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ABSTRACT With a view to future extension of the use of the agonist radioligand

[MCIMNPA  ([O-methyl-'1C]2-methoxy-N-propylnorapomorphine) from animals to
humans, we performed two positron emission tomography (PET) studies in monkeys.
First, we assessed the ability to quantify the brain uptake of ['"CIMNPA with com-
partmental modeling. Second, we estimated the radiation exposure of [''CIMNPA to
human subjects based on whole-body imaging in monkeys. Brain PET scans were
acquired for 90 min and included concurrent measurements of the plasma concentra-
tion of unchanged radioligand. Time-activity data from striatum and cerebellum were
quantified with two methods, a reference tissue model and distribution volume.
Whole-body PET scans were acquired for 120 min using four bed positions from head
to mid thigh. Regions of interest were drawn on compressed planar whole-body images
to identify organs with the highest radiation exposures. After injection of ["'CIMNPA,
the highest concentration of radioactivity in brain was in striatum, with lowest levels
in cerebellum. Distribution volume was well identified with a two-tissue compartmen-
tal model and was quite stable from 60 to 90 min. Whole-body PET scans showed the
organ with the highest radiation burden (uSv/MBq) was the urinary bladder wall
(26.0), followed by lungs (22.5), gallbladder wall (21.9), and heart wall (16.1). With a
2.4-h voiding interval, the effective dose was 6.4 uSv/MBq (23.5 mrem/mCi). In conclu-
sion, brain uptake of [!CIMNPA reflected the density of Dy/5 receptors, quantified rel-
ative to serial arterial measurements, and caused moderate to low radiation exposure.
Synapse 62:700-709, 2008. Published 2008 Wiley-Liss, Inc.!

INTRODUCTION

Agonist radioligands for dopamine (DA) Ds-like
receptors bind preferentially to the high affinity and
functional state of the receptor, whereas antagonist
radioligands bind equally well to receptors in the
high and low affinity states (Creese et al., 1984;
George et al., 1985; Sibley et al., 1983). Since high
and low affinity states are defined relative to the en-
dogenous transmitter DA, agonist radioligands for the
Dy-like receptor should be more useful than antago-
nist radioligands to measure in vivo competition from
DA. In fact, endogenous DA more effectively competes
in vivo with agonist radioligands and causes a greater
percentage displacement than with antagonist radioli-
gands (Ginovart et al., 2006; Narendran et al., 2004;

Published 2008 WILEY-LISS, INC. [This article is a US government
work and, as such, is in the public domain in the United States of America.

Seneca et al., 2006; Willeit et al., 2008). Furthermore,
disorders with alterations in DA turnover (e.g., schiz-
ophrenia and Parkinson disease) may be associated
with compensatory changes in the percentage of
receptors in high vs. low affinity states. For such con-
ditions, an agonist radioligand may detect alterations
in the number of receptors in the high affinity state,
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whereas an antagonist radioligand cannot distinguish
receptors in the two states.

Three radiolabeled DA agonists have been studied in
monkeys or humans: [''CINPA ((R)-N-''C-propylnora-
pomorphine); ['*CIMNPA ([O-methyl-"*C]2-methoxy-N-
propylnorapomorphine); and [*'C]-(+)-PHNO ([*'C]-(+)-
4-Propyl-3,4,4a,5,6,10b-hexahydro-2H-naphtho-[1,2-b]
[1,4]oxazin-9-ol). All three radiolabeled agonists have
high brain uptake and selectivity for Dy and D3 recep-
tors (i.e., Dg/3 receptors) relative to D;, D4, and Dj
receptors. Compared with the antagonist radioli-
gands, these three agonist radioligands show greater
sensitivity to changes in endogenous DA and bind
preferentially to Dy receptors in the high affinity
state (Ginovart et al., 2006; Narendran et al., 2004;
Seneca et al., 2006; Willeit et al., 2008). Of the three
radioligands, only ['!C]-(+)-PHNO has been studied
in human subjects (Ginovart et al., 2007; Graff-Guer-
rero et al., 2007; Willeit et al., 2008). As expected from
the distribution of Dy and D3 receptors in humans,
striatum has the highest brain uptake (Ginovart
et al., 2007; Willeit et al., 2006). However, the uptake
of [''C]-(+)-PHNO is higher in ventral than in dorsal
striatum. This differential distribution suggests that
[11C]-(+)-PHNO has an unexpected in vivo preference
for D3 compared with D, receptors, since D3 receptors
are concentrated in the ventral striatum (Graff-Guer-
rero et al., 2007; Sokoloff et al., 1990).

To gather information useful to extend [M!CIMNPA
to humans, we performed two studies in monkeys.
First, we assessed the ability of [''CIMNPA to quan-
tify brain uptake using compartmental modeling.
These modeling studies required serial brain imaging
and concurrent measurements of the plasma concen-
tration of unchanged radioligand. Second, we esti-
mated the radiation exposure of ["CJMNPA to human
subjects based on whole-body imaging in monkeys.

MATERIALS AND METHODS
Radioligand preparation

[YICIMNPA was prepared by a two step (Gao et al.,
1990) labeling method (Finnema et al., 2007), which
entails !'C-methylation of the precursor (R)-2-
hydroxy-10,11-acetonide-NPA followed by deprotec-
tion. The specific activity of ['!CIMNPA at the time of
injection was 114 * 43 GBg/umol (n = 9 syntheses).
The radiochemical purity was 98%.

Summary of PET studies

A total of nine PET experiments were performed in
five male rhesus monkeys (Macaca mulatta) weighing
9.2 * 1.4 kg. Anesthesia was induced with injection
of ketamine (10 mg/kg i.m.) and then maintained
with 1-2% isoflurane and 98% O,. Body temperature
was kept at a constant, 37.0-37.5°C, using a heated
air blanket. Vital signs including heart and respira-
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tion rates, and body temperature were monitored
throughout the study.

The injected dose of MNPA was 1.2 = 0.63 pug (n =
9). Since the monkeys had an average body weight of
9 kg, this dose corresponded to about 0.13 pg/kg.
Injection of ["'CIMNPA had no noticeable effects. The
differences between the mean baseline vital sign val-
ues and any measurement after injection of radioli-
gand was: <16 mm Hg for systemic blood pressure,
<27 min~! for pulse, <1 min ' for respiratory rate,
and <2.3°C for temperature.

PET brain imaging

After injection of ["CIMNPA (352 + 42 MBq; n =
7) in three rhesus monkeys, PET scans were acquired
for 90 min in 27 frames, with frames of 6 X 30 s, fol-
lowed by 3 X 1 min, 2 X 2 min, and 16 X 5 min.
Monkeys were imaged with the High Resolution
Research Tomograph (Siemens/CPS, Knoxville, TN).
Before radioligand injection, a 6-min transmission
scan for attenuation correction was collected using
137Cs rod source.

PET whole-body imaging

After injection of [""CIMNPA (396 and 358 MBq) in
two male rhesus monkeys (11.8 and 11.5 kg), whole-
body PET scans were acquired on four segments of
15 cm each, from the head to upper thigh. The total
scanning time was ~120 min, with frames of 4 X 15 s,
4 X 30s,8 X 1min, 4 X 2 min, and 2 X 4 min.
Whole-body transmission and emission scans were
acquired on a GE Advance tomograph (GE Health-
care, Waukesha, WI). Before radioligand injection, an
8-min transmission scan for attenuation correction
was collected using a %®Ge rod source for each of the
four segments of the body.

Magnetic resonance imaging

To identify brain regions, T1l-weighted magnetic
resonance imaging (MRI) scans were obtained with a
1.5 T GE Signa device. Coronal images were acquired
with a spoiled GRASS (gradient recall acquisition in
the steady state) sequence with TR = 13.1 ms, TE =
5.8 ms, flip angle 45°, and matrix = 256 X 256.

Measurement of [''C]MNPA in plasma

Arterial blood was collected in heparin-treated
syringes from two monkeys during three PET scans at
15, 30, 45, 60, 75, 90, and 105 s and at 2, 3, 5, 10, 15,
30, 45, 60, and 90 min. The plasma parent radioligand
was separated from radiometabolites and quantified as
previously described (Zoghbi et al., 2006) except that
reversed phase radio-chromatography was done on a
Luna Cjg column (250 X 10 mm?, 10 pm; Phenomenex,
Torrance, CA) with a 45% MeOH: 55% ammonium
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formate (pH 4.5) as a mobile phase was used to resolve
["ICIMNPA from the radiometabolites. The plasma free
fraction (fp) of [''CIMNPA was determined by ultrafil-
tration with Amicon Centrifree® units as previously
described (Gandelman et al., 1994).

Brain: image analysis and calculation
of outcome measures

Regions of interest were manually defined on coro-
nal PET images, with reference to the monkey’s core-
gistered MRI and a brain MRI atlas (Paxinos et al.,
2000). Regions of interest were placed on right and
left striatum (total striatum 0.4 cm?®) and on cerebel-
lum (1.7 cm®). Brain uptake was expressed as a
standardized uptake value (%SUV), which normalizes
for injected activity and body weight: (% injected ac-
tivity/em® tissue) X (g body weight). Image and ki-
netic analysis were performed using PMOD 2.85
(pixel-wise modeling software; PMOD Technologies,
Adliswil, Switzerland).

The outcome measure was quantified with two
methods, a reference tissue model and distribution
volume. The first outcome measure was binding
potential expressed relative to nondisplaceable
uptake, BPnp, which is the ratio at equilibrium of
specific to nondisplaceable uptake (Innis et al., 2007).
For ["'CIMNPA, BPyxp was operationally defined as
the ratio at equilibrium of (striatum — cerebellum)/
cerebellum. The reference tissue model we used is the
two-parameter multilinear reference tissue model
(Ichise et al.,, 2003), which fits the time-activity
curves of striatum and cerebellum from time 1 min to
the end of scan (90 min).

The second outcome measure, distribution volume,
is proportional to receptor density and is equal to the
ratio at equilibrium of the concentration of radioli-
gand in tissue to that in plasma. Distribution volume
was calculated from measurements over time of the
dynamic radioactivity in brain and of the concentra-
tions of radioligand in arterial plasma. The serial con-
centrations of radioligand in plasma are referred to
as the “input function.” The input function was ana-
lyzed as linear interpolation of the concentrations of
[M'CIMNPA before the peak, and a bi-exponential fit
of concentrations after the peak. Rate constants (K;,
ks, k3, and k4) in standard one- and two-tissue com-
partment models were calculated with the Marquardt
optimizer. To correct the brain data for its vascular
component, radioactivity in serial whole blood was
measured and then subtracted from the PET meas-
urements assuming that cerebral blood volume is 5%
of total brain volume.

To determine the minimum scanning time neces-
sary to obtain stable values of distribution volume,
we analyzed the PET data from each monkey after
removing variable durations of the terminal portion
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of the scan. We analyzed brain data from 0-30 min to
0-90 min, with 10-min increments.

Whole-Body: image analysis and
dosimetry estimation

Tomographic PET images were compressed into a
single planar image and analyzed with PMOD soft-
ware. Regions of interest were drawn on source
organs that could be identified: brain, heart, liver,
gallbladder, lungs, kidneys, and urinary bladder.

At each time point, decayed activities of identifiable
source organs were converted into the fraction of the
total injected activity. The area under the curve of
each organ was calculated by the trapezoidal method
up to the termination of acquisition (120 min). The
area after the last image to infinity was calculated by
assuming that further decline in radioactivity occurred
by physical decay only, without any biological clear-
ance. The area under the curve of % injected activity
from time zero to infinity is equivalent to residence
time of the organ. Corresponding residence times for a
70-kg man were calculated with a multiplication factor
to correct for organ and body weights: (b,,/0m) X (on/
by), where b, and by, are the body weights of monkey
and human, respectively; and o,, and o}, are the organ
weights of monkey and human, respectively.

The mean total radioactivity in urinary bladder of
two monkeys were fitted with an exponential curve fit
to estimate the percentage of injected activity
excreted via this route. The dynamic bladder model
with 2.4-h voiding interval was implemented in
OLINDA/EXM version 1.0 to calculate organ absorbed
doses (Stabin et al., 2005).

The organ values of injected activity were corrected
for recovery of measured activity. To accomplish this,
a large region of interest (ROI) was placed over the
entire body for each of the 22 frames. The injected ac-
tivity of each source organ at every time point was
corrected for recovery by multiplying by 100/X, where
X is the measured recovery for the individual frame.
The average recovery of all frames in both monkeys
was ~85%. If no radioactivity is lost to excretion, the
total of all residence times equals T5/In 2, where T/
= 20.4 min = 0.34 h, and T»/In 2 = 0.49 h. The resi-
dence time of “remainder of body” for each monkey
was calculated as 0.49 h minus the sum of the resi-
dence times of the source organs.

Please note that residence time is calculated from
the area under the curve of decayed activity vs. time.
In contrast, all graphs in this paper show decay-cor-
rected activity vs. time, which is the more common
format to display time-activity curves.

Statistical analysis

Goodness-of-fit by nonlinear least squares analysis
was evaluated with the Akaike Information Criterion



A DOPAMINE AGONIST RADIOLIGAND

800

—=— Striatum
—&— Cerebellum

Conc radioactivity (%SUV) »»

0 10 20 30 40 50 60 70 80 90
Time after injection (min)

Fig. 1. Time course of radioactivity and images of monkey brain
after injection of [''C]MNPA. (A) Concentrations of radioactivity in
striatum and cerebellum of monkey brain after injection of
[M'CIMNPA (n = 7). (B) PET images of ["'CIMNPA estimated by a

(AIC) (Akaike, 1974). The most appropriate model has
the smallest AIC. Goodness-of-fit by the compartmen-
tal modes was compared with F' statistics. This analy-
sis was performed for all regions of interest and a
value of P<0.05 was considered significant for F
statistics.

The identifiability of the kinetic variables was cal-
culated by the compartmental fitting as the standard
error, which itself reflects the diagonal of the co-
variance matrix (Carson, 1986). Identifiability is
expressed as a percentage and equals the ratio of the
standard error of the rate constant divided by the
value of the rate constant itself. Identifiability of Vi
was calculated from the covariance matrix using the
generalized form of error propagation equation (Bev-
ington and Robinson, 2003), where correlations
among the rate constants were taken into account.

Data are Expressed as Mean = SD.

RESULTS
PET brain imaging

After injection of ['CIMNPA, the distribution of
radioactivity in brain reflected the regional densities
of DA Dy/3 receptors (Fig. 1). That is, the peak uptake
in striatum was ~600% SUV at 7 min. In comparison,
the peak uptake in cerebellum was lower (~450%
SUV) and occurred at an earlier time (5 min).

The peak plasma concentration of ["'CIMNPA rap-
idly declined and was concurrent with accumulation
of at least three radiometabolites. The peak plasma
concentration was ~600% SUV at ~60 s, and
decreased rapidly to 50 and 10% of the peak value by
2 and 5 min, respectively (Fig. 2). The fraction of
[MCIMNPA, expressed as a percentage of total plasma
activity, declined relatively quickly and reached 50%
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reference tissue model in monkey brain. Parametric images of BPnp
are presented on the right. A monkey 4.7-T MRI (on the left) was
used for clearer representation of anatomic areas.
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Fig. 2. Concentration of ['!CIMNPA in plasma after radioligand
injection. The curve is shown with two time intervals (0-6 and
6-90 min) because of high concentrations at early time points. Con-
centrations are plotted for unchanged parent radioligand ['CIMNPA.

at ~10 min (Fig. 3A). Four radiometabolites peaks
were detected in arterial plasma samples with high-
performance liquid chromatography (HPLC) analysis.
Peaks A-C eluted earlier than MNPA, indicating that
they are less lipophilic (Fig. 3B). Peak D eluted later
than MNPA, but represented <1% of the total radio-
activity in plasma. Finally, the plasma free fraction of
[M'CIMNPA was (7.51% + 1.15; n = 3).

The density of Dg/3 receptors in striatum could be
quantified relative to the concentration of [''CIMNPA
in plasma (n = 3 PET scans) and to the concentration
of radioactivity in a reference region of brain (n = 7
PET scans). Distribution volume was calculated using
compartmental modeling of time-activity brain data
and the serial concentrations of ['!CIMNPA in arte-
rial plasma. The two-tissue compartmental model
gave better statistical fit of brain data than the
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Fig. 3. (A) The percentage composition of plasma radioactivity over time is shown for ["'CIMNPA
(®) and total radiometabolites (CJ) (n = 3). (B) Chromatogram of radioactivity (counts per second
(CPS)) extracted from plasma at 60 min after injection of [''CIMNPA. Parent in plasma constituted
14% of total radioactivity. Radiometabolites (A—C) have lower lipophilicity than that of [""CIMNPA.
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Fig. 4. Compartmental modeling of dynamic PET images. (A)
The two-tissue compartmental model (dashed lines) more closely fol-
lowed the measured values than did the one-tissue compartmental
model (solid lines). (B) Time stability of Vi determined from the
two-tissue compartmental model was assessed by analyzing increas-

Duration of image analysis (min)

ingly truncated data, with a range of 0-30 min to 0-90 min. Each
point represents the striatal Vp analyzed with data from time 0 to
the specified time and expressed as the percentage of the 90-min
value.

TABLE I. Kinetic rate constants calculated with a two-compartmental model

K; (mL-cm ™ ®min~ 1) ko (min~h) kg (min~ 1Y) k4 (min~ 1) Vi (mL-cm™3)
Region Ident (%) Ident (%) Ident (%) Ident (%) Ident (%) BPyp? AIC?
Striatum 0.86 = 0.13 0.15 = 0.12 0.15 = 0.19 0.03 = 0.01 25.15 + 1.19 0.80 =+ 0.09 95 + 9
32x1.1 142 = 5.1 23.3 + 6.2 16.2 = 7.3 40 =18
Cerebellum 0.74 + 0.09 0.14 + 0.02 0.03 + 0.01 0.02 + 0.01 13.97 * 0.60 - 110 + 14
2.6 +0.5 7.7+ 0.3 20.7 + 3.9 27.7 * 13.7 9.8 + 6.2

The rate constants and distribution volume (V) for the striatum and cerebellum are shown as mean + SD (n=3). The first line gives the value of the rate con-
stant and the second line provides the identifiability, which is expressed as a % of the variable.

2BPnp =(Vr striatum / Vp cerebellum)-1.
PAIC, Akaike information criterion.

one-tissue compartment model in both striatum and
cerebellum in three scans of two monkeys (F-test, P
<0.001; Fig. 4A). Thus, we used results from the two-
tissue compartment model. Although some of the indi-
vidual rate constants (Ki, ks, ks, ky) were not well
identified, total distribution volume V1 had good iden-
tifiability (<10%) in both striatum and cerebellum
(Table I). Vi was 25 ml em ™2 in striatum and 14 ml
em™? in cerebellum. The value of BPnp calculated

Synapse

from these distribution volumes was 0.8 (= (25 — 14)/
14). The time stability of V1 was analyzed for stria-
tum using the two-tissue compartmental model. Vi
reached 90% of the terminal value within ~50 min,
but was relatively stable from 60 to 90 min (Fig. 4B).
Although distribution volume was calculated in
three scans that had arterial blood data, BPxp was
calculated with a reference tissue model in all seven
brain scans. The value of BPyp was similar with both
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arterial and reference tissue methods. Striatal
[MCIMNPA BPyp calculated by a reference tissue
model was 1.03 = 0.13 (n = 7) and 0.95 + 0.08 (n = 3)
in the three animals that also had arterial blood data.

PET whole-body imaging

Brain, heart, liver, gallbladder, lungs, kidneys, and
urinary bladder were visually identified as organs
with moderate to high activity (Fig. 5). Uptake of
radioactivity was highest in the lungs, with a peak of
25% injected activity at the first frame acquisition.
Peak values of activity to brain, heart, liver, and kid-
neys were 5, 4, 14, and 4% of injected activity, respec-
tively, and all occurred within 4 min (Figs. 6A and
6B).

The average cumulative urine activity was well fit-
ted (r2 = 0.995) with an exponential curve (Fig. 7).
The exponential fitting implied that an asymptote of
~20% of injected activity was excreted via the urine
by time infinity.

_+— Brain
Lungs
Ny
Gallbladder
Kidney
-y / 4 L ‘,.‘
L - '
Urinary
. .‘_ bladder
1 25 105

Time after injection (min)

Fig. 5. Whole-body images at 1, 25, and 105 min after injection
of ["'CIMNPA. Injection site seen on right side of image (i.e., cathe-
ter placed in left wrist).

—e— Lungs
—a— Liver

—a— Brain

Radioactivity (%I1A)

Time after injection (min)
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Human residence times were extrapolated from
planar images using the average values of the two
monkeys (Table II). Radiation absorbed dose esti-
mates were calculated with OLINDA/EXM 1.0 com-
puter program, with a urine voiding interval of 2.4 h
(Table III). The organs with the highest radiation
burden (uSv/MBq) were the urinary bladder wall
(26.0), followed by the lungs (22.5), gallbladder wall
(21.9), and heart wall (16.1). The effective dose was
estimated to be 6.4 uSv/MBq, with 2.4-h voiding inter-
val (Table III). A 4.8-h voiding interval had minimal
effects on estimated radiation doses, as expected for
the short half-life of 1*C (20 min).

DISCUSSION

We found that ["'CIMNPA binding to D3 receptors
in monkey brain can be reliably quantified relative to
concentrations of either the radioligand and total
radioactivity in a receptor-free region of brain; that
nonspecific binding is relatively high; and that radia-
tion exposure is relatively low and similar to that of
other 'C-labeled radioligands.

Quantification of BP

Binding potential is the ratio at equilibrium of spe-
cific binding to nondisplaceable uptake and can be
quantified from the rate constants (ks/k4) or from the
ratio of distribution volumes in target and back-
ground regions. For ["CIMNPA, the latter method is
more precise and accurate.

In a two-tissue compartment model, the ratio ks/ky
theoretically equals BPynp. However, the accuracy
depends on the ability of the data to identify four rate
constants (k1—k4), which thereby separates total brain
activity into the two components of specific binding
and nondisplaceable uptake. In our data, k3 and k4
were poorly identified (~20% in striatum), presum-
ably because of noise in the brain and plasma data.
That is, k3 and k4 had low precision. In addition, the

B.4
—&— Kidneys
:(\ —¥— Heart
= 3
= —x— Gallbladder
)
=
ks]
®
RS
ko]
©
[1'd

0 25 50 75
Time after injection (min)

Fig. 6. Mean organ uptake in (A) lungs, liver, and brain, (B) kidneys, heart and gallbladder. The
organ’s decay-corrected activity is expressed as a percentage of the injected activity (%IA).
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Fig. 7. Decay-corrected activity from the total radioactivity in
urinary bladder after injection of ['!CIMNPA. Data are the average
of two monkeys and are expressed as percentages of the injected ac-
tivity (%IA). The solid line is an exponential fit of the data points.
The asymptote of this equation implies that 20% of injected activity
will be excreted via the urine by infinite time.

TABLE II. Human residence time for ["'CIMNPA extrapolated from
the average of two rhesus monkeys

Residence time (h)

Source organ Monkey no 1 Monkey no 2 Average
Brain 0.029 0.025 0.027
Heart 0.018 0.016 0.017
Liver 0.069 0.080 0.075
Gallbladder 0.011 0.005 0.008
Lungs 0.081 0.088 0.085
Kidneys 0.019 0.007 0.013
Bladder 0.040 0.033 0.037
Remainder of body 0.223 0.236 0.230

The “remainder of body” for each animal was calculated by subtracting the res-
idence times of the source organs from theoretical limit of 0.49h.

nondisplaceable uptake in striatum was quantified
inaccurately in comparison with that in cerebellum.
The nondisplaceable uptake in striatum (Ki/ks = ~6
ml cm ™) was less than half of total uptake in cerebel-
lum (Vp = ~14 cm ™). In contrast, most prior studies
using D, radioligands, including [M'CIJMNPA (Fin-
nema et al., 2005), have found that uptake in cerebel-
lum at baseline conditions closely approximates the
nondisplaceable uptake in striatum after receptor
blockade. That is, the two-tissue compartment model
identified only total distribution volume with preci-
sion (identifiability of 4%) and accuracy. Thus, the
most reliable and accurate measure of BPynp was
determined from total distribution volumes in stria-
tum and cerebellum—i.e., essentially (striatum — cer-
ebellum)/cerebellum.

["'CIMNPA has relatively low BP

The BPxp of ['CIMNPA is relatively low compared
to several other radioligands for Dy receptors. This
low value of BPyp can be explained by the factors that
determine both specific binding (i.e., receptor density
and radioligand affinity) as well as nonspecific binding.
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TABLE III. Radiation dosimetry of [F'CIMNPA extrapolated from
the mean of the two monkeys

Target organ uSv/MBq mrem/mCi
Adrenals 3.3 12.2
Brain 6.4 23.8
Breasts 2.0 7.5
Gallbladder wall 21.9 80.9
LLI wall 2.2 8.2
Small intestine 2.3 8.4
Stomach 2.4 8.7
ULI wall 2.4 8.8
Heart wall 16.1 59.3
Kidneys 13.0 48.1
Liver 13.8 50.8
Lungs 22.5 83.3
Muscle 2.0 7.3
Ovaries 2.3 8.4
Pancreas 3.1 11.6
Red marrow 2.0 7.4
Osteogenic cells 2.6 9.6
Skin 1.5 5.4
Spleen 2.3 8.6
Tests 1.7 6.4
Thymus 2.5 9.2
Thyroid 1.8 6.6
Urinary bladder wall 26.0 96.0
Uterus body 2.9 10.8
Total body 2.8 10.4
Effective Dose Equivalent 9.4 34.7
Effective Dose 6.4 23.5

Dosimetry estimates are based on a 70-kg human male. Dynamic urinary blad-
der model was used with a 2.4 h voiding interval.

Which of these factors (receptor density, radioligand af-
finity, and nonspecific binding) have the greatest
impact on the relatively low BPxp of [('CIMNPA? We
will address this question by comparing ['CIMNPA
with two other agonist radioligands and two antago-
nist radioligands (Table IV). With regard to the first
factor of receptor density, the three agonist radioli-
gands have fewer available receptors (Baya;) than the
antagonist radioligands, since only a subset of recep-
tors are in the high affinity, agonist-preferring state.
The percentage of Dy/3 receptors in the high affinity
state is unknown but has been estimated with a broad
range of 10-50% (Ginovart et al., 1997; Laruelle et al.,
1997; Ross and Jackson, 1989; Seneca et al., in submis-
sion). If 50% is correct, then the specific binding (and
thus BPyp) of an agonist radioligand would be half
that of a comparable antagonist radioligand.

With regard to the second factor, the in vivo affin-
ities for most radioligands are unknown but can be
estimated from in vitro binding to tissue homoge-
nates. In vitro binding of all five radioligands has not
been reported for monkey brain but is available for
rodent brain. Values of binding experiments vary
between labs and with different tissue and radioli-
gand preparations. Nevertheless, among the five
radioligands, ['®Ffallypride has much greater affinity
than the other four, and the highest BPyp. The
remaining four radioligands have K; values over
about a ten-fold range, from 0.14 to 1.70 nM. Com-
pared to ["'CIMNPA, the specific distribution volumes
of [MCINPA, [M'CIPHNO and ["Clraclopride roughly



BPyp: ratio
to MNPA
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Vs: Ratio

to MNPA
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K;: Ratio to
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TABLE 1V. Relationship of binding potential to receptor affinity and nondisplaceable uptake PET radioligands for the Dy, 3 receptors

Agonist or
antagonist

Radioligand
(reference)
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correlate with their relative affinities (Table IV). For
example, [('CIMNPA has about 4-fold higher affinity
and a three-fold higher value of Vg compared with
["'CINPA (Table IV).

With regard to the third factor, nonspecific binding
is proportional to uptake in a reference region that
lacks or has few receptors. The cerebellar Vi of
[M'CIMNPA is much higher than that of the other
four radioligands and contributes to its relatively low
value of BPnxp. We provided values of total distribu-
tion volume (V1) in cerebellum that includes nonspe-
cific binding, free radioligand in tissue, and perhaps a
small amount of binding to Dy receptors (Asselin
et al., 2007; Pinborg et al., 2007).

Since BPyp is the ratio of specific to nondisplace-
able uptake, the combined effect of affinity and non-
displaceable binding can be assessed as the ratio of
the two values. For example, the affinity of
[MCIMNPA is approximately four-fold higher than
that of [M'CINPA, but the nondisplaceable uptake of
[M'CIMNPA is approximately four times higher than
that of [''CINPA. The net effect estimated by the
ratio of these two ratios is ~1, and, thus, the BPxp
values of these two radioligands are fairly similar.

This analysis helps identify which characteristics of
a radioligand should be improved to increase BPyp.
In the case of [''C]MNPA, its nonspecific binding in
brain is high relative to the other four radioligands.
Thus, an improved analog of ['!CIMNPA would have
much lower nonspecific binding, which would thereby
increase BPnp.

o8

1.0
0.2
0.4
0.03
0.1

ST

Estimation of radiation dosimetry in man

We used whole-body PET imaging in monkeys to
estimate the radiation exposure of [''C]MNPA in man.
Effective dose is an organ-weighted average of radia-
tion exposure and was designed to be the best single
value to estimate overall radiation exposure and risk of
subsequently developing cancer. The effective dose of
[M'CIMNPA is estimated to be 6.4 puSv/MBq (23.5
mrem/mCi). For example, the effective doses of three
commonly used radioligands are: [''CINNC 112 (5.7
uSv/MBq); ['Clraclopride (6.5 pSv/MBgq); and
[*®Ffallypride (21.1 pSv/MBq) (Cropley et al., 2006;
Kessler et al., 2000; Slifstein et al., 2006).

Finally, our use of planar rather than tomographic
images provided conservative (i.e., higher) estimates
of radiation exposure, since the region included tissue
above and below the source organs. We previously
compared radiation exposure estimated with planar,
bisected, and thin-slice tomographic images using
[ISF]SPA-RQ, a radioligand for the neurokinin-1 re-
ceptor (Sprague et al., 2007a) and using [''Clroli-
pram, a radioligand for cAMP phosphodiesterase 4
(Sprague et al., in submission). In both cases, the
effective dose was 5-10% higher for planar than for
the bisected and thin-slice tomographic images.

4
14
0
29
HCIMNPA and ['CINPA from monkey; ["'CIPHNO, [*'Clraclopride, and ['*FIfallypride are from human. a) Gao et al., 1990; b) current

paper; ¢) Narendran et al., 2004; d) Hwang et al., 2004; e) Wilson et al.,2005; f) Ginovart et al., 2007; g) Hall et al., 1990; h) Ito et al., 1998; i) Lammertsma et al., 1996; j) Mukherjee et al., 1995; k) Siessmeier et al.,

2005.

P o Rt T

Agonist

Agonist

Agonist
Antagonist
Antagonist

raclopride
fallypride

wvg BPyp value for caudate, putamen, and ventral striatum.
Note: The in vivo values of BPxp, Vi and Vg come from the following species: [

2K; values are from rat and mouse. Affinity is the inverse of K;.

a
b

[ R
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In conclusion, two types of PET scans were per-
formed in monkeys so as to enable the use of
[Y'CIMNPA to be extended from animals to humans.
First, serial brain imaging was used to quantify Dy
receptor binding relative to serial concentrations of
["'CIMNPA in plasma. Distribution volume was well
identified by two-tissue compartment model and was
relatively stable from 60 to 90 min. However, the non-
displaceable uptake of [''CIMNPA was relatively high
and caused low values of BP. Second, whole-body imag-
ing showed that [""CIMNPA caused radiation exposure
similar to that of many other 'C-labeled ligands.
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