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ABSTRACT Estimates of dopamine D2/3 receptor occupancy by endogenous dopa-
mine using positron emission tomography (PET) in animals have varied almost three-
fold. This variability may have been caused by incomplete depletion of dopamine or by
the use of antagonist radioligands, which appear less sensitive than agonist radioli-
gands to changes in endogenous dopamine. PET scans were performed in rats with
the agonist PET radioligand [11C]MNPA ([O-methyl-11C]2-methoxy-N-propylnorapo-
morphine). [11C]MNPA was injected as a bolus plus constant infusion to achieve
steady-state concentration in the body and equilibrium receptor binding in the brain.
Radioligand binding was compared at baseline and after treatment with reserpine
plus a-methyl-para-tyrosine, which cause �95% depletion of endogenous dopamine.
Depletion of dopamine increased radioligand binding in striatum but had little effect
in cerebellum. Striatal [11C]MNPA binding potential was 0.93 6 0.12 at baseline and
increased to 1.99 6 0.25 after dopamine depletion. Occupancy of D2/3 receptors by en-
dogenous dopamine at baseline was calculated to be �53%. Striatal binding was dis-
placeable with raclopride, but not with BP 897 (a selective D3 compound), thus con-
firming the D2 receptor specificity of [11C]MNPA binding. Radioactivity extracted from
rat brain contained only 8–10% radiometabolites and was insignificantly altered by
administration of reserpine plus a-methyl-para-tyrosine. Hence, dopamine depletion
did not increase the PET measurements via an effect on radiotracer metabolism. Our
in vivo estimate of dopamine’s occupancy of D2/3 receptors at baseline is higher than
that previously reported using antagonist radioligands and PET, but is similar to that
reported using agonist radioligands and ex vivo measurements. Synapse 62:756–763,
2008. Published 2008 Wiley-Liss, Inc.y

INTRODUCTION

Occupancy of dopamine D2/3 receptors by endoge-
nous dopamine under basal conditions have been
estimated with PET and single photon emission
computed tomography in human and monkey brain.
Dopamine depletion induced by reserpine and/or a-
methyl-para-tyrosine decreases competition by endo-
genous dopamine and increases radioligand binding
to the D2/3 receptor (Abi-Dargham et al., 2000; Gino-
vart et al., 1997; Laruelle et al., 1997; Verhoeff et al.,
2002). The increase in binding provides an estimate

of the number of D2/3 receptors occupied by endoge-
nous dopamine under basal conditions. Estimates of
receptor occupancy by endogenous dopamine in
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humans and monkey have varied almost threefold
between subjects, from 10 to 30% (Abi-Dargham
et al., 2000; Ginovart et al., 1997; Laruelle et al.,
1997; Verhoeff et al., 2002). The variability in these
estimates could have been caused by incomplete
depletion of dopamine or by the use of both antago-
nist and agonist radioligands.

In this study, we used a combination of a-methyl-
para-tyrosine and reserpine in rats to achieve uni-
form and near maximal depletion of endogenous dopa-
mine. The dopamine depleting agents a-methyl-para-
tyrosine and reserpine are typically administered at
low doses to humans and monkeys because of side
effects. For example, a-methyl-para-tyrosine, a re-
versible inhibitor of tyrosine hydroxylase (Bennett
and Sundberg, 1981; Mignot and Laude, 1985), can
crystallize in urine and thereby damage the kidney
(Engelman et al., 1968). Reserpine irreversibly inhib-
its vesicular uptake of catecholamines and thereby
depletes endogenous dopamine (Guldberg and Broch,
1971; Ponzio et al., 1984). This irreversible inhibitor
causes prolonged side effects, such as hypotension
and sedation, which restrict the use of high doses in
human subjects. Because of these generally unaccept-
able side effects for primates, we used rodents in the
present study to obtain a maximal and fairly uniform
depletion of dopamine. Specifically, we used both re-
serpine (5 mg/kg, i.p.) and a-methyl-para-tyrosine
(400 mg/kg, i.p.) together to reduce dopamine in rat
striatum by 95% (Guo et al., 2003).

Previous dopamine depletion imaging studies in
healthy subjects have been performed using antago-
nist radioligands such as [123I]IBZM (iodobenzamide),
[11C]raclopride, or [11C]NMSP (N-methylspiperone),
all of which bind with equal affinity to both the high-
and low-affinity state of the D2/3 receptor. In contrast,
agonist radioligands bind preferentially to the high-
affinity state, which is representative of functional
coupling of the receptor to G proteins in membranes
(George et al., 1985; Sibley et al., 1982). Recent PET
imaging studies have demonstrated that the dopa-
mine agonist radioligands are more sensitive to com-
petition from endogenous dopamine (Ginovart et al.,
2006; Narendran et al., 2004; Seneca et al., 2006; Wil-
leit et al., 2008), presumably due to their preferential
binding to the high-affinity state. Furthermore, a
shift in the proportion of high-affinity state D2/3

receptors has been correlated with the pathophysiol-
ogy of psychosis-related disorders (Seeman et al.,
2006), and rodent models of human neuropsychiatric
disorders tend to have an increased density of the D2/

3 high-affinity state (Seeman et al., 2005; Sumiyoshi
et al., 2005). Thus, agonist radioligands may provide
more useful information on the high-affinity state of
the D2/3 receptor than antagonist radioligands, which
measure all receptors, in both high- and low-affinity
states.

The aim of this study was to estimate the occu-
pancy of D2/3 receptors by endogenous dopamine
in rat brain in vivo using PET and the agonist radio-
ligand [11C]MNPA. In addition, ex vivo radiometabo-
lite studies were performed to determine if the
increase in radioligand binding after dopamine deple-
tion was due to a change in radiometabolites entering
the brain.

MATERIALS AND METHODS
Radioligand preparation

[11C]MNPA was prepared by a two step (Gao et al.,
1990) labeling method (Finnema et al., 2007), which
entails 11C-methylation of the precursor (R)-2-
hydroxy-10,11-acetonide-NPA. The specific activity of
[11C]MNPA at the time of injection was 116 6 21
GBq/lmol (n 5 16 syntheses). The radiochemical pu-
rity was 97%.

PET studies

A total of 16 PET scans were performed with
[11C]MNPA in male Sprague–Dawley rats (375 6
94 g, n 5 16) (Taconic Farm, Germantown, NY).
[11C]MNPA was administered through a catheter in
the penile vein (Intramedic PE-10 catheter; Aster
Industries, Harmony, PA), as a bolus (24 6 4 MBq)
followed by constant infusion (47 6 5 MBq/h) using a
syringe pump (Harvard PhD 2000, Harvard Appara-
tus, Holliston, MA). To determine the effect of endoge-
nous dopamine, the binding of [11C]MNPA was com-
pared at baseline (n 5 5 rats) and after depletion of
dopamine (n 5 5 rats). Dopamine was depleted by
administration of reserpine and a-methyl-para-tyro-
sine. Reserpine (5 mg/kg, i.p.) was given 24 h before
radioligand injection; a-methyl-para-tyrosine (200 mg/
kg, i.p.) was administered twice, at 4 and 1 h before
radioligand injection. The specificity of binding was
investigated by displacement studies. Raclopride (2
mg/kg, i.v.) was injected during steady-state receptor
binding (n 5 3 rats). BP897 (0.25 and 0.5 mg/kg, i.v.)
was injected during steady-state receptor binding (n 5
3 rats). BP 897 has high affinity in vitro at the D3 re-
ceptor (Ki 5 0.9 nM) and a 70 times lower affinity at
the D2 receptor (Ki 5 61 nM) (Pilla et al., 1999). In
vivo binding experiments in mouse striatum indicate
that selective D3 receptor occupancy is at doses below
an ED50 of 0.5 mg/kg (Pilla et al., 1999; Sokoloff et al.,
2006). Previous PET imaging studies in baboon have
used BP 897 at a dose of 0.25 mg/kg (i.v.) to determine
the in vivo specificity of D2 vs. D3 receptor binding of
[11C]raclopride and [11C]PHNO (Narendran et al.,
2006).

For all studies, anesthesia was induced with 5%
isoflurane and was maintained with 1–1.5% isoflur-
ane via a noise cone throughout the scan. Body tem-
perature was monitored with a rectal thermometer
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and maintained at 36.5–37.58C with a heating lamp
and heating pad.

Rats were imaged with the Advanced Technology
Laboratory Animal Scanner, which has a recon-
structed resolution of 1.6 mm full-width at half maxi-
mum (Johnson et al., 2002; Liow et al., 2003). Emis-
sion data were collected continuously for 90 min, with
scans of increasing duration from 20 s to 20 min. No
correction for attenuation or scatter was applied.

Image analysis

The density of available D2/3 receptors was quanti-
fied with two reference tissue models, kinetic and
equilibrium. In both methods, the outcome measure
was binding potential expressed relative to nondis-
placeable uptake, BPND, which is the ratio at equilib-
rium of specific to nondisplaceable uptake (Innis
et al., 2007). For [11C]MNPA, BPND was operationally
defined as the ratio at equilibrium of (striatum 2 cer-
ebellum)/cerebellum. For the kinetic method, we used
the two-parameter multilinear reference tissue model
(Ichise et al., 2003), which fits the entire time–activ-
ity curves of striatum and cerebellum from time 0 to
the end of the scan (90 min). For the equilibrium
method, we calculated the average radioactivity in
striatum and cerebellum from 45 to 90 min, when rel-
atively stable concentrations of radioactivity were
achieved with the constant infusion. Regional time–
activity curves were normalized to injected activity as
follows: (% injected activity per hour) per cm3 brain.

For both reference tissue models, the regions of
interest (i.e., striatum and cerebellum) were identified
from images created by the two-parameter multilin-
ear reference tissue model. This model generates two
parametric images from each scanning session: one
shows BPND and the other shows blood flow relative
to cerebellum. Left and right striatum (total striatum
50 mm3) were identified on the image of BPND, and
cerebellum (35 mm3) was identified on the image of
relative blood flow.

We assumed that the combination of a-methyl-
para-tyrosine plus reserpine caused complete deple-
tion of dopamine—i.e., no endogenous dopamine
remained to compete with binding of radioligand. In
fact, this dose and regimen of a-methyl-para-tyrosine
plus reserpine has been reported to cause �95%
depletion of tissue concentrations of dopamine (Guo
et al., 2003). The increase in BPND after dopamine
depletion is an indirect measurement of endogenous
dopamine occupancy of D2/3 receptors. Similar to
other investigators, we estimated the occupancy of en-
dogenous dopamine by the following equation:
(depleted BPND 2 baseline BPND)/depleted BPND

(Ginovart et al., 1997; Laruelle et al., 1997). Baseline
and dopamine depleted states were compared with a

two-tailed t test, with a minimum level of significance
designated as P < 0.05.

Group data are expressed as mean 6 SD.

Ex vivo experiments

Ex vivo studies were performed in rats during base-
line (316 6 54 g, n 5 4) and after dopamine depletion
(312 6 21 g, n 5 4), using the same anesthesia condi-
tions as described above. Rats were injected i.v. with
[11C]MNPA (41.8 6 4.1 MBq, injected mass of 1.1 6
0.3 nmol/kg, n 5 8). At 30 min after injection, blood
samples (�2 ml) were removed by cardiac puncture,
and the rats were euthanized by decapitation. Whole
brains were removed, weighed, and placed on ice until
high-performance liquid chromatography (HPLC) anal-
ysis. Plasma and brain samples were prepared for
analysis as previously described (Zoghbi et al., 2006).
In brief, plasma samples (450 ll) were isolated from
whole blood by centrifugation at 1800g for 1.5 min
and added to MeCN (700 ll) containing 5 lg carrier
(i.e., nonradioactive) MNPA. The whole brain was
placed in MeCN (1–2 ml) with 50 lg carrier MNPA,
and total activity was measured in a g-counter. Brain
tissues were homogenized with a Tissue Tearor
(model 985–370, BioSpec Products, Bartlesville, OK)
and centrifuged at 10,000g for 1 min. The superna-
tant was used for radio-chromatography, and the pre-
cipitate was used to calculate percent recovery. The
supernatants were injected on an HLPC C18 Xterra
column (Waters Corporation, Milford, MA; 3.9 3 300
mm2) using a mobile phase composed of MeOH/10
mM H3PO4 (50/50, v/v) at a flow rate of 1.0 ml/min.
The concentration of radioactivity in brain and
plasma was expressed as percent standardized uptake
value (%SUV), calculated as: [(activity per gram of
tissue)/injected activity] 3 gram of body weight.

To distinguish between the metabolite stability of
[11C]MNPA in whole blood and brain tissue, we
measured its stability in perfused brain homogenates.
Whole blood sample was drawn by cardiac puncture
and the rat (384 g) was then perfused with 0.9%
NaCl (30 ml). The blood and excised perfused brain
were immediately placed on ice. The perfused brain
was homogenized as described earlier. [11C]MNPA
(525 lCi) was added to blood and to brain homoge-
nates. Tissue samples were incubated in a water bath
at 378C for 75 min. Samples (50 ll) of blood or brain
homogenates were added to CH3CN and analyzed as
mentioned earlier.

RESULTS
Baseline [11C]MNPA scans and

displacement studies

After bolus plus constant infusion of [11C]MNPA,
brain uptake achieved a relatively constant level by
20 min in striatum and cerebellum (Fig. 1). Striatum
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and cerebellum activities from 45 to 90 min increased
by 7% 6 5%/h and 13% 6 12%/h, respectively. Radio-
activity concentrated in striatum, with lower levels in
cerebellum (Figs. 1 and 2A). Striatal BPND values at
baseline were similar when analyzed by kinetic and
equilibrium reference tissue models, 0.93 6 0.12 and
0.83 6 0.13, respectively.

Raclopride (2 mg/kg, i.v.), when injected during
steady state, displaced striatal activity by �83% (Fig.
3A). BP 897 (0.25 (data not shown) and 0.5 mg/kg,
i.v.), when injected during steady state, displaced
striatal activity by <10% (Fig. 3B).

Effect of dopamine depletion

The depletion of endogenous dopamine induced by
reserpine plus a-methyl-para-tyrosine increased activ-
ity in striatum but had little effect in cerebellum (Fig.
1). Striatal [11C]MNPA BPND calculated by the kinetic
reference tissue model was 0.93 6 0.12 (n 5 5) at
baseline and increased to 1.99 6 0.25 (n 5 5; P 5
0.0001) after dopamine depletion (Figs. 2 and 4). Sim-
ilarly, BPND calculated by the equilibrium reference
tissue model was 0.83 6 0.13 (n 5 5) at baseline and
increased to 1.97 6 0.09 (n 5 5; P 5 0.0001) after

Fig. 1. Time–activity curves of [11C]MNPA at baseline (solid
lines) and after dopamine depletion (dashed lines). Symbols are the
mean of five scans each at baseline and after dopamine depletion.
Bars for standard deviation are shown for time frames used for cal-
culating the equilibrium reference tissue model (i.e., 45–90 min).
The concentration of radioactivity is expressed as % injected activity
(IA) per hour per cm3 brain. Symbols: (n) striatum baseline; (h)
striatum depletion; (~) cerebellum baseline; (~) cerebellum deple-
tion. The triangle symbols (open and filled) indicate cerebellum
overlap at several time points.

Fig. 2. Parametric images of [11C]MNPA BPND calculated with a
kinetic reference tissue model at baseline (A) and after dopamine
depletion (B). Depletion of endogenous dopamine induced by reser-
pine plus a-methyl-para-tyrosine increased striatal [11C]MNPA

BPND by twofold. An image of a T-2 weighted MRI (C) [CPu: cau-
date putamen (striatum)] and fused PET-MRI image (D) are shown
for clearer orientation of striatum.
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dopamine depletion. Occupancy of D2/3 receptors by
endogenous dopamine was calculated to be 53%, which
equals the difference between the binding potential
after dopamine depletion compared to that at base-
line. This increase in binding potential reflects the
amount of endogenous dopamine occupying D2/3

receptors during basal conditions.

Ex vivo experiments

We considered the possibility that administration of
reserpine plus a-methyl-para-tyrosine might alter the
metabolism of [11C]MNPA, to give radiometabolites
that might increase the total radioactivity in brain.
Thus, we determined the percentages of radiometabo-
lites and radioligand in brain and whole blood at
baseline and after dopamine depletion. Three radio-
metabolites in whole brain samples were detected

with HPLC analysis (Fig. 5). Two radiometabolites
eluted earlier than MNPA and one eluted later, indi-
cating that two of the three radiometabolites are less
lipophilic than MNPA. At 30 min after injection of
[11C]MNPA, the three radiometabolites in brain were
10.4% 6 1.8% of total radioactivity at baseline and
were not significantly different after dopamine deple-
tion (8.0% 6 1.7%; t 5 3.2, df 5 6, P 5 0.57) (Table
I). Radiometabolites in plasma constituted 71.4% 6
16.4% of total radioactivity at baseline and were not
significantly different after dopamine depletion
(61.3% 6 19.3%; t 5 0.72, df 5 6, P 5 0.95) (Table I).

[11C]MNPA was stable in vitro in homogenates of
perfused rat brain, but was less stable in whole blood.

Fig. 3. Displacement studies to determine the specificity of
[11C]MNPA binding in rat brain. A: The effect of nonradioactive
raclopride (2 mg/kg, i.v.) on [11C]MNPA binding in striatum of rat
brain. Raclopride was injected 50 min after radioligand injection,
resulting in a significant displacement in striatal activity. B: The

effect of nonradioactive BP 897 (0.5 mg/kg, i.v.) on [11C]MNPA bind-
ing in striatum of rat brain. BP897 was injected 50 min after radio-
ligand injection, resulting in little or no changes in striatal activity.
The concentration of radioactivity is expressed as % injected activity
(IA) per h per cm3 brain. Symbols: (n) striatum; (~) cerebellum.

Fig. 4. [11C]MNPA BPND calculated with a kinetic reference tis-
sue model at baseline and after dopamine depletion (induced by re-
serpine and a-methyl-para-tyrosine). Dopamine depletion resulted
in a significant increase in striatal [11C]MNPA binding potential
(two-tailed P 5 0.0001).

Fig. 5. Radiochromatogram of activity extracted from rat brain
at 30 min after injection of [11C]MNPA. Parent in rat brain consti-
tuted 91% of total radioactivity. Radiometabolites A and B have
lower lipophilicity than that of [11C]MNPA. Radiometabolite C
eluted later than MNPA, but represented �3% of the total radioac-
tivity. The radiochromatogram is from the baseline condition as a
representative profile seen in both conditions (i.e., baseline and
dopamine depletion). Values of the percentage of parent and radio-
metabolite in both conditions can be found in Table I.
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[11C]MNPA had a radiochemical purity of 97% parent
before incubation with tissue. After incubation for
75 min at 378C, parent radioligand was unchanged in
brain homogenates, but decreased to 87% of radio-
activity in whole blood.

DISCUSSION

Our PET imaging in rats confirmed prior studies in
monkeys that the agonist radioligand [11C]MNPA is
more sensitive to changes in endogenous dopamine
than antagonist radioligands (Seneca et al., 2006).
The binding potential in rat striatum at baseline esti-
mated by both kinetic and equilibrium reference tis-
sue models was similar to that reported for monkey
(Seneca et al., 2006). The specificity of binding to do-
pamine D2 and D3 receptors was confirmed by dis-
placement studies with nonradioactive raclopride,
which reduced striatal activity by �83%. To deter-
mine the specificity of radioligand binding to D2 vs.
D3 receptors, we performed displacement studies with
a selective D3 compound, BP 897. Displacement stud-
ies with nonradioactive BP 897 had little or no effect
of [11C]MNPA binding in rat striatum. Striatal activ-
ity was decreased by <10%. Thus, confirming the D2

receptor specificity of [11C]MNPA binding.
Occupancy of D2/3 receptors in rat brain by endoge-

nous dopamine was calculated to be 53%. Like other
investigators (Laruelle, 2000), we made two assump-
tions to estimate the percentage of D2/3 receptors in
the high-affinity state. First, [11C]MNPA at tracer
doses bound only to the high-affinity state. Second,
dopamine depletion converted all receptors in low af-
finity to the high-affinity state. We found that striatal
binding of [11C]MNPA doubled after dopamine deple-
tion. Based on this finding and the two assumptions,
we estimated that at baseline half of all D2/3 receptors
are in the high-affinity state and half are in the low-
affinity state.

The 53% occupancy of D2/3 receptors by endogenous
dopamine is higher than that previously reported
using antagonist radioligands in human and monkey,
with estimates ranging from �10 to �30% (Abi-Darg-
ham et al., 2000; Ginovart et al., 1997; Laruelle et al.,
1997; Verhoeff et al., 2002). However, our calculated

receptor occupancy by endogenous dopamine was sim-
ilar to ex vivo data in rodents using the agonist radio-
ligand [3H]NPA, with estimates ranging from �40 to
�55% (Ross and Jackson, 1989; van der Werf et al.,
1983). The greater increase in BPND observed in the
present study may be attributed, at least partly, to
the use of an agonist radioligand, which is more sen-
sitive than antagonist radioligands to changes in en-
dogenous dopamine (Ginovart et al., 2006; Narendran
et al., 2004; Seneca et al., 2006). Another contributing
factor may be the combined use of two dopamine
depleting agents—namely, reserpine plus a-methyl-
para-tyrosine. This dual treatment regimen reduces
dopamine concentrations in rat striatum by 95% (Guo
et al., 2003). Previous in vivo PET studies using an-
tagonist radioligands in human and monkey used
only one depleting agent at much lower doses, pre-
sumably depleting dopamine to a lesser degree.

The increase in striatal binding might have been
caused by any combination of at least five factors: (1)
increase of radiolabeled metabolites in brain, (2) upre-
gulation of the number of D2/3 receptors, (3) traffick-
ing of receptors to the surface membrane, assuming
that internalized receptors do not bind MNPA, (4)
increase in the percentage of D2/3 receptors in the
high-affinity state, and (5) removal of competition by
endogenous dopamine. With regard to the first factor,
the increase in striatal binding was not due to an
increase in brain radiometabolites. Ex vivo measure-
ments of rat brain at 30 min after radioligand injec-
tion demonstrated that �90% of the total brain activ-
ity was unchanged radioligand. The percentage of
parent (�90%) and radiometabolite (�10%) in rat
brain was insignificantly affected by dopamine deple-
tion. Thus, we can assume that 90% of the total
radioactivity measured in vivo by PET was parent
compound and that administration of dopamine
depleting drugs (i.e., reserpine and a-methyl-para-ty-
rosine) had minimal impact on the metabolism of
[11C]MNPA. With regard to the second possibility of
receptor upregulation, several homogenate binding
studies have found no increase in the density of D2/3

receptors after acute dopamine depletion (Laruelle
et al., 1997; Ross and Jackson, 1989). In agreement
with the homogenate binding studies, in vivo Scatch-
ard analysis using [11C]raclopride showed an increase
in receptor affinity but no change in D2/3 receptor
density in monkey brain (Ginovart et al., 1997). Thus,
the first (i.e., an increase in radiometabolites in brain)
and second possibility (i.e., an upregulation in the
number of D2/3 receptors) seem unlikely. Neverthe-
less, the remaining three mechanisms are plausible:
receptor trafficking from intracellular sites, increased
percentage of receptors in the high-affinity state, and
removal of competition by endogenous dopamine.
None of these remaining possibilities can be excluded
by our results.

TABLE I. Composition of radioactivity in rat brain and
plasma after injection of [11C]MNPA

Samples
Radiochemical

species

Condition

Baseline (%) Depletion (%)

Brain [11C]MNPA 89.6 6 0.9 92.0 6 1.2
Radiometabolites 10.4 6 1.7 8.0 6 1.8

Plasma [11C]MNPA 28.6 6 21.6 38.7 6 18.2
Radiometabolites 71.4 6 16.4 61.3 6 19.3

Rats were euthanized 30 min after injection of [11C]MNPA, and radioactivity
was extracted from brain and plasma. Values are average 6 SD of radioHPLC
analyses (n 5 4 in each condition).
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Occupancy of D2/3 receptors by radioligand

The mass dose of MNPA coadministered with
[11C]MNPA in this study may have been large enough
to occupy a significant percentage of D2/3 receptors,
and such occupancy would have caused us to underes-
timate binding potential. We analyzed the results
using the typical assumptions of radiotracer imaging,
in which the radioligand occupies an insignificant per-
centage (often defined as <5–10%) of the target recep-
tor. Although such conditions commonly apply in ani-
mals with relatively large brains (e.g., human and
monkey), they may not apply in animals with small
brains (e.g., rat and mouse). That is, the mass of car-
rier injected in a monkey will have a higher concen-
tration in rat and may occupy >10% of its receptors.
Thus, rodent imaging would typically require radioli-
gand to have higher specific activity and lower mass
dose than for imaging in larger animals or humans.
We estimated [11C]MNPA’s occupancy of D2/3 recep-
tors in rat brain based on the concentration of specifi-
cally bound radioligand in brain at 45–90 min and
the published value of D2/3 receptor density (Bmax) in
rats. Specific binding, defined as striatum minus cere-
bellum, was 0.78 nM. Assuming the density of D2/3

receptors in rat striatum is 22.7 nM (Seeman et al.,
2002), [11C]MNPA occupied about 3.4% (0.78/22.7) of
all D2/3 receptors. Finally, if we assume that about
60% of all D2/3 receptors in vivo are in the high-affin-
ity state (Narendran et al., 2004; Seneca et al., 2006),
then [11C]MNPA occupied �6% ( 5 3.4%/0.6) of high-
affinity D2/3 receptors. Furthermore, this minor
underestimation of binding potential would be almost
equal under baseline and dopamine depleted condi-
tions. That is, the injected mass dose of MNPA was
similar for baseline (0.46 6 0.22 lg) and dopamine
depleted conditions (0.44 6 0.01 lg). Thus, the under-
estimation of true binding potential would have had
insignificant effect on our estimate of occupancy of
D2/3 receptors by dopamine.

Furthermore, specific and displaceable binding in
the reference region may cause an error in the calcula-
tion of binding potential. Binding potential calculated
using reference tissue models compare the concentra-
tion of radioligand in a receptor-rich to receptor-free
region. For dopamine D2/3 receptor radioligands, the
receptor-rich region is striatum and receptor-free
region is cerebellum. Autoradiographic studies in ani-
mal brain have shown the highest density of dopamine
D2/3 receptors in striatum, with low to negligible den-
sity in cerebellum (Hall et al., 1996; Hall et al., 1988).
Radioligands with high affinity to D2/3 receptors such
as [11C]FLB-457 and [123I]epidepride, may have spe-
cific and displaceable binding to low density of recep-
tors in cerebellum (Asselin et al., 2007; Pinborg et al.,
2007). However, [11C]MNPA has a 7-fold lower affinity
(Kihigh 5 0.14 nM) than [11C]FLB-457 (Ki 5 0.02 nM)

to D2 receptors and may not bind specifically to the low
density of receptors in cerebellum.

Anesthesia effects on radioligand binding

The present study used isoflurane anesthesia, which
may have affected radioligand uptake at baseline and
after dopamine depletion. For example, isoflurane an-
esthesia decreases brain uptake of [18F]FDG (Toyama
et al., 2004), increases brain uptake of [11C]PHNO and
[11C]b-CFT (McCormick et al., 2006; Tsukada et al.,
1999), but has no effect on brain uptake of
[3H/11C]raclopride (McCormick et al., 2006; Tsukada
et al., 1999). We have not directly assessed the effect of
isoflurane anesthesia on brain uptake of [11C]MNPA.
Nevertheless, our values of binding potential at base-
line (and under isoflurane anesthesia) are only slightly
higher (�10%) than those of (Tokunaga et al., 2007) in
awake rats. In addition, we used the same anesthesia
at baseline and after dopamine depletion.

In summary, we confirm the utility of [11C]MNPA
as a radioligand for PET imaging of the dopamine
free state of D2/3 receptors. The specificity of
[11C]MNPA binding to D2 receptors was confirmed by
displacement studies using raclopride and BP 897.
We estimate that dopamine occupies �53% of D2/3

receptors in brains of rats under gaseous anesthesia.
Chronic depletion of dopamine (as in Parkinson dis-
ease) or elevated subcortical dopamine transmission
(as hypothesized in schizophrenia) may alter the per-
centage of D2/3 receptors in the high-affinity state.
Thus, the agonist radioligand [11C]MNPA may be use-
ful to examine the effects on D2/3 receptors of altered
dopamine neurotransmission in neurodegenerative
and neuropsychiatric disorders.
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