Brain and Whole-Body Imaging in Rhesus Monkeys
of 11C-NOP-1A, a Promising PET Radioligand for
Nociceptin/Orphanin FQ Peptide Receptors

Yasuyuki Kimura'2, Masahiro Fujita!, Jinsoo Hong!, Talakad G. Lohith!, Robert L. Gladding!, Sami S. Zoghbi!,
Johannes A. Tauscher?, Nancy Goebl3, Karen S. Rash?, Zhaogen Chen?, Concepcion Pedregal?, Vanessa N. Barth?,

Victor W. Pike!, and Robert B. Innis!

!Molecular Imaging Branch, National Institute of Mental Health, National Institutes of Health, Bethesda, Maryland; >Department of
Molecular Neuroimaging, Molecular Imaging Center, National Institute of Radiological Sciences, Chiba, Japan; and 3Eli Lilly and

Co., Indianapolis, Indiana

Our laboratory developed (S)-3-(2'-fluoro-6',7'-dihydrospiro
[piperidine-4,4’-thieno[3,2-c]pyran]-1-yl)-2-(2-fluorobenzyl)-N-
methylpropanamide ('C-NOP-1A), a new radioligand for the
nociceptin/orphanin FQ peptide (NOP) receptor, with high affin-
ity (Ki, 0.15 nM) and appropriate lipophilicity (measured logD,
3.4) for PET brain imaging. Here, we assessed the utility of
11C-NOP-1A for quantifying NOP receptors in the monkey brain
and estimated the radiation safety profile of this radioligand
based on its biodistribution in monkeys. Methods: Baseline
and blocking PET scans were acquired from head to thigh for
3 rhesus monkeys for approximately 120 min after "'C-NOP-1A
injection. These 6 PET scans were used to quantify NOP recep-
tors in the brain and to estimate radiation exposure to organs of
the body. In the blocked scans, a selective nonradioactive NOP
receptor antagonist (SB-612111; 1 mg/kg intravenously) was
administered before "C-NOP-1A. In all scans, arterial blood
was sampled to measure the parent radioligand ''C-NOP-1A.
Distribution volume (V+; a measure of receptor density) was
calculated with a compartment model using brain and arterial
plasma data. Radiation-absorbed doses were calculated using
the MIRD Committee scheme. Results: After '"C-NOP-1A
injection, peak uptake of radioactivity in the brain had a high
concentration (~5 standardized uptake value), occurred early
(~12 min), and thereafter washed out quickly. V4 (mL - cm~3)
was highest in the neocortex (~20) and lowest in hypothalamus
and cerebellum (~13). SB-612111 blocked approximately
50%-70% of uptake and reduced V7 in all brain regions to
approximately 7 mL - cm~3. Distribution was well identified
within 60 min of injection and stable for the remaining 60 min,
consistent with only parent radioligand and not radiometabo-
lites entering the brain. Whole-body scans confirmed that the
brain had specific (i.e., displaceable) binding but could not
detect specific binding in peripheral organs. The effective dose
for humans estimated from the baseline scans in monkeys was
5.0 wSv/MBg. Conclusion: ""C-NOP-1A is a useful radioligand
for quantifying NOP receptors in the monkey brain, and its radi-
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ation dose is similar to that of other ''C-labeled ligands for
neuroreceptors. 11C-NOP-1A appears to be a promising candi-
date for measuring NOP receptors in the human brain.
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The nociceptin/orphanin FQ peptide (NOP) receptor is a
G-protein—coupled receptor, with sequences similar to the
classic opioid receptors: ., 8, and k (/). NOP receptors are
involved in a wide range of physiologic responses in the
nervous system, cardiovascular system, airways, gastroin-
testinal tract, urogenital tract, and immune system (2,3). In
the nervous system, spinal administration of NOP is anti-
nociceptive, but supraspinal administration reverses the ef-
fect of exogenous opioids (4). Animal studies suggest that
the NOP receptor is a viable target for the treatment of
variety of diseases such as pain, drug and alcohol abuse,
anxiety, depression, and Parkinson disease (2,5).

NOP receptor distribution is widespread in the human
and nonhuman primate brain. In the postmortem human
brain, a ligand specific to the NOP receptor shows high
density in the cerebral cortex and striatum and moderate
density in the hippocampus and cerebellum (6). In the post-
mortem monkey brain, binding is most abundant in the cerebral
cortex, hippocampus, amygdala, striatum, and thalamus and is
moderate in the cerebellum (7). A PET radioligand for the
NOP receptor would allow investigators to determine
whether this receptor has an abnormal distribution in vari-
ous disorders in vivo, including neuropsychiatric ones, and
would facilitate the development of drugs that target this
binding site. Until recently, no promising radioligand for the
NOP receptor had been developed. Ogawa et al. reported 2
radioligands, ''C-methyl-Ro 64-6198 and ''C-CPEB, with
high affinity for the NOP receptor, but they have high non-
specific binding to the rat brain in vivo (8,9).

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 52 ¢ No. 10 ¢ October 2011


mailto:robert.innis@nih.gov

We recently synthesized a new radioligand—''C-NOP-1A
((S)-3-(2'-fluoro-6',7'-dihydrospiro[piperidine-4,4’-thieno
[3,2-c]pyran]-1-yl)-2-(2-fluorobenzyl)-N-methylpropanamide;
Supplemental Fig. 1 [available online only at http://jnm.
snmjournals.org])—that has high affinity for the NOP receptor
(K;, 0.15 nM) and appropriate lipophilicity (measured logD,
3.4) for PET brain imaging (/0). We also showed that
IIC-NOP-1A had specific (i.e., displaceable) uptake in the
monkey brain. The purposes of this study were 2-fold: to
assess the utility of ''C-NOP-1A for quantifying NOP recep-
tors in the monkey brain and to estimate the radiation safety
profile of this radioligand on the basis of its peripheral bio-
distribution in monkeys.

MATERIALS AND METHODS

Radioligand Preparation

IC-NOP-1A was labeled by !''C-methylation of an N-des-
methyl precursor, as described by Pike et al. (/0). The average
specific activity of ''C-NOP-1A at the time of injection was 93 *
63 GBg/pmol for the 3 baseline scans and 107 * 66 GBg/pumol
for the 3 blocked scans with SB-612111 (//-14), a selective non-
radioactive NOP receptor antagonist.

Animals

Three male rhesus monkeys (Macaca mulatta; mean weight *
SD, 11 = 0.6 kg) were immobilized with ketamine (10 mg/kg
intramuscularly), intubated, and subsequently anesthetized with
isoflurane (1%-3% in O,). Electrocardiograph, body temperature,
heart rate, and respiration rate were monitored throughout the
experiment. Body temperature was maintained between 36.5°C
and 39.0°C. All animal experiments were performed in accord-
ance with the Guide for the Care and Use of Laboratory Animals
(15) and were approved by the National Institute of Mental Health
Animal Care and Use Committee.

Measurement of 1'C-NOP-1A in Plasma

To determine the stability of ''C-NOP-1A in vitro, approximately
15 kBq of radioligand were incubated with blood and plasma from
each monkey for 30 min at room temperature. In blood and plasma,
99.8% * 0.5% (n = 6) and 99.8% = 0.5% (n = 6) of radioactivity
represented unmetabolized ''C-NOP-1A after incubation, respectively.

A plasma time-activity curve for each scan was created and
corrected by the fraction of unmetabolized radioligand. Blood
samples (1.0 mL each) were drawn from the femoral artery at
15-s intervals until 120 s, followed by 1-mL samples each at 3,
5, 10, 20, and 30 min; 2-mL samples each were then drawn at 60,
90, and 120 min. Radioactivity in plasma and the in vitro standards
were extracted into acetonitrile and analyzed by reversed-phase
chromatography with a C;g column (Novapak, 4 wm, 100 X 8 mm;
Waters Corp.), which was housed in a radial compression module
(RCM-100) and eluted at 2 mL/min with methanol:water:triethyl-
amine (80:20:0.1 by volume) as previously described (/6).

The plasma-free fraction of 2 monkeys was measured by
ultrafiltration, as previously described (/7). The plasma-free frac-
tion, the fraction of the ligand that is not bound to plasma proteins
at equilibrium, was 15% = 2% (n = 4 blood samples).

PET Scans
PET scans at baseline and after NOP-receptor blockade were
acquired for each of 3 monkeys. The injected dose of ''C-NOP-1A
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was 229 *= 13 MBq for the baseline scans and 239 * 15 MBq for
the blocked scans. Dynamic 2-dimensional PET scans were
acquired from head to thigh using an Advance tomograph (GE
Healthcare). Each monkey was imaged in 4 contiguous 15-cm bed
positions in 22 frames per bed position, each of increasing dura-
tion (from 30 s to 4 min), for a total scan time of 114 min. Because
the brain was acquired in the first of 4 bed positions, the last brain
scan was acquired at about 98—102 min after injection. All images
were corrected for attenuation and scatter.

For the blocked scans, the selective NOP receptor antagonist
SB-612111 (1 mg/kg intravenously, equaling 2.4 wmol/kg), syn-
thesized by Eli Lilly, was injected 10 min before the radioligand.
The structure of SB-612111 is shown in Supplemental Figure 1. In
all scans, arterial blood was sampled to measure the plasma con-
centrations of ''C-NOP-1A.

Brain Image Analysis

As an overview, regional time—activity curves were created from
volumes of interest that were positioned on the monkey’s MR image
and then transferred to the coregistered PET image. More specifi-
cally, axial MR images of 1.5-mm contiguous slices were obtained
using a 1.5-T Signa device (GE Healthcare), with a repetition time of
13.1 ms, echo time of 5.8 ms, and flip angle of 45°. The MR image
of each animal was coregistered to the PET image using statistical
parametric mapping (version 8 [Wellcome Department of Cognitive
Neurology], for Windows [Microsoft]). Both MR and PET images
were then spatially normalized to a model monkey brain on the basis
of transformation parameters from the MR images. Volumes of
interest were drawn on the model monkey brain and applied to the
spatially normalized PET images to extract time—activity curves for
the following 16 brain regions: prefrontal cortex (7.4 cm?), basal
frontal cortex (0.7 cm?®), parietal cortex (3.2 cm?), occipital cortex
(6.5 cm?), insula (0.7 cm?3), lateral temporal cortex (4.8 cm?), medial
temporal cortex (1.0 cm?), amygdala (0.3 cm?), hippocampus (1.1
cm?), anterior cingulate cortex (1.6 cm?), posterior cingulate cortex
(0.3 cm?®), caudate (0.9 cm?), putamen (1.4 cm?), thalamus (0.8 cm?),
hypothalamus (0.1 cm?), and cerebellum (5.1 cm?). All image ana-
lyses were conducted using PMOD 3.14 (PMOD Technologies).

Brain Kinetic Analysis

Distribution volume was calculated according to both a 1- and
2-tissue-compartment model and using the serial concentrations of
radioactivity in brain and the concentration of parent radioligand in
plasma (/8). Total distribution volume (V) was estimated with
weighted least squares and the Marquardt optimizer. Brain data for
each frame were weighted on the basis of the noise-equivalent counts.

The optimal compartment model (i.e., 1 vs. 2 tissue compart-
ments) was chosen on the basis of the Akaike information
criterion (AIC) (/9), model selection criterion (MSC) (20), and
F test. The most appropriate model would be the one with the small-
est AIC and the largest MSC value. Goodness of fit by 1- and
2-tissue-compartment models was compared with F statistics
(21). A value of P less than 0.05 was considered significant. The
identifiability of Vi was expressed as a percentage and equals the
ratio of the SE of Vr divided by the value of Vg itself. A lower
percentage indicates better identifiability.

We evaluated the time stability of Vr to determine the minimal
scan length necessary for reliable measurements and to indirectly
assess whether radiometabolites of ''C-NOP-1A enter brain. We
examined the time stability of V1 by increasingly truncating the
scan duration from 0—100 min to 0—10 min in 10-min increments.
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Dosimetry Analysis

Regions were drawn on source organs that could be identified
from 3-dimensional tomographic images: brain, heart, lungs, liver,
spleen, gallbladder, kidneys, lumbar vertebrae, small intestine, and
urinary bladder. Generously sized regions were used to include all
the radioactivity in each organ. The mean recovered activity in
PET images above the thigh was 88% of the injected activity.
Thus, uptake in each source organ was corrected for this recovery
by 88%.

At each time point, the measured activity (i.e., not corrected for
decay) of the source organ was expressed as the percentage
injected activity. The area under the time—activity curve of each
organ was calculated by the trapezoidal method during the 120-
min scanning session. The area after the last image to infinity was
calculated by assuming that the subsequent decline of radioactiv-
ity occurred only via physical decay, without any further biologic
clearance. The area under the curve of percentage injected activity
from time zero to infinity equals residence time of the organ. To
calculate the residence time for the remainder of the body, the
residence times for all source organs were summed and subtracted
from the fixed theoretic value of T;,/In 2 = 0.49 h.

The residence time of all red marrow in the body was estimated
from that of lumbar vertebrae. However, a small portion of the
radioactivity in lumbar vertebrae may have come from bone but
not from red marrow. To conservatively estimate radiation-
absorbed doses, we assigned all radioactivity of lumbar vertebrae
to red marrow. Applying the reported observation that the mass of
red marrow in lumbar vertebrae of Macaca mulatta is 17% of the
mass of all red marrow in the body (22), residence time of red
marrow in the entire body was calculated by multiplying that of
lumbar vertebrae by 100/17.

The residence times of the monkeys were converted into
corresponding human values by multiplying with a factor to scale
organ and body weights: (b,,/0,,) X (on/by), where by, and by, are
the body weights of monkey and human, respectively, and o,, and
o are the organ weights of monkey and human, respectively
(Supplemental Table 1).

Radiation-absorbed doses were calculated by entering the
residence times for all source organs into OLINDA/EXM 1.0
software (23) using the model for a 70-kg adult male.

RESULTS

Pharmacologic Effects

In a total of 6 scans in 3 monkeys, !'C-NOP-1A injection
had no significant pharmacologic effects. The injected dose
of 'IC-NOP-1A was 312 * 195 pmol/kg for the baseline
scans and 283 * 197 pmol/kg for the blocked scans. In
addition, intravenous injection of the NOP receptor antag-
onist SB-612111 (1 mg/kg, equaling 2.4 pwmol/kg) caused
no obvious pharmacologic effects. Differences between
pre- and postinjection vital signs were less than 15 mm
Hg for systemic blood pressure, less than 10/min for pulse,
and less than 1°C for body temperature.

Whole-Body Biodistribution and Dosimetry Estimates
Whole-body images were notable for early distribution in
the blood pool, accumulation in the target organ (i.e., brain),
and excretion of radioactivity via hepatobiliary and urinary
routes (Fig. 1; Supplemental Fig. 2). At early time points,
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radioactivity was prominent in organs with high blood vol-
ume, including the kidneys, heart, lung, and liver. The images
showed excretion of radioactivity via both hepatobiliary
routes (with ~5% injected activity in gallbladder and small
intestine at 60 min) and urinary routes (with almost 20% of
injected activity in urinary bladder at 120 min). Preinjection
of the selective antagonist SB-612111 caused no noticeable
change of activity in any organ, except the brain (Fig. 1;
Supplemental Fig. 2).

The effective dose, which is a weighted sum of overall
exposure to the organs, would be 5.0 wSv/MBq. The organs
with the longest residence times were the liver, lungs, and
red marrow (Supplemental Table 2). The organs with the
highest radiation doses (nGy/MBq) were the gallbladder
wall, brain, urinary bladder wall, and liver (Table 1).
Because the time—activity curves of all organs, except the
brain, were not visibly affected by receptor blockade, we
did not do a dosimetry calculation for the 3 blocked scans.

Plasma Analysis

After injection over 1 min, ''C-NOP-1A showed a quick
peak and fast washout in plasma (Fig. 2A). In addition,
receptor blockade with SB-612111 did not influence the
time course or metabolism of the radioligand (Supplemen-
tal Fig. 3A). For both baseline and blocked scans, the
plasma concentration of '"C-NOP-1A peaked at approxi-
mately 2 min and decreased quickly thereafter (Fig. 2A).
Receptor blockade did not change the composition of radio-
activity in plasma (i.e., percentage of plasma radioactivity
that is parent radioligand) or the clearance of ''C-NOP-1A
from plasma. The clearance was 407 mL/min at baseline
and 434 mL/min after receptor blockade. Finally, the radio-
metabolites in plasma eluted earlier on reversed-phase
high-performance liquid chromatography and are thus all
less lipophilic than the parent radioligand ''C-NOP-1A
(Supplemental Fig. 3B).

Brain Uptake and Compartmental Analysis

After the injection of "C-NOP-1A, radioactivity in brain
reached high peak levels, washed out quickly, and was appro-
priately distributed for labeling NOP receptors (Figs. 2B and
3). For example, the brain region with the highest uptake
(insula) reached a peak concentration of approximately 6
standardized uptake value at approximately 8 min, and then
declined to approximately 30% of peak by the end of the scan
at 100 min. For the 16 brain regions, the peak concentration
of radioactivity in brain was highest in the insula and amyg-
dala and lowest in hypothalamus and medial temporal cortex.
As expected, injection of the NOP receptor antagonist
SB-612111 (1 mg/kg intravenously) decreased uptake and
increased the rate of washout from all regions.

Receptor binding of ''C-NOP-1A could be quantified
in the brain assuming the input of only parent radioligand
in arterial plasma. Although total V1, which is a measure
of receptor density, could be reliably quantified with both
1- and 2-tissue-compartment models, we selected the 1-tissue-
compartment model for the following reasons. In all baseline
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experiments, both 1- and 2-tissue-compartment models
converged in all regions. However, AIC and MSC values
in the I-tissue-compartment model were, respectively,
smaller and larger than those in the 2-tissue-compartment
model for all brain regions except for 2 regions in 1 mon-
key. Nevertheless, differences between 1- and 2-tissue-
compartmental fittings were not significant by F tests in
any brain region, except for the cerebellum of 1 monkey.
Moreover, the 1-tissue-compartment model identified the 2
rate constants (K; and k,) with an SE less than 10% in all
regions. In contrast, the 2-tissue compartment model poorly
identified the rate constants (K, k,, k3, and k,) in some
brain regions in all monkeys. Thus, we chose the 1-tissue-
compartment model because it adequately described the
kinetics of ''C-NOP-1A, and our data lacked adequate infor-
mation to justify identifying 2 compartments in tissue. Com-
pared with the baseline scans, the blocked scans showed less
robust differences between 1- and 2-tissue-compartment
models. Largely for the sake of consistency, we applied a
1-tissue-compartment model to both baseline and blocked
scans. Independent of whether we used a 1- or 2-tissue-
compartment model, the absolute and relative V1 values
were unchanged, as was the effect of receptor blockade.

PET or NOP REecepTORS IN MONKEYS ¢ Kimura et al.

Preinjection of the selective antagonist SB-612111
decreased uptake in all brain regions (Table 2). The
decrease in Vr from baseline presumably reflected binding
of the radioligand to NOP receptors and will be referred to
as specific distribution volume (Vg)—that is, V1 baseline —
Vr blocked. Consistent with the distribution of NOP recep-
tors in the monkey brain (7), Vg values were highest in the
lateral temporal cortex, amygdala, and occipital cortex;
lowest in the hypothalamus and cerebellum; and intermedi-
ate in other regions. The percentage of specific binding (Vs/
V) varied from 41% to 67% in the 16 regions examined.

To indirectly assess whether radiometabolites accumu-
late in brain during the course of the scan, we calculated Vr
using increasingly truncated segments of the brain time—
activity curves. That is, we examined the time stability of
Vr by increasingly truncating the scan duration from
0-100 min to 0-10 min in 10-min increments. For both
baseline and blocked scans, the 1-tissue-compartment
model successfully identified V within 10% of its terminal
value (0—100 min) with only the initial 40-60 min of imag-
ing data (Supplemental Fig. 4). Similarly, V1 was well
identified (i.e., had low SE values) within 40-60 min of
scanning. On the basis of these results, it appears that
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TABLE 1
Radiation Dosimetry Estimates for 1'C-NOP-1A in
Standard Reference Man

Target organ Radiation dose (uGy/MBQq)

Adrenals 3.4
Brain 5.5
Breasts 1.9
Gallbladder wall 35.6
Lower large intestine wall 2.4
Small intestine 4.1
Stomach wall 2.6
Upper large intestine wall 2.8
Heart wall 12.8
Kidneys 13.5
Liver 13.8
Lungs 11.2
Muscle 2.1
Ovaries 2.5
Pancreas 3.5
Red marrow 5.0
Osteogenic cells 4.5
Skin 1.5
Spleen 11.9
Testes 1.8
Thymus 2.3
Thyroid 1.9
Urinary bladder wall 15.7
Uterus 2.8
Total body 2.8
Effective dose (WSv/MBqQ) 5.0

IIC-NOP-1A binding to receptors in the brain can be quan-
tified from about 1 h of imaging data combined with serial
concentration of the parent radioligand in arterial plasma.
Notably, Vr values were stable for the last half hour of
imaging (60—100 min), which is consistent with (but does
not prove) a lack of accumulation of radiometabolites in the
brain. Consistent with this interpretation, radiometabolites
of '"C-NOP-1A in plasma were less lipophilic than the
parent radioligand (Supplemental Fig. 3B).

Vr was also calculated using the graphical approach of
Logan (24), which does not specify a particular compart-
mental configuration. The slope of the linear portion of the
Logan plot, which equals Vy, was well identified (Supple-
mental Fig. 5).

DISCUSSION

This study used an efficient experimental design in
monkeys to acquire both brain and whole-body images
after each injection of ''C-NOP-1A to quantify NOP recep-
tors in the brain and to estimate radiation exposure for
future studies in humans. We found that brain uptake was
well and stably quantified as total V1, which equals the ratio
at equilibrium of the concentration of radioligand in brain
to that in plasma. V1 was well identified (i.e., low SE) and
stably determined after about 60 min of brain imaging and
concurrent measurements of arterial input function (i.e., the
concentrations over time of ''C-NOP-1A, separated from
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radiometabolites). The selective antagonist SB-612111
decreased V by approximately 40%—70% in 16 regions
of brain, suggesting that most brain uptake was specifically
bound to NOP receptors. Whole-body scans confirmed that
the brain has specific (i.e., displaceable) binding but could
not detect specific binding in peripheral organs. In assessing
radiation exposure to the entire body, the effective dose for
humans estimated from the baseline scans in monkeys was
5.0 wSv/MBq, which is similar to that of many other ''C-
labeled radioligands used for brain imaging (25).

Brain Distribution and Kinetics

After '""C-NOP-1A injection, the brain radioactivity
peaked relatively early (~8 min) and washed out quickly
thereafter (e.g., radioactivity in insula declined to approxi-
mately 30% of peak at the end of the 2-h scan). Both these
characteristics suggested that brain uptake could be quanti-
fied as receptor binding using compartmental modeling,
because the entire dataset would reflect the kinetics of both
association and dissociation binding to the target. In fact, we
found that uptake was well identified (i.e., had low SE) using
both a 1-tissue-compartment model and Logan graphical
analysis. One-tissue-compartment fitting does not mean that
all radioactivity in the brain was bound to NOP receptors. In
fact, the blocked studies demonstrated uniform nonspecific
binding of about 7 mL - cm 3. Instead, the superior fitting
with 1 tissue compartment implies that the brain data had
enough noise that the model could not distinguish with
adequate statistical confidence the kinetics of specific and
nonspecific binding of the radioligand. Although we could
not reliably distinguish 2 separate kinetic phenomena in
brain, the combination of both was well identified as V-,
which is the sum of specific (Vs) and nondisplaceable
(Vnp) uptake (/8). In addition, we could calculate V with
Logan graphical analysis, which does not assume a specific
number of compartments (Supplemental Fig. 1). V1 was sta-
bly identified within the first hour of the 2-h scanning ses-
sion. That is, the identification of the same value of Vt for
the last hour of the scan showed that the parent radioligand
could completely account for radioactivity in brain. This
result is consistent with, but does not prove, that radiometa-
bolites do not accumulate in brain. As a counterexample, we
previously found that V1 in the rat brain was stably identified
despite the presence of radiometabolites (26). In that case,
stability was possible because radiometabolites remained a
constant percentage of total radioactivity in brain.

One disadvantage to using Vr as the outcome measure in
human studies is that we were primarily interested in only
the specific (or receptor-bound) component of brain uptake.
Nevertheless, the percentage of specific binding of ''C-
NOP-1A in the monkey brain was relatively high; if
humans have a similar percentage of specific binding, Vt
will reasonably reflect receptor availability. In addition, our
blocked studies showed that the dose of the antagonist
strongly affected specific binding in all regions of brain.
That is, after a single dose of SB-612111 (1 mg/kg intra-
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FIGURE 2. Representative time-activity curves of "'C-NOP-1A in
plasma and brain at baseline and after receptor blockade with SB-
612111 in single monkey. (A) ''C-NOP-1A concentration, separated
from radiometabolites, in arterial plasma is plotted at baseline (A)
and after receptor blockade (A). Values from 0 to 6 min and from 20
to 100 min are plotted on separate graphs, which differ in range of
y-axis. (B) Concentrations of radioactivity in occipital cortex after
injection of ""C-NOP-1A are shown at baseline (®) and after recep-
tor blockade (O). Measured brain data were fit with 1-tissue (solid
line) and 2-tissue (dotted line)-compartment models. At baseline
conditions, 2 fittings overlap almost completely.

venously), radioactivity in all regions was reduced to a
single value of V (~7 mL - cm™3), showing that no region-
ally selective specific binding remained. The fact that all
regions of monkey brain showed specific binding suggests,
but does not prove, that human studies will not be able to
use a reference tissue model, which would avoid the arterial
catheter. The rhesus brain is about 10 times smaller than the
human brain, and partial-volume errors cause spill-in of
radioactivity from adjacent areas. The larger human brain
may have regions with no (or limited) displaceable uptake
that could hypothetically be used as a reference region.

Peripheral Distribution

Although NOP receptors exist in a wide variety of
peripheral organs such as heart, pancreas, and spleen (27),
we could not identify any organ other than the brain that had
displaceable binding in monkeys. The lack of displaceable
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binding in peripheral organs may have been caused by a low
density of receptors, the presence of confounding radiome-
tabolites, or the presence of high activity in adjacent regions
that spilled into the target organs. These conditions may not
apply in humans. In fact, ongoing whole-body scans with
IC-NOP-1A in healthy human subjects show distinct uptake
in the heart, pancreas, and spleen (T.G. Lohith, unpublished
data, 2011). Similar to our current studies in monkeys, recep-
tor blockade would be necessary in humans to confirm that
this peripheral uptake reflects NOP receptor binding.

Dosimetry

The effective dose of ''C-NOP-1A (5.0 w.Sv/MBq) was
similar to that of many other !''C-labeled radioligands and
suggests that it can be used in humans at similar safety
levels. We recently gathered the dosimetry results from
human whole-body imaging of thirty-seven !!C-labeled
radioligands and found that the effective dose was 5.5 *
2.0 nSv/MBq (mean *= SD), with a range of 3.0-16.0 wSv/
MBq (C. Hines et al., unpublished data, 2011). However,
the present estimate of the effective dose in humans of !'C-
NOP-1A may be biased for 3 reasons. First, the estimate
was based on scaling factors (Supplemental Table 1) to
partially correct for the varying size of organs in monkey
versus man. Second, the dose to red marrow sampled only
the lumbar vertebrae and then extrapolated to the entire
mass of marrow in the body. Third, our results were based
on only 3 monkeys. Biodistribution studies in humans will
thus be necessary to confirm or refute these estimates.

CONCLUSION

Our results demonstrated that ''C-NOP-1A reliably
quantified NOP receptors in the monkey brain, that its spe-
cific binding represented 50%—70% of total uptake in var-
ious brain regions, and that its radiation dose was similar to
that of other !'C-labeled ligands for neuroreceptors. Thus,

FIGURE 3. Transaxial PET images of brain uptake at baseline and
after receptor blockade in same monkey. PET images from 40 to
80 min after injection of 1'C-NOP-1A were summed, and pixel val-
ues represent mean concentration of radioactivity (standardized
uptake value). Monkey was injected with 222 MBq of '"C-NOP-1A
at baseline and 222 MBq after receptor blockade. Radioactivity
concentration was expressed as standardized uptake value (SUV),
which normalizes for injected activity and body mass. Coregistered
MR image shows that PET slice extends through caudate, putamen,
and cerebellum.
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TABLE 2
Distribution Volume of "'C-NOP-1A in Monkey Brain

V1 (mL - cm~9)

Baseline Blocked
Organ Mean SD Mean SD Vs (mL - cm~3), baseline — blocked Vs/V1 (%)
Prefrontal cortex 18.1 0.9 6.6 2.3 11.6 64
Basal frontal cortex 16.6 1.0 6.1 1.7 10.5 63
Parietal cortex 19.3 2.5 6.8 2.2 12.5 65
Occipital cortex 20.4 2.2 6.6 1.8 138.7 67
Insula 19.8 2.2 7.5 1.9 12.3 62
Lateral temporal cortex 21.3 1.0 7.2 2.0 14.2 66
Medial temporal cortex 16.5 1.3 6.6 1.2 9.9 60
Amygdala 21.0 3.7 7.3 1.8 13.7 65
Hippocampus 18.1 3.0 71 1.5 11.0 61
Anterior cingulate 17.7 1.4 7.4 1.8 10.3 58
Posterior cingulate 17.6 1.4 7.2 1.8 10.4 59
Caudate 15.3 0.2 7.2 1.9 8.1 53
Putamen 16.0 1.3 7.6 1.9 8.5 53
Thalamus 16.2 0.7 8.0 2.0 8.2 51
Hypothalamus 12.6 1.2 7.4 1.8 5.2 41
Cerebellum 12.9 1.1 6.7 14 6.2 48

HIC-NOP-1A is a promising candidate for measuring NOP
receptors in human brain.
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