE 2
Comparison of Compartment Models for 11C-GR103545 Kinetic Analysis

Region Model VT (mL/g) SE (%CV) Goodness of fit AIC 2TCM superior to 1TCM*

Cerebellum 1TCM 3.3 � 0.6 3.6 � 2.1 �78 � 22
2TCM 3.6 � 0.6 2.6 � 2.4 �139 � 25 4

Brain stem 1TCM 4.5 � 2.6 3.2 � 1.8 �86 � 23
2TCM 5.0 � 2.4 3.7 � 2.9 �129 � 16 4

Thalamus 1TCM 6.8 � 3.0 2.9 � 1.1 �83 � 23
2TCM 7.2 � 3.0 2.5 � 1.4 �113 � 23 3

Striatum 1TCM 10.2 � 4.9 2.3 � 1.0 �102 � 32
2TCM 9.8 � 4.9 2.7 � 1.3 �117 � 34 3

Medial temporal lobe 1TCM 6.2 � 3.1 3.1 � 1.4 �87 � 23
2TCM 6.7 � 3.1 3.3 � 1.8 �113 � 28 3

Cingulate cortex 1TCM 10.0 � 5.3 2.9 � 1.1 �88 � 25
2TCM 10.5 � 5.0 2.8 � 1.6 �114 � 40 3

Frontal cortex 1TCM 7.2 � 3.4 2.8 � 1.8 �98 � 30
2TCM 7.9 � 3.3 2.6 � 2.2 �143 � 25 4

Temporal cortex 1TCM 7.3 � 3.7 2.5 � 1.3 �90 � 27
2TCM 7.7 � 3.6 2.1 � 1.5 �135 � 22 4

Parietal cortex 1TCM 6.8 � 3.2 1.6 � 0.5 �101 � 31
2TCM 7.2 � 3.2 1.0 � 0.3 �149 � 25 4

Occipital cortex 1TCM 4.4 � 2.2 2.9 � 1.3 �79 � 25
2TCM 4.8 � 2.1 1.7 � 1.1 �139 � 25 4

*Number of studies (of 4) in which F test indicates significantly better fit (P � 0.05) for 2TCM than for 1TCM.
1TCM � 1-tissue-compartment model; 2TCM � 2-tissue-compartment model; AIC � Akaike information criterion.
Values are mean � SD of 4 experiments. VT is significantly larger with 2TCM (repeated-measures ANOVA, effect of model, P � 0.0001).

Fit was significantly better (AIC more negative) with 2TCM (repeated-measures ANOVA, effect of model, P � 0.0001).

TABLE 3
11C-GR103545 Binding Parameters at Baseline and After Naloxone

Region VT (mL/g)
Baseline (n � 3)

BP (mL/g) V3� VT (mL/g)
After naloxone (n � 3)

BP (mL/g) V3�

Cerebellum 3.7 � 1.6 — — 3.4 � 1.2 — —
Brain stem 5.1 � 2.9 1.4 � 1.3 0.3 � 0.2 3.6 � 1.8 0.3 � 0.6 0.1 � 0.2
Thalamus 6.9 � 3.6 3.2 � 2.1 0.8 � 0.3 4.1 � 2.1 0.8 � 0.9 0.2 � 0.2
Striatum 10.5 � 5.9 6.8 � 4.3 1.7 � 0.5 4.7 � 2.8 1.3 � 1.5 0.3 � 0.3
Medial temporal lobe 7.0 � 3.8 3.3 � 2.1 0.8 � 0.2 4.0 � 1.8 0.6 � 0.6 0.2 � 0.1
Cingulate cortex 10.9 � 6.1 7.2 � 4.5 1.9 � 0.4 4.9 � 2.3 1.6 � 1.1 0.4 � 0.1
Frontal cortex 8.5 � 3.7 4.8 � 2.1 1.3 � 0.2 4.3 � 2.3 1.0 � 1.1 0.2 � 0.2
Temporal cortex 8.1 � 4.3 4.4 � 2.7 1.1 � 0.2 4.4 � 2.1 1.0 � 0.8 0.3 � 0.1
Parietal cortex 7.5 � 3.8 3.7 � 2.2 1.0 � 0.2 4.1 � 2.2 0.7 � 1.0 0.2 � 0.2
Occipital cortex 4.9 � 2.5 1.2 � 0.9 0.3 � 0.1 3.7 � 1.7 0.3 � 0.5 0.1 � 0.1

Values are mean � SD. Naloxone has no significant effect on VT in CER (P � 0.77; paired t test). Effect of naloxone on regional V3� is
highly significant (repeated-measures ANOVA, effect of condition, P � 0.0001).
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To facilitate comparison, activities displayed in Figure 6 are
normalized to injected doses, and scales of the axes have
been kept constant. All 3 compounds showed good brain
penetration. Racemic 11C-GR89696 (Fig. 6A) showed mod-
erate separation between activities in different regions. Ini-
tial uptake was rapid, with fairly early and sharp peaks,
followed by moderate washout. After pretreatment with
naloxone, 11C-GR89696 activity (Fig. 6B) peaked more
rapidly, was followed by rapid washout, and showed little
separation between regions. In comparison with the racemic
11C-GR89696, 11C-GR103545 (Fig. 6C) showed similar ini-
tial uptake, but more rapid washout in the region of refer-
ence (cerebellum). There was greater separation between
regions, as well as smoother, more protracted peaks and
slower washout in regions with highest activity, potentially
predicting higher specific binding. In contrast, the inactive
enantiomer (�)-11C-GR89696 (Fig. 6D) showed sharp
peaks, rapid washout, and minimal separation between re-
gions. The time–activity curves were similar in appearance
to those measured when the specific binding of 11C-
GR89696 was blocked by naloxone (Fig. 6B).

Regional V3� values are shown in Table 4 for each of the
4 conditions. As predicted, V3� values were higher in all
regions (by approximately 56%–200%) for 11C-GR103545
than for 11C-GR89696. For 11C-GR89696, V3� values were
low or moderate across regions, with the highest value
(cingulate cortex) not exceeding 1.0. This specific binding
was almost entirely blocked by pretreatment with naloxone,
1 mg/kg intravenously, as indicated by values of V3� homo-
geneously close to zero. Similarly, (�)-11C-GR89696 had
only homogeneous, nonspecific uptake.

DISCUSSION

This paper has characterized 11C-GR103545, a novel
radiotracer for imaging �-OR with PET. 11C-GR103545
demonstrated the favorable characteristics required of a
useful PET radiotracer (38).

The synthesis method reported here resulted in optical
purity of the synthetically obtained GR103545 and its chiral
precursor, (–)-7, and our measured optical rotations of
GR103545 agreed with those reported in the literature
(31,35). The radiosyntheses of 11C-GR103545, 11C-
GR89695, and (�)-11C-GR89695 previously reported used
11C-methyl chloroformate and the corresponding precursors
(34). Using this method, we found that the specific activities
of all 3 tracers were relatively low (ranged from approxi-
mately 5,550 to 18,315 GBq/mmol EOS) in comparison to
those achieved using 11C-methyl iodide in our center (55.5–
148.0 TBq/mmol EOS). A high specific activity will be
important for human studies, as GR103545 is a potent �-OR
agonist. No pharmacologic effects of 11C-GR103545 were
detected in the studies reported here.

Plasma metabolite analysis revealed no lipophilic metab-
olites having a propensity to diffuse into the brain. The
metabolic rate was moderate, with 27% of unmetabolized
parent remaining at 60 min after injection. f1 was high
enough (24%) to be measurable with conventional ultracen-
trifugation techniques. Thus, the input function could ap-
propriately be characterized.

As predicted by its lipophilicity (log P � 3.14), 11C-
GR103545 shows excellent brain penetration. However, the
nonspecific binding was relatively low, with a VT CER value
of 3.7 mL/g. Given an f1 of 24%, a nonspecific distribution
volume of 3.7 mL/g indicates that the free fraction in the
nondisplaceable compartment is 6.4%, which is acceptable.
The washout from the brain was fast enough to permit a
practical scan duration (120 min in our experiments). The
peak uptake of 11C-GR103545 in the highest uptake region
(cingulate cortex) was achieved in about 40 min and showed
23% washout by the end of the scan (Table 1).

The regional uptake was amenable to quantitative analy-
sis using compartmental modeling. Regional VT was de-
rived by kinetic analysis of the regional time–activity
curves, using the metabolite-corrected arterial plasma con-
centrations as the input function, according to a 1-tissue-
compartment model and a 2-tissue-compartment model. VT

was significantly larger when calculated with a 2-tissue-
compartment model, and a 2-tissue-compartment model
provided a significantly better fit to the data as indicated by
both the Akaike information criterion and the F test (Table
2). The 2-tissue-compartment model was therefore selected
as the best model for kinetic analysis of all ROIs, including
the reference region (cerebellum). Using this model, re-
gional VT values were derived with appropriate confidence
(percentage coefficient of variation � 3%; Table 2). The
fact that a 2-tissue-compartment model was found to be
superior in both receptor-rich and reference (cerebellum)

FIGURE 5. Mean regional V3� values for 11C-GR103545 at
baseline and after pretreatment with naloxone, 1 mg/kg intra-
venously (n � 3). Error bars � SD. After naloxone, regional V3�
values are significantly reduced (repeated-measures ANOVA,
P � 0.001) and approach homogeneous low-to-negligible lev-
els. BSTM � brain stem; THA � thalamus; STR � striatum;
MTL � medial temporal lobe; CIN � cingulate cortex; FNT �
frontal cortex; TEM � temporal cortex; PAR � parietal cortex;
OCC � occipital cortex.
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regions does not necessarily imply the presence of a signif-
icant specific binding compartment in the cerebellum, as
model order determination is not always based strictly on
the presence or absence of receptors in a region. However,
it may have implications for alternative methods for deriv-
ing receptor parameters. If the reference region is not par-
simoniously fitted by a 1-tissue-compartment model, then
fitting procedures based on this assumption and using ref-
erence tissue (as opposed to plasma) inputs may be prone to
error (39).

The derivation of receptor parameters requires determi-
nation of the specific and nonspecific components of the
regional distribution volume. The most practical method to
derive these contributions is to use VT in a region of refer-
ence (i.e., a region devoid of significant receptor density) as
an estimate of the nonspecific distribution volume. Despite
the fact that low density of �-OR has been reported in the
cerebellum (6,40), its use as a region of reference was
validated in this study. First, blocking the �-OR with nal-
oxone failed to significantly affect 11C-GR103545 VT CER,

FIGURE 6. Time–activity curves in se-
lected brain regions from 4 experiments
performed on baboon A: cerebellar (E), oc-
cipital (�), frontal (‚), parietal (f), and cin-
gulate (F). (A) Racemic 11C-GR89696. (B)
11C-GR89696 after pretreatment with nal-
oxone. (C) The active enantiomer 11C-
GR103545. (D) The inactive enantiomer
(�)-11C-GR89696. Points are measured
values; lines are values fitted to a 2-tissue-
compartment model. ID � injected dose.

TABLE 4
Assessment of Enantiomeric Selectivity

Region

V3� value
11C-GR89696 11C-GR89696 after naloxone 11C-GR103545 (�)-11C-GR89696

Brain stem 0.21 �0.02 0.33 �0.03
Thalamus 0.53 0.15 1.30 0.09
Striatum 0.75 0.08 1.65 0.07
Medial temporal lobe 0.34 0.10 0.68 0.03
Cingulate cortex 1.00 0.19 1.67 0.13
Frontal cortex 0.42 �0.02 0.82 �0.11
Temporal cortex 0.56 0.11 0.93 0.02
Parietal cortex 0.30 �0.02 0.90 0.01
Occipital cortex 0.02 �0.04 0.32 0.00

Each of the 4 conditions represents results of single PET experiment on same baboon (n � 4 scans).
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indicating that the contribution of saturable binding to 11C-
GR103545 VT CER was negligible. Second, under blocking
conditions, VT ROI values were comparable to VT CER (Table
3 and Fig. 5).

The regional pattern of 11C-GR103545 specific binding
found in baboons in this study agrees strongly with the
regional distribution of �-OR demonstrated in the nonhu-
man primate brain in in vitro and autoradiography studies
(6,7), supporting the �-OR–selective profile of 11C-
GR103545 as a radiotracer. Thus, 11C-GR103545 specific
binding was highest in cingulate cortex, striatum, frontal
cortex, temporal cortex, and parietal cortex; intermediate
levels were found in thalamus and medial temporal lobe;
and low levels in brain stem and occipital cortex. In addi-
tion, the regional pattern of 11C-GR103545 specific binding
is quite different from that of 11C-carfentanil, a �-OR–
selective radiotracer, again supporting a non–�-OR profile
for 11C-GR103545. Figure 7 compares regional baseline V3�
values for 11C-GR103545 (n � 4) with regional V3� values
for 11C-carfentanil (n � 9) acquired in our laboratory in the
same baboons and using the same ROIs. For 11C-carfentanil,
V3� values are highest in thalamus and striatum; moderate in
medial temporal lobe and brain stem; and low in cingulate
cortex, frontal cortex, temporal cortex, and parietal cortex.
Specific binding is negligible in occipital cortex, which is
commonly used as a region of reference for this tracer.
Thus, regions with high or moderate 11C-GR103545 V3�
values (e.g., cingulate cortex, frontal cortex, temporal cor-
tex, and parietal cortex) have low 11C-carfentanil V3� val-
ues. Conversely, the region with highest 11C-carfentanil V3�
(thalamus) has only moderate 11C-GR103545 specific bind-
ing. Additional competition experiments, using �-selective
agents, are required to further establish the in vivo selec-
tivity of the specific binding of 11C-GR103545 for �-OR.

However, to date, in vivo pharmacology studies in rhesus
monkeys have revealed only potent �-OR–mediated agonist
effects of GR89696 in behavioral, respiratory, and neuroen-
docrine assays (33).

The 11C-GR103545 BP values derived in this study are
consistent with expectations derived from the literature. For
example, the Bmax of �-OR in human cortex is approxi-
mately 50 fmol/mg (cingulate gyrus, 68 fmol/mg; inferior,
medial, and superior temporal gyri, 50 fmol/mg; superior
parietal cortex, 35 fmol/mg; inferior, medial, and superior
frontal gyri, 51 fmol/mg) (4). Taking these literature Bmax

values, the mean values of 11C-GR103545 BP in the corre-
sponding regions in our study (cingulate cortex, 7.2 mL/g;
temporal cortex, 4.4 mL/g; parietal cortex, 3.7 mL/g; frontal
cortex, 4.8 mL/g; Table 3), and the f1 value of 24%, the
equation BP � f1 	 Bmax/KD estimates in vivo KD values
from each of the 4 regions. The estimated KD values derived
from cingulate cortex, temporal cortex, parietal cortex, and
frontal cortex are 2.3, 2.3, 2.55, and 2.7 nmol/L, respec-
tively, giving a mean 11C-GR103545 KD value of 2.5
nmol/L in vivo in the baboon. This value is relatively
consistent with the in vitro values: racemic GR89696 dis-
places 3H-bremazocine binding with a Ki of 2.3 nmol/L in
the guinea pig (32) and 1.15 nmol/L in the rhesus monkey
(33). Experiments conducted at low specific activities
would be required to formally derive the in vivo KD of
11C-GR103545. These experiments were not conducted, be-
cause of concerns about the potent �-OR agonist effect of
the compound.

The specific-to-nonspecific partition coefficient at equi-
librium, V3�, is an important parameter in the initial evalu-
ation of a potential radiotracer, as it provides a measure of
the signal-to-noise ratio associated with derivation of recep-
tor parameters. Generally, V3� equal to or greater than 0.5 is
desirable for reliable quantification (38). 11C-GR103545
achieved a V3� higher than 0.5 in all regions examined, with
the exception of brain stem and occipital cortex, where the
density of �-OR may be too low to be measured reliably
with this tracer. The improvement in V3� achieved by using
the pure active enantiomer rather than the racemic mixture
was significant. For 11C-GR89696, V3� values were low or
moderate across regions, with only the cingulate cortex and
striatum being much above 0.5 and the highest value (cin-
gulate cortex) not exceeding 1.0 (Table 4). Thus, compared
with 11C-GR89696, 11C-GR103545 provided an enhanced
signal-to-noise ratio that should significantly improve the
reliability of the measurements.

CONCLUSION
11C-GR103545 was shown to be a promising radioligand

for imaging �-OR with PET. The rate of metabolism was
moderate and the free fraction was relatively high, both of
which are important factors for the measurement of input
function. Brain uptake displayed appropriate kinetics, with
significant washout observed within the time frame of the

FIGURE 7. Comparison between 11C-GR103545 (n � 3) and
11C-carfentanil (n � 9) regional V3� values in same baboons.
BSTM � brain stem; THA � thalamus; STR � striatum; MTL �
medial temporal lobe; CIN � cingulate cortex; FNT � frontal
cortex; TEM � temporal cortex; PAR � parietal cortex; OCC �
occipital cortex.
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PET experiment. Brain uptake was significantly reduced
under blocking conditions. Regional VT values could be
derived with appropriate confidence using a 2-tissue-com-
partment model. The use of VT CER as an estimate of the
nondisplaceable distribution volume was validated. The
magnitude and regional distribution of BP were consistent
with expectations from the literature. V3� values were pre-
dictive of reliable quantification in most ROIs. Thus, 11C-
GR103545 satisfies several important criteria for further
development and evaluation in humans.
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