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Abstract

[11C]-(+)-PHNO (4-propyl-9-hydroxynaphthoxazine) is a new

agonist radioligand that provides a unique opportunity to

measure the high-affinity states of the D2 receptors (D2-high)

using positron emission tomography (PET). Here we report on

the distribution, displaceablity, specificity and modeling of

[11C]-(+)-PHNO and compare it with the well characterized

antagonist D2 radioligand, [11C]raclopride, in cat. [11C]-(+)-

PHNO displayed high uptake in striatum with a mean striatal

binding potential (BP) of 3.95 ± 0.85. Pre-treatment with spe-

cific D1 (SCH23390), D2 (raclopride, haloperidol) and D3

receptor (SB-277011) antagonists indicated that [11C]-(+)-

PHNO binding in striatum is specific to D2 receptors. Within-

subject comparisons showed that [11C]-(+)-PHNO BP in

striatum was almost 2.5-fold higher than that measured with

[11C]-(–)-NPA ([11C]-(–)-N-propyl-norapomorphine). Compar-

ison of the dose-effect of amphetamine (0.1, 0.5 and 2 mg/kg;

i.v.) showed that [11C]-(+)-PHNO was more sensitive to the

dopamine releasing effect of amphetamine than [11C]raclo-

pride. Amphetamine induced up to 83 ± 4% inhibition of

[11C]-(+)-PHNO BP and only up to 56 ± 8% inhibition of

[11C]raclopride BP. Scatchard analyses of [11C]-(+)-PHNO and

[11C]raclopride bindings in two cats showed that the Bmax

obtainedwith theagonist (29.6 and32.9 pmol/mL) equalled that

obtainedwith the antagonist (30.6 and 33.4 pmol/mL). The high

penetration of [11C]-(+)-PHNO in brain, its high signal-to-noise

ratio, its favorable in vivo kinetics and its high sensitivity to

amphetamine shows that [11C]-(+)-PHNO has highly suitable

characteristics for probing the D2-high with PET.
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Dopamine (DA) has been implicated in a variety of physio-
logical functions and dysfunctions that are involved in several
disorders, including Parkinson’s disease and schizophrenia
(Carlsson 1987; Zigmond et al. 1990). DA exerts its phar-
macological action through multiple membrane-spanning
proteins of the G protein-coupled receptor (GPCR) super-
family. These may be divided into two subfamilies of receptor
subtypes based on their structures, their linkage to adenylate
cyclase and their pharmacological properties: the D1-like (D1,
D5) and the D2-like receptor subtypes (D2, D3, D4; Strange
1993). In the D2 subfamily, the D2 receptor subtype appears
central to the pathology of schizophrenia, tardive dyskinesia,
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Parkinson’s disease and drug addiction. Like many other
GPCRs, D2 receptors have been shown to exist in two
interconvertible affinity states: a state of high affinity (denoted
as D2-high) and a state of low affinity (denoted as D2-low) for
their naturally occurring agonist DA (Sibley et al. 1982). The
D2-high represents the active form of the receptor that is
coupled to the G protein and capable of inhibiting adenylate
cyclase (Zahniser and Molinoff 1978). The D2-high is
regulated by guanine nucleotides and is convertible into the
D2-low, which corresponds to the inactive, G protein-
uncoupled form of the receptor.

Unlike agonists, which preferentially bind to the D2-high,
antagonists recognize D2-high and D2-low with equal affinity
(George et al. 1985). Thus, studies of D2 receptors using
antagonist radioligands cannot distinguish pathological states
that reflect a shift in the proportion of D2-high and D2-low.
This might be particularly true for pathologies such as
schizophrenia, for which an increased density of striatal D2

receptors has been suspected to account for the DA
hyperfunction seen in this disease, but has generally not
been confirmed by brain imaging studies using D2 antagonist
radiotracers (Farde et al. 1990; Martinot et al. 1990, 1991;
Hietala et al. 1994; Nordstrom et al. 1995). Recent studies
using positron emission tomography (PET), or single photon
emitted computed tomography, and high affinity D2/D3

radiotracers, in fact provided evidence of a decreased density
of D2 receptors in extrastriatal brain regions such as temporal
cortex (Tuppurainen et al. 2003), anterior cingulate (Suhara
et al. 2002) and thalamus (Talvik et al. 2003; Yasuno et al.
2004) in patients with schizophrenia when compared with
healthy controls.

In recent years, there have been multiple efforts to develop
agonist radiotracers for in vivo imaging of the D2-high using
PET. A number of 11C- or 18F-labeled derivatives of
apomorphine (Halldin et al. 1992; Zijlstra et al. 1993a,b;
Hwang et al. 2000; Finnema et al. 2005) and hydroxytetralin
(Shi et al. 1999; Mukherjee et al. 2000, 2004; Shi et al.
2004) with nanomolar affinities for D2 receptors have been
reported as potential agonist PET radioligands. The most
promising agonist radiotracer reported so far, [11C]N-(–)-
propyl-norapomorphine {[11C]-(–)-NPA}, shows a striatum/
cerebellum ratio of 2.8 in vivo in baboon (Hwang et al.
2000). As expected for an agonist radioligand, [11C]-(–)-NPA
shows an increased sensitivity to amphetamine-released DA
when compared with [11C]raclopride in anesthetized baboons
(Narendran et al. 2004). Although the striatum/cerebellum
ratio obtained in baboon with [11C]-(–)-NPA was the highest
reported so far with a D2 agonist, its binding potential (BP)
(denoted as ‘V3’ in Narendran et al. 2004) of 1.2 in baboon
is only about 40% of the value of the BP of [11C]-raclopride
obtained in the same animals. The use of [11C]-(–)-NPA has
not yet been reported in humans. However, its rather modest
signal-to-noise ratio may weaken the power of [11C]-(–)-NPA
PET imaging in human trials.

In 1984, a series of naphthoxazine derivatives was
described, with a molecular structure unrelated to apomor-
phine, which showed a high in vitro affinity and in vivo
agonistic activity at the D2 receptors (Horn et al. 1984; Jones
et al. 1984). One member of this series, the (+)-enantiomer
of 4-propyl-3,4,4a,5,6,10b-hexahydro-2H-naphtho[1,2-b]
[1,4]oxazin-9-ol] {(+)-PHNO}, was shown to be a remark-
ably potent and selective D2 agonist both in vivo and in vitro.
In vivo functional assays of D2 receptors demonstrated that
(+)-PHNO was able to induce hypothermia and postural
asymmetry in mice with unilateral lesion of the striatum,
stereotypies in rats, contralateral turning in rats with
unilateral lesion of the substantia nigra, emesis in beagles
and inhibition of the firing of nigral dopaminergic neurons
with ED50 values ranging between 0.5 and 13 lg/kg
intraperitonally (Martin et al. 1984, 1985). Receptor binding
assays showed that (+)-PHNO displayed high affinity and
selectivity for the D2 receptor, with an equilibrium dissoci-
ation constant of 0.3–0.6 nmol/L at the D2-high, and > 100-
fold less at the D2-low (Madras et al. 1988; Seeman and
Ulpian 1988; Seeman et al. 1993). Most importantly, the
non-hydrolysable guanine nucleotide, guanylyl-5¢-imidodi-
phosphate Gpp(NH)p (a stable analog of GTP), inhibited
[3H]-(+)-PHNO specific binding in canine striatal homogen-
ates (Seeman et al. 1993) and on rat striatal sections
(Nobrega and Seeman 1994), providing direct evidence that
[3H]-(+)-PHNO binds primarily to the D2-high. We recently
radiolabeled (+)-PHNO with 11C and obtained ex vivo data in
rats showing that [11C]-(+)-PHNO is a promising agonist
radiotracer for in vivo labeling of the D2-high (Wilson et al.
2005). Ex vivo binding of [11C]-(+)-PHNO in striatum was
found to be stereospecific, saturable, specific to the D2

receptors, and to display appropriate sensitivity to variations
in the levels of endogenous DA (Wilson et al. 2005).
Moreover, [11C]-(+)-PHNO displayed a higher striatum-to-
cerebellum ratio when compared with [11C]-(–)-NPA (5.6
and 4.3 at 60 min post-injection for [11C]-(+)-PHNO and
[11C]-(–)-NPA, respectively), suggesting that [11C]-(+)-
PHNO could be a superior radioligand for imaging the D2-
high using PET (Wilson et al. 2005). Recent pilot data
obtained using PET in healthy humans showed that [11C]-
(+)-PHNO binding displays favorable kinetics and allows an
exquisite delineation of brain structures known to contain D2/
D3 receptors (Gurevich and Joyce 1999) such as the caudate,
the putamen, the external globus pallidus and the substantia
nigra (Willeit et al. 2006).

In this study, in vivo PET experiments were performed in
cats to allow investigations that were otherwise not possible in
humans, especially experiments involving the use of doses of
pharmacological compounds that lie above the doses accept-
able in human beings. First, we report on the regional brain
distribution and in vivo kinetics of [11C]-(+)-PHNO binding,
using PET, in the cat brain. For comparison, we also examined
the in vivo kinetics of [11C]-(–)-NPA binding and that of the
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inactive enantiomer of (+)-PHNO, [11C]-(–)-PHNO. A phar-
macological characterization of [11C]-(+)-PHNO binding was
performed, using reference compounds known to be active at
either the D1, D2 or D3 receptors, to further validate [

11C]-(+)-
PHNO as a novel agonist radiotracer for imaging the D2-high
using PET. Second, we describe the dose-effect of
d-amphetamine and haloperidol on both [11C]-(+)-PHNO
and [11C]raclopride binding in the same animals. Our
hypothesis was that both d-amphetamine and haloperidol
should induce a dose-dependent decrease in [11C]-(+)-PHNO
and [11C]raclopride binding in striatum. However, as both
endogenous DA and [11C]-(+)-PHNO bind to the D2-high,
d-amphetamine should have a larger effect on [11C]-(+)-
PHNO than on [11C]-raclopride binding. Conversely, as
haloperidol binds to both the D2-high and D2-low, haloperidol
should have a similar effect on both radioligands. Third, pilot
Scatchard analyses were performed in two cats to compare the
binding properties, in terms of binding sites density and
apparent affinity, of the D2 receptor populations as labeled by
[11C]-(+)-PHNO and [11C]raclopride.

Materials and methods

Animals

Animal studies and experimental procedures conformed to the

guidelines established by the Canadian Council on Animal Care,

and were approved by the Animal Care Committees at both the

Center for Addiction and Mental Health and the University of

Toronto. A total of five domestic male cats (Liberty Research Inc.,

Waverly, NY, USA) weighing 5–7 kg were used in this study.

PET system

Studies were performed using a high resolution neuro-PET camera

system, CPS-HRRT (CPS Innovations, Knoxville, TN, USA), which

measured radioactivity in 207 brain sections with a thickness of

1.2 mm each. This camera system consists of eight panel detectors,

each panel being composed of 117 phoswich detectors, arranged 13

axial by 9 radial. The phoswich detector is manufactured from two

different crystal materials, a lutetium oxyorthosilicate (LSO) crystal

and a lutetium yttrium oxyorthosilicate (LYSO) crystal, each crystal

element having a dimension of 2 · 2 · 10 mm3. The in-plane

resolution of the scanner is approximately 2.8 mm full width at half-

maximum. The HRRT acquires data in both 64-bit and 32-bit list

mode formats under the control of the acquisition PC (SuperMicro

Computer Inc., San Jose, CA, USA) computer. The major difference

between the two list mode formats is that the former defines

precisely the coincidence between the detector pair for each event,

whilst the later converts the actual position of the coincidence in the

sinogram space.

Image acquisition and reconstruction

Transmission scans, both blank and with the animal in the

tomograph field of view, were acquired in 64-bit list mode using a

single photon point source, 137Cs (T½_ ¼ 30.2 years, Ec ¼
662 keV). The acquired list mode data were sorted into sinograms

and an attenuation image calculated from the ratio of these two scans

(Knoess et al. 2003). However, a further correction had to be

applied to account for the difference in the photon energy between

transmission [Ec ¼ 662 kilo-electronvolt (keV)] and emission

(Ec ¼ 511 keV) acquisitions. A 511 keV attenuation image was

generated by linearly re-scaling the 662 keV attenuation image prior

to forward projection of the scaled 511 keV attenuation image to

produce the attenuation correction. This re-scaling process also

accounted globally for the scatter contamination in transmission data

(Knoess et al. 2003).
Following the transmission acquisition, a 32-bit list mode

emission acquisition of 65 min duration was initiated. The injection

of the radioligand was started a few seconds after the start of the

emission acquisition. On completion of the emission acquisition,

both the transmission and emission data were transferred to an off-

line data processing system for image reconstruction. The emission

list mode data were re-binned into a series of three-dimensional (3D)

sinograms. The first frame was of variable length to account for the

time between the start of the acquisition and the arrival of

radioactivity in the tomography field of view. The following 28

frames were then defined as 5 · 60 s frames, 20 · 2 min frames

and 3 · 5 min frames. For each 3D sinogram, the following

processes were completed to create a reconstructed image. First, the

gaps in the sinogram due to the design of the tomography were filled

(Karp et al. 1988), during which process corrections for photon

attenuation and detector normalization were applied. The gap-filled

sinograms were scatter-corrected (Watson et al. 1997) before

applying Fourier re-binning to convert the 3D sinograms into two-

dimensional (2D) sinograms (Defrise et al. 1997). The 2D sino-

grams were then reconstructed into image space, using a 2D filtered

back projection algorithm with a ramp filter at Nyquist cut-off

frequency, and the images calibrated to nCi/cc. When all the frames

had been reconstructed, the images were combined to create a single

dynamic data set upon which time–activity curves were calculated.

Radiochemistry

[11C]-(+)-PHNO and [11C]-(–)-PHNO were synthesized as previ-

ously described (Wilson et al. 2005). [11C]-(–)-NPAwas prepared in

a similar manner to [11C]-(+)-PHNO, using normethylapomorphine

hydrochloride (Sigma-Aldrich, Oakville, Ontario, Canada) as

precursor. [11C]raclopride was synthesized as previously described

by methylation of the desmethyl precursor (free base) using

[11C]methyl iodide (Ehrin et al. 1987; Wilson et al. 2000). For all
radiotracers, radiochemical purity was > 98%.

PET examinations

Anesthesia was induced with isoflurane (4%). As soon as deep

anesthesia was obtained, an endotracheal intubation was performed

and anesthesia was maintained by constant insufflation of 2.5%

isoflurane in oxygen. End-tidal carbon dioxide pressure (ETCO2),

heart rhythm and body temperature were continuously monitored

during the PET experiments. Ventilation was assisted using an ADS

1000 microprocessor-controlled ventilator (Engler Engineering,

Hialeah, FL, USA). Standard ventilation parameters (flow rate:

10–12 L/min; 8–10 breaths/min; peak inspiratory pressure:

14–16 cm/H2O) were used. During the experiment, ventilation

was modified within the above standard values to target ETCO2

values of 28–31 mmHg. A head fixation system was used to secure
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a reproducible position of the cat’s head during the PET measure-

ments. This system consists of a stereotaxic frame similar to frames

used for standard cat surgical stereotactic procedures, except that it

is constructed with plexiglas to reduce the attenuation and scatter of

photons during PET scans. For positioning of the cat into the frame,

ear bars were inserted into the external auditory meatus of the

animal to orient its interaural line. A tooth bar and orbital bars were

used to place the animal’s head in the orientation defined in the cat

atlas of Jasper and Ajmone-Marsan (1954). The frame was attached

directly to the computer-controlled bed of the PET scanner so that

the animal could be precisely placed in the same axial position of the

scanner field of view. A cannula was inserted into the recurrent

tarsal vein on the lateral aspect of the hind limb for radiotracer

injection.

PET experiments were performed after an i.v. bolus injection of

either [11C]-(+)-PHNO, [11C]-(–)-PHNO, [11C]-(–)-NPA or [11C]ra-

clopride. For [11C]-(+)-PHNO, 2.3 ± 0.2 mCi of the radioligand

was injected at a specific radioactivity (SR) of 993 ± 386 Ci/mmol

at the time of i.v. injection. For [11C]-(–)-PHNO, 2.3 mCi of the

radioligand was injected at a SR of 982 and 1196 Ci/mmol. For

[11C]-(–)-NPA, 2.1 ± 0.3 mCi of the radioligand was injected at a

SR of 1249 ± 490 Ci/mmol. For [11C]raclopride, 2.4 ± 0.2 mCi of

the radioligand was injected at a SR of 1042 ± 298 Ci/mmol. For

each radioligand, the total time for radioactivity measurement was

60 min.

In vivo characterization of [11C]-(+)-PHNO binding in the cat

brain

Three cats were each examined with [11C]-(+)-PHNO in two

consecutive PET experiments performed 2.25 h apart. The first PET

experiment was performed at baseline conditions in order to obtain

information about the regional distribution and the kinetics of

[11C]-(+)-PHNO in brain. The second experiment was performed

following a pre-treatment with either the D2 receptor antagonist,

raclopride (1 mg/kg; i.v.), the D2 receptor antagonist, haloperidol

(0.5 mg/kg; i.v.), the D1 receptor antagonist, SCH23390 (1 mg/kg;

i.v.), or the D3 receptor antagonist, SB-277011 (1 mg/kg; i.v.).

Raclopride, SCH23390 and SB-277011 were administered 15 min

prior to, while haloperidol was administered 1 h prior to the

[11C]-(+)-PHNO injection.

Comparison of [11C]-(+)-PHNO and [11C]-(–)-NPA in vivo

binding kinetics

Two cats were sequentially examined, at baseline conditions,

following administration of [11C]-(+)-PHNO and [11C]-(–)-NPA.

The time interval between the [11C]-(+)-PHNO and [11C]-(–)-NPA

scans was at least 1 month.

Effect of amphetamine on [11C]-(+)-PHNO, [11C]-(–)-PHNO

and [11C]-(–)-NPA bindings

One cat was examined on four different experimental days. On the

first experimental day, the cat was scanned using [11C]-(+)-PHNO at

baseline conditions and at 20 min following a single administration

of d-amphetamine (2 mg/kg; i.v.). On the second experimental day,

the same cat was scanned using the inactive enantiomer [11C]-

(–)PHNO at baseline conditions and at 20 min following a single

administration of d-amphetamine (2 mg/kg; i.v.). The time interval

between the first and second experimental day was 5 months. On the

third experimental day, the cat was scanned using [11C]-(+)-PHNO

at 1 h and at 3.5 h following a single administration of d-amphet-

amine (2 mg/kg; i.v.). The time interval between the second and

third experimental day was 2 weeks. On the fourth experimental

day, the cat was scanned using [11C]-(–)-NPA at baseline conditions

and at 20 min following an administration of d-amphetamine

(2 mg/kg; i.v.). The time interval between the third and fourth

experimental day was 10 months.

Dose–effect of d-amphetamine on [11C]-(+)-PHNO

and [11C]raclopride binding

Five cats were used, for a total of 28 PET scans, to compare the

dose–effect of d-amphetamine on [11C]-(+)-PHNO and [11C]raclo-

pride binding. These 28 scans were performed in 14 experimental

days, seven using [11C]-(+)-PHNO and seven using [11C]raclopride.

On each experimental day, cats participated in two consecutive PET

scans performed 2–2.25 h apart. The first scan was performed at

baseline conditions and the second scan was performed at 20 min

after a single i.v. administration of d-amphetamine. Three doses of

d-amphetamine were used: 0.1 mg/kg (n ¼ 2), 0.5 mg/kg (n ¼ 2)

and 2 mg/kg (n ¼ 3). Cats were randomly assigned to one or two

doses of d-amphetamine: three cats were tested with one dose and

two cats with two doses of d-amphetamine. However, each animal

was tested with the same d-amphetamine dose(s) for both [11C]-(+)-

PHNO and [11C]raclopride, and the sequence of radioligand

injection was counterbalanced.

Dose–effect of haloperidol on [11C]-(+)-PHNO and

[11C]raclopride binding

Four cats were used, for a total of 16 PET scans, to compare the

dose–effect of haloperidol on [11C]-(+)-PHNO and [11C]raclopride

binding. Ten scans were performed using [11C]-(+)-PHNO and were

acquired on 4 experimental days. On each experimental day, cats

participated in two consecutive PET scans performed 2.2 h apart.

The first scan was performed at baseline conditions and the second

scan was performed 20 min after a single i.v. administration of

haloperidol. Three doses of haloperidol were tested in three different

cats: 0.002 mg/kg, 0.005 mg/kg and 0.5 mg/kg. Two additional

PET scans (baseline and post-haloperidol) were performed in a

fourth cat to re-test the effect of a 0.002 mg/kg dose of haloperidol.

Six scans were performed using [11C]raclopride in a manner similar

to that described with [11C]-(+)-PHNO except in that case, we did

not repeat the experiments using the 0.002 mg/kg dose of

haloperidol in a fourth cat. Each animal was tested with the same

dose of haloperidol for both [11C]-(+)-PHNO and [11C]raclopride

and the sequence of radioligand injection was counterbalanced.

Scatchard analyses of [11C]-(+)-PHNO and [11C]raclopride

bindings

Two cats (cat C and cat E) were each examined on two occasions, at

least one week apart. [11C]-(+)-PHNO was used on one occasion

and [11C]raclopride on the other. On each occasion, cats were

examined at baseline conditions in two consecutive PET experi-

ments, performed 2 h apart, using the radioligand at high (> 600 Ci/

mmol) and low specific radioactivity (SR; approximately 40 Ci/

mmol), respectively. In the high SR experiments, the masses of

raclopride injected were 0.14 lg/kg and 0.10 lg/kg of body weight

in cats C and E, respectively; the masses of -(+)-PHNO were
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0.13 lg/kg and 0.13 lg/kg of body weight in the two corresponding

cats, respectively. In the low SR experiments, the masses of

raclopride injected were 4.83 lg/kg and 6.60 lg/kg of body weight

in cats C and E, respectively; the masses of -(+)-PHNO were

1.85 lg/kg and 2.52 lg/kg of body weight in the two corresponding

cats, respectively. On each occasion, the radioligand binding site

density (Bmax) and apparent equilibrium dissociation constant (K¢D)
were calculated by Scatchard analysis.

Data analysis

Regions of interest analysis
The stereotaxic frame used in this study enables a reproducible

positioning of the cat’s head within the scanner field of view and

allows for the same regions of interest (ROIs) to be used across

serial studies of a same animal. ROIs for the right and left striatum

and the cerebellum were drawn on summation PET images obtained

with [11C]-(+)-PHNO at baseline conditions. The summation images

used represented radioactivity accumulation from 10 to 60 min post-

radioligand injection. ROIs for the striatum included the caudate and

the putamen, and were defined on the four central PET slices where

the caudate-putamen had its maximal extension. For each cat, the

same set of ROIs was used across studies and across radioligands.

When analyzing serial scans of a same animal, inspection of the

ROIs positioning was systematically carried out and found to be in

close agreement across studies. ROIs were then transferred onto the

dynamic PET images, and regional radioactivity concentration

(nCi/mL) was determined for each frame, corrected for decay and

expressed as standardized uptake value (SUV) according to the

equation (Bergstrom et al. 2003):

SUV ¼ regional radioactivity concentration=

ðinjected radioactivity=body weightÞ

Time–activity curves for regional radioligand uptake were gener-

ated by plotting SUV values versus time.

Binding potential quantification
Quantification of radioligand binding potentials (BP) was performed

using the ratio method. The time–activity curve for specific

radioligand binding, CB(t), was defined as the radioactivity

concentration in a ROI minus that measured in the cerebellum:

CB(t) ¼ CROI(t) ) CCEREB(t). Radioactivity in the cerebellum was

thus used as an estimate for free and non-specific concentration of

radioactivity in brain, CNS+F. The time–curves for CB and CNS+F

were integrated from t1 ¼ 31 min to t2 ¼ 60 min. The BP was

calculated as the ratio between the integrated value obtained for CB

and the integrated value obtained for CNS+F.

Drug-induced occupancy and dose–responses
Following pre-treatment with amphetamine and haloperidol, D2

receptor occupancy in the striatum was defined as the percentage

reduction of BP obtained after drug treatment compared with the

BP obtained at baseline. The relationships between the injected

doses (mg/kg) of d-amphetamine and haloperidol, and their

respective brain-induced occupancy of D2 receptors, were exam-

ined. According to the law of mass action, the relationship

between receptor occupancy and drug dose is described by the

hyperbolic function:

Occupancyð%Þ ¼ Occmax � Dose

ED50 þ Dose
ð1Þ

where Occmax is the maximal occupancy induced by the drug, dose

is the drug injected dose (mg/kg) and ED50 is the drug dose (mg/kg)

inducing 50% of the Occmax.

The D2 receptor occupancy values measured after injection of

either d-amphetamine or haloperidol were plotted versus the

corresponding drug injected doses. Each data point was treated as

a separate observation. The hyperbolic function of eqn 1 was fitted

to the experimental data points using an iterative weighted least

squares technique implemented in KALEIDAGRAPH 4.0 Software

(Synergy Software, Reading, PA, USA). ED50 (mg/kg) and Occmax

(%) values were then extrapolated from the fitted curves.

Scatchard analyses
Scatchard analyses of [11C]raclopride and [11C]-(+)-PHNO bindings

were performed as previously described (Farde et al. 1990). The
time curve for radioactivity in cerebellum, a region with a low

density of D2 receptors, was used as an estimate of free and non-

specific radioligand concentration in brain [F(t)]. The time curve for

specific radioligand binding [B(t)] was defined as the radioactivity in

the striatum minus that in the cerebellum. A set of three exponential

functions was fitted to the time curves for B(t) and F(t). Time for

transient equilibrium was defined as the moment when B(t) peaked,

i.e. dB/dt ¼ 0. The B/F ratio was calculated using the values

obtained at transient equilibrium. The value of B obtained at

transient equilibrium was divided by the SR of injected [11C]raclo-

pride to obtain the specifically bound radioligand concentration (B;

pmol/mL). The B/F ratios obtained for each experiment were plotted

versus B in a Scatchard graph and a straight line was drawn through

the plotted points. The Bmax was defined at the intercept with the

x-axis and the K¢D by the inverse of the slope.

Statistical analysis

Differences in BPs, as well as occupancies between radioligands and

between doses of d-amphetamine or haloperidol, were tested with

repeated measures ANOVA (RM ANOVA). Omnibus tests were

performed to evaluate the effect of radioligand and dose on BPs

and occupancies following pre-treatment with either d-amphetamine

or haloperidol. Bonferroni-corrected comparisons were used as post-

hoc tests to evaluate significant differences between radioligands

and between doses. Since interaction terms were not significant in

all cases, they were removed from the models. We used ANOVAwhen

different groups of cats were used between radioligands. All

statistical tests are two-tailed and a p < 0.05 was set as statistically

significant in all cases.

Results

In vivo characterization of [11C]-(+)-PHNO binding in

the cat brain

The in vivo distribution of [11C]-(+)-PHNO binding was con-
sistent with the known distribution of D2 receptors in brain,
with a high uptake of radioactivity observed in striatum and a
low uptake of radioactivity observed in cerebellum. [11C]-
(+)-PHNO kinetics were fast, with the peak of radioactivity
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levels reached within 2 min and within 8–10 min post-
injection in cerebellum and in striatum, respectively.
[11C]-(+)-PHNO specific binding in striatum was determined
by subtracting the radioactivity measured in cerebellum from
that measured in striatum. Striatal specific binding peaked at
about 15–20 min post-injection and declined thereafter,
indicating that [11C]-(+)-PHNO binding in this structure is
reversible and reaches equilibrium well within the time frame
of a PET experiment. The mean [11C]-(+)-PHNO BP,
approximated using the ratio method and data obtained
between 31 and 60 min post-injection, was 3.95 ± 0.85
(n ¼ 5).

In pre-treatment experiments, [11C]-(+)-PHNO binding
was markedly reduced in striatum but not in cerebellum
following injection of both raclopride (1 mg/kg; Fig. 1a) and
haloperidol (0.5 mg/kg; Fig. 1b). Striatal BP was reduced by
89% and 94% following pre-treatment with raclopride and
haloperidol, respectively. Pre-treatment with either
SCH23390 (1 mg/kg; Fig. 1c) or SB-277011 (1 mg/kg;
Fig. 1d) had no measurable effect on [11C]-(+)-PHNO
binding in either striatum or cerebellum.

Figure 2 shows a comparison of the baseline time–activity
curves obtained in the same cat after administration of the
active and inactive enantioners of [11C]-PHNO. The inactive
enantiomer, [11C]-(–)-PHNO, showed no preferential uptake
in striatum when compared with cerebellum, with a BP of
0.07. Importantly, the levels of radioactivity measured in
cerebellum with the active and inactive enantiomers were
superimposable.

Comparison of [11C]-(+)-PHNO and [11C]-(–)-NPA

in vivo binding kinetics in the cat brain

Two cats were sequentially examined, at least 4 weeks apart,
with [11C]-(+)-PHNO and [11C]-(–)-NPA. Figure 3 shows a
comparison of the time–activity curves obtained at baseline
in one of the two cats. While the levels of radioactivity
measured in cerebellum with the two radioligands were
similar, [11C]-(+)-PHNO binding in striatum was higher than

Fig. 1 Time–activity curves showing [11C]-

(+)-PHNO binding kinetics in striatum and

cerebellum at control conditions and fol-

lowing pretreatment with (a) raclopride, (b)

haloperidol, (c) SCH23390 and (d) SB-

277011.

Fig. 2 Comparison of the time–activity curves obtained in the striatum

and cerebellum of the same animal following injection of either [11C]-

(+)-PHNO or [11C]-(–)-PHNO. Note that there was no preferential

uptake of the inactive enantiomer, [11C]-(–)-PHNO, in striatum.
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that of [11C]-(–)-NPA in the two cats examined. In both cats,
striatal BP values were higher using [11C]-(+)-PHNO (3.42
and 3.93) than using [11C]-(–)-NPA (1.59 and 1.39).

Effect of d-amphetamine on [11C]-(+)-PHNO,

[11C]-(–)-PHNO and [11C]-(–)-NPA bindings

As exemplified in Fig. 4(a), a single intravenous dose of 2 mg/
kg d-amphetamine induced marked reductions of [11C]-(+)-
PHNO binding in striatum, but also in cerebellum, when
compared with baseline. In this specific animal, [11C]-(+)-
PHNO BP was reduced by 88% following d-amphetamine
administration; this reductionwas due to concomitant 84%and
45% decreases in striatal and cerebellar radioactivity levels,
respectively, as measured 31–60 min post-radioligand injec-
tion. In stark contrast, no significant change in cerebellar
radioactivity levels was observed with [11C]raclopride follow-
ing administration of the same dose of d-amphetamine (data
not shown). To obtain further insight into the mechanism

underlying this decrease in cerebellar [11C]-(+)-PHNO uptake
after d-amphetamine, the same animal was scanned at baseline
and after 2 mg/kg d-amphetamine using the inactive enanti-
omer [11C]-(–)-PHNO. As observed with [11C]-(+)-PHNO,
d-amphetamine administration induced a marked reduction of
[11C]-(–)-PHNO accumulation in brain, including cerebellum,
when comparedwith baseline (Fig. 4b). Importantly, the levels
of radioactivity measured in cerebellum with the active and
inactive enantiomers were superimposable both at baseline
conditions and after the administration of d-amphetamine.
Similarly to the observation with [11C]-(+)-PHNO, a 2 mg/kg
dose of amphetamine induced marked reductions of [11C]-(–)-
NPA binding in both striatum and cerebellum (Fig. 4c).
However, the DA-releasing effect of the drug appeared to have
less impact on [11C]-(–)-NPA than on [11C]-(+)-PHNO
binding, as [11C]-(–)-NPA BP was reduced by ‘only’ 62%
following amphetamine administration.

To assess the effect of d-amphetamine on the kinetics of
[11C]-(+)- and [11C]-(–)-PHNO in cerebellum, the areas
under the time–activity curve (AUC0)60min) obtained in this
structure at baseline and after d-amphetamine were com-
pared. The cerebellar AUC0)60min for [11C]-(+)-PHNO was
116 and 68 SUV.min and were at baseline and after
d-amphetamine, respectively, comparable with those calcu-
lated for [11C]-(–)-PHNO (114 and 64 SUV.min at baseline
and after d-amphetamine, respectively). The above results
clearly show that d-amphetamine similarly altered the
pharmacokinetics of both [11C]-(+)- and [11C]-(–)-PHNO
in cerebellum.

To evaluate the time-course of d-amphetamine effect on
[11C]-(+)-PHNO binding, the same cat was examined at
20 min, 1 h and 3.5 h post-amphetamine (Fig. 5). [11C]-(+)-
PHNO binding kinetics in striatum were still altered at 1 h
and at 3.5 h post-amphetamine, with a higher peak uptake
and a faster wash-out of radioactivity compared with
baseline. Cerebellar AUCs0)60min were still decreased to 83
and 74 SUV.min at 1 h and at 3.5 h post-amphetamine,

Fig. 3 Comparison of the time–activity curves obtained in the striatum

and cerebellum of the same animal following injection of either [11C]-

(+)-PHNO or [11C]-(–)-NPA. Note that [11C]-(+)-PHNO uptake in stri-

atum was substantially higher than that obtained with [11C]-(–)-NPA.

Fig. 4 Effect of a single 2 mg/kg i.v. dose of d-amphetamine on the striatal and cerebellar binding kinetics of (a) [11C]-(+)-PHNO, (b) [11C]-(–)-

PHNO and (c) [11C]-(–)-NPA. Note that all three radioligands showed a decreased uptake in cerebellum following d-amphetamine administration.
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respectively, indicating a long-lasting alteration in [11C]-(+)-
PHNO kinetics in brain. [11C]-(+)-PHNO BP was reduced,
respectively, by 87% and 82% at 1 h and 3.5 h after the drug,
compared with baseline (Fig. 5).

Dose–effect of d-amphetamine on [11C]-(+)-PHNO

and [11C]raclopride binding

Doses of radioligand injected
The mean dose and mean mass of [11C]-(+)-PHNO injected at
baseline conditions (2.33 ± 0.15 mCi and 0.62 ± 0.20 lg,
respectively) were not significantly different from those
injected after d-amphetamine administration (2.31 ±
0.16 mCi and 0.60 ± 0.33 lg, respectively; RM ANOVA, p >
0.05). Similarly, the mean dose and mean mass of [11C]raclo-
pride injected at baseline conditions (2.30 ± 0.13 mCi and
1.29 ± 0.65 lg, respectively) were not significantly different
from those injected after d-amphetamine administration
(2.31 ± 0.17 mCi and 1.34 ± 0.53 lg, respectively; RM
ANOVA, p > 0.05).

Physiological parameters
At baseline conditions, the mean heart rate and mean ETCO2

measured during the [11C]-(+)-PHNO scans (114 ± 9 beats/
min and 30 ± 2 mmHg, respectively) were not significantly
different from those measured during the [11C]raclopride
scans (109 ± 11 beats/min and 30 ± 3 mmHg, respectively;
RM ANOVA, p ¼ 0.91 for heart rate and p ¼ 0.66 for
ETCO2). Significant elevations in both the heart rate and
ETCO2 were monitored following d-amphetamine adminis-
tration when compared with baseline, with a significant dose
effect for each radioligand (RM ANOVA, p < 0.001 for each
radioligand and each parameter). The maximal effect was
observed at the highest d-amphetamine dose (i.e. 2 mg/kg)
for which heart rate increased at 197 ± 3 beats/min and
196 ± 17 beats/min, and ETCO2 increased at 37 ± 7 mmHg

and 35 ± 8 mmHg, for [11C]-(+)-PHNO and [11C]raclopride,
respectively. Under d-amphetamine conditions, no significant
difference was observed in the mean heart rate and mean
ETCO2 between the two radioligands (RM ANOVA, p ¼ 0.54
for heart rate and p ¼ 0.53 for ETCO2).

Effect of d-amphetamine on radioligand BPs
At baseline conditions, [11C]-(+)-PHNO BP (4.01 ± 0.66;
n ¼ 7) was not significantly different from that measured
with [11C]raclopride (3.89 ± 0.44; n ¼ 7; RM ANOVA, p ¼
0.56; Table 1). d-Amphetamine administration induced sig-
nificant reductions in [11C]-(+)-PHNO BP when compared
with baseline values (RM ANOVA, p ¼ 0.005), with a
significant dose-effect (RM ANOVA; p ¼ 0.0001; Table 1).
Similarly, d-amphetamine administration also induced signi-
ficant reductions in [11C]raclopride BP when compared with
baseline (RM ANOVA; p ¼ 0.002), with a significant dose-
effect (RM ANOVA; p ¼ 0.0003; Table 1).

Comparison of the effect of d-amphetamine on both [11C]-
(+)-PHNO and [11C]raclopride binding showed that, for all
doses used, [11C]-(+)-PHNO was more sensitive to the
dopamine releasing effect of the drug (Fig. 6). An omnibus
test including both radioligands and all d-amphetamine
doses, with D2 occupancy as the dependent variable, was
significant (RM ANOVA, p ¼ 0.0006). Post-hoc analysis
confirmed that d-amphetamine-released DA induced signi-
ficantly higher D2 occupancies when measured with [11C]-
(+)-PHNO than when measured with [11C]raclopride (RM
ANOVA, p ¼ 0.002), with a significant effect of the dose (RM
ANOVA, p ¼ 0.03). The EDs50 of d-amphetamine for inhib-
iting [11C]-(+)-PHNO and [11C]raclopride striatal bindings
were 0.27 mg/kg and 0.39 mg/kg, respectively. The hyper-
bolic function used to fit the dose–effect data gave maximal
occupancy values of 96% for [11C]-(+)-PHNO and of 68%
for [11C]raclopride (Fig. 6).

Fig. 5 Time-course of the effect of d-amphetamine on [11C]-(+)-PHNO binding in striaton (closed triangles) and cerebellum (closed circles). [11C]-

(+)-PHNO binding kinetics and BPs were obtained in the same animal at 30 min, 1 h and 3.5 h following a single 2 mg/kg i.v. dose of

d-amphetamine.
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Dose–effect of haloperidol on [11C]-(+)-PHNO

and [11C]raclopride binding

At baseline conditions, [11C]-(+)-PHNO BP (4.29; n ¼ 5)
was not significantly different from that measured with
[11C]raclopride (3.76; n ¼ 3; ANOVA, p ¼ 0.31; Table 2).
Haloperidol administration induced significant reductions in
both [11C]-(+)-PHNO and [11C]raclopride BP when com-
pared with baseline values (RM ANOVA, p ¼ 0.001 and p ¼
0.04 for [11C]-(+)-PHNO and [11C]raclopride, respectively).
An omnibus test including both radioligands and all halop-
eridol doses, with D2 occupancy as the dependent variable,
was significant (ANOVA, p ¼ 0.002). Post-hoc analysis
showed that haloperidol-induced D2 occupancies measured
with [11C]-(+)-PHNO were not statistically different from

those measured with [11C]raclopride (ANOVA, p ¼ 0.20), with
a significant dose–effect (ANOVA, p < 0.001). The EDs50 of
haloperidol for inhibiting [11C]-(+)-PHNO and [11C]raclo-
pride striatal bindings were 28 lg/kg and 19 lg/kg, respect-
ively. The hyperbolic function used to fit the dose–effect data
gave maximal occupancy values of 99.6% for [11C]-(+)-
PHNO and 97.4% for [11C]raclopride.

Comparison of [11C]raclopride and [11C]-(+)-PHNO

binding parameters

In the two cats tested (Figs 7a and b), injection of [11C]-(+)-
PHNO at low SR induced a marked reduction of radioactivity
levels in striatum, but no detectable changes in cerebellum,
when compared with data obtained with the high SR
injection. Similar results were obtained with [11C]raclopride
(data not shown). These data indicate that [11C]-(+)-PHNO
binding in striatum is saturable and suggest that cerebellum is
devoid of [11C]-(+)-PHNO specific binding sites.

In the two cats tested, there was no detectable difference in
the Bmax or K¢D values obtained with [11C]-(+)-PHNO when
compared with those obtained with [11C]raclopride (Figs 7c
and d). In cat C, the Bmax and K¢D obtained with [11C]raclo-
pride were 30.6 pmol/mL and 10.5 nmol/L, respectively,
while Bmax and K¢D values of 29.6 pmol/mL and 10.3 nmol/L
were obtained with [11C]-(+)-PHNO, respectively. In cat E,
the Bmax and K¢D obtained with [11C]raclopride were
33.4 pmol/mL and 10.2 nmol/L with [11C]raclopride, respect-
ively, while Bmax and K¢D values of 32.9 pmol/mL and
10.1 nmol/L were obtained with [11C]-(+)-PHNO. The Bmax

and K¢D values obtained with [11C]raclopride in this study
were comparable with those previously reported in the same
species using a similar experimental procedure (Ginovart
et al. 2002, 2004a).

Discussion

This study demonstrates the suitability of [11C]-(+)-PHNO as
an agonist radioligand for in vivo PET study of the DA D2

Table 1 Effect of d-amphetamine on [11C]-

(+)-PHNO and [11C]raclopride BPs

Dose

(mg/kg) Cat

[11C]-(+)-PHNO BP [11C]raclopride BP

Baseline

Post-

amphetamine

Occupancy

(%) Baseline

Post-

amphetamine

Occupancy

(%)

0.1 A 4.13 2.78 32.8 3.78 3.24 14.3

B 3.30 2.98 9.6 3.40 3.01 11.5

0.5 C 3.93 1.47 62.4 4.40 2.70 38.8

D 3.53 0.99 71.8 4.11 2.54 39.9

2.0 E 5.31 1.11 79.2 4.34 1.60 63.2

C 3.63 0.66 81.8 3.26 1.32 59.4

D 4.24 0.52 87.7 3.97 2.07 47.8

BP corresponds to the binding potential of the radioligand as calculated using the ratio method and

data acquired from 31 to 60 min post-radioligand injection. D-amphetamine was injected intra-

venously, 20–30 min prior to radioligand injection.

Fig. 6 Relationship between the i.v. dose of d-amphetamine injected

and D2 occupancies measured in the striatum using [11C]-(+)-PHNO

and [11C]raclopride. For each radioligand, the symbols correspond to

the experimental measured values and the line corresponds to the

hyperbolic regression fit to the data. Occmax is the maximal striatal D2

receptor occupancy (%) induced by d-amphetamine and was derived

from the non-linear regression fit to the data.
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receptor. The in vivo distribution of [11C]-(+)-PHNO binding
was consistent with the known regional distribution of D2/D3

receptors in the cat brain in vitro (Richfield et al. 1987). The
highest uptake of radioactivity was observed in striatum,
while low levels of radioactivity were observed in cerebel-
lum, as in all other parts of the brain. [11C]-(+)-PHNO
binding in striatum was reduced by up to 94% following pre-
treatment with raclopride and haloperidol, indicating that the

vast majority of [11C]-(+)-PHNO binding in this structure
represents specific binding to D2 receptors. Radioactivity
levels in cerebellum, a brain region relatively devoid of D2

receptor sites, was unaffected by these pre-treatments,
indicating that cerebellar [11C]-(+)-PHNO binding likely
represents free and non-specific binding. Although in vitro
data showed a marked affinity of (+)-PHNO for D3 receptors
(Freedman et al. 1994; van Vliet et al. 2000), pre-treatment
with the potent and selective D3 antagonist, SB-277011
(Stemp et al. 2000), did not affect [11C]-(+)-PHNO binding
in striatum and cerebellar cortex. These results are under-
standable as the amounts of D3 receptor in dorsal striatum is
very low when compared with D2 receptors (Levesque et al.
1992; Landwehrmeyer et al. 1993), and binding of [11C]-(+)-
PHNO to D3 receptors in this structure would thus represent
a very small proportion of the overall signal. In addition,
although high levels of D3 receptors have been reported in
lobules 9 and 10 of cerebellum in the rat brain, the cerebellar
cortex has undetectable levels of D3 receptor binding
(Levesque et al. 1992; Stanwood et al. 2000) and showed
no specific (i.e. displaceable) binding of [11C]-(+)-PHNO.

The binding of [11C]-(+)-PHNO was found to be stereo-
selective, as the [11C]-labeled (–)-enantiomer showed rapid
brain clearance and no selective retention in any regions of
the brain. This result is consistent with previous data
showing that, in vitro, (–)-PHNO has an over 10 000-fold
lower affinity for the D2 receptor than the active
(+)-enantiomer (Seeman et al. 1993) and that, in vivo, the
efficacy of PHNO for alleviating motor deficits in parkinso-
nian monkeys is stereoselective (Goulet and Madras 2000).
Perhaps as important was the observation that radioactivity
levels measured in cerebellum with both the active and
inactive enantiomers were superimposable, supporting the
assertion that [11C]-(+)-PHNO binding in cerebellum likely
represents free and non-specific binding. It thus seems that
[11C]-(+)- and [11C]-(–)-PHNO have a high and low affinity
for the target receptor, respectively, but the same non-target
binding profile. Taken together, these data indicate that [11C]-
(+)-PHNO showed the pharmacology expected for a specific
in vivo D2 receptor radioligand.

Table 2 Effect of haloperidol on [11C]-(+)-

PHNO and [11C]raclopride BPs

Dose

(mg/kg) Cat

[11C]-(+)-PHNO BP [11C]raclopride BP

Baseline

Post-

haloperidol

Occupancy

(%) Baseline

Post-

haloperidol

Occupancy

(%)

0.002 B 3.42 2.41 32.7 3.79 2.19 42.2

D 3.53 2.27 35.7 – – –

0.005 C 4.31 0.93 78.5 3.71 0.74 80.0

0.2 E 5.14 0.52 89.8 – – –

0.5 E 5.0 0.3 93.5 4.2 0.17 95.9

BP corresponds to the binding potential of the radioligand as calculated using the ratio method and

data acquired from 31 to 60 min post-radioligand injection. Haloperidol was injected intravenously,

1 h prior to radioligand injection.

Fig. 7 (a, b) The time–activity curves obtained in striatum and cere-

bellum of two cats following injection of [11C]-(+)-PHNO at high (open

symbols) and at low (closed symbols) specific radioactivity (SR). Note

that although a substantial inhibition of [11C]-(+)-PHNO binding was

observed in striatum in the low SR experiment, no detectable change

was observed in cerebellum. (c, d) Scatchard plots obtained for [11C]-

(+)-PHNO and [11C]raclopride binding to D2 receptors in the striatum

of the same two cats. Note that in these two cats, the Bmax and K¢D
obtained with both radioligands were almost identical.
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As observed in rats (Wilson et al. 2005), [11C]-(+)-PHNO
displayed a higher specific to non-specific ratio than [11C]-(–)-
NPA in cats, a result consistent with the higher affinity of (+)-
PHNO for D2 receptors than (–)-NPA (Seeman et al. 1993). In
the two cats examined, striatum/cerebellum ratios of 4.4 and
4.9 were obtained with [11C]-(+)-PHNO, while ratios of 2.4
and 2.6 were obtained with [11C]-(–)-NPA, using data
obtained between 31 and 60 min post-injection. This latter
finding agrees with the striatum/cerebellum ratio of 2.8
obtained with [11C]-(–)-NPA in baboon at 45 min post-
injection (Hwang et al. 2000). Our results thus suggest that
[11C]-(+)-PHNO may be superior to [11C]-(–)-NPA for PET
imaging of the D2-high.

Pre-treatment with d-amphetamine induced a marked
reduction of [11C]-(+)-PHNO binding in both the striatum
and cerebellum.While the decreased [11C]-(+)-PHNO binding
in striatum was anticipated as the result of an increased
competition with endogenous DA, the reduction in cerebellum
was rather unexpected and difficult to understand. It is
noteworthy that such an unforeseen effect of amphetamine in
cerebellum has also been reported for [11C]-(–)-NPA in
baboon (Narendran et al. 2004) and in cat (present study).
These results raise questions about the mechanism by which
amphetamine might alter agonist non-specific binding in
brain. Indeed, several findings tend to rule out the presence of
specific binding sites in cerebellum as an explanation for the
observed decrease in [11C]-(+)-PHNO binding in this structure
following d-amphetamine. First, D1, D2 or D3 receptor
blockade achieved by pre-treatment with specific antagonists
did not modify [11C]-(+)-PHNO binding in cerebellum.
Importantly, partial saturation of [11C]-(+)-PHNO binding in
striatum with unlabeled (+)-PHNO had no detectable effect in
cerebellum. Second, cerebellar cortex is known to contain
undetectable to extremely low levels of endogenous DA
(McIntosh and Westfall 1987; Dethy et al. 1997), to have a
verymodest DA innervation that is restricted to certain lobules
of the cerebellar vermis (Melchitzky and Lewis 2000), and to
bear negligible amounts of DA transporter sites (Javitch et al.
1985; Marcusson and Eriksson 1988) that are required
for d-amphetamine-induced DA efflux. Third, the inactive
enantiomer radioligand, [11C]-(–)-PHNO, showed decreased
binding levels throughout the whole brain following
d-amphetamine, a result suggesting an alteration of the free
and non-specifically bound radioactivity levels under
d-amphetamine conditions. In the light of these data, it is
reasonable to assume that the d-amphetamine-induced alter-
ations of [11C]-(+)-PHNO kinetics in cerebellum may be
related to a drug-induced alteration of the radioligand’s
bioavailability in plasma, rather than to an inhibition of
specific binding sites. As no data on radioligand metabolism
and/or concentration in plasmawere obtained in our study, this
assumption has not been validated.

Intravenous d-amphetamine at a dose even higher (3.6 mg/
kg; i.v.) than the highest dose used in the present study

(2 mg/kg; i.v.) has been reported to produce a transient
increase in extracellular striatal DA levels, with a peak
response occurring within 2 min after injection and a return
to control levels within 2 h (Cho et al. 1999). Despite this
transient effect of the drug on DA levels, [11C]-(+)-PHNO
BP was still reduced at 3.5 h post-amphetamine, thus
outlasting the changes in DA levels. Such a long-lasting
reduction in radioligand binding following d-amphetamine is
also seen with antagonist D2 radioligands such as [11C]ra-
clopride (Carson et al. 2001; Cardenas et al. 2004) and
[123I]IBZM (Laruelle et al. 1997), and has been proposed to
reflect a DA-promoted internalization of D2 receptors
(Sun et al. 2003; Ginovart et al. 2004a). The present study
suggests that the binding of agonist radioligands such as
[11C]-(+)-PHNO might also be vulnerable to receptor
trafficking upon exposure to the endogenous agonist.

In addition to promoting DA release, intravenous
d-amphetamine induced significant alterations in physiolo-
gical parameters, such as increases in heart rate and ETCO2,
as well as an increased peak uptake of [11C]-(+)-PHNO in
striatum and cerebellum. These alterations were durable as
they were still observed at 1 h and 3.5 h post-amphetamine
with [11C]-(+)-PHNO. The increased peak uptake of radio-
activity observed after d-amphetamine could be related to an
increased cerebral blood flow, as both d-amphetamine
(McCulloch and Harper 1977; Russo et al. 1991) and
hypercapnia (Bryan et al. 1988; Williams et al. 1991) have
been shown to produce large increases in cerebral blood flow.

Radioligand competition paradigms are commonly used to
probe DA neurotransmission in vivo (for review see Laruelle
2000). In these studies, the amphetamine-evoked increase in
DA extracellular levels can be observed using PET by
measuring the local displacement of antagonist radioligand
such as [11C]raclopride. It seems, however, that there is a
ceiling effect to the antagonist displacement such that, even
under conditions leading to supraphysiological levels of DA
release, only up to 50–60% of [11C]raclopride binding can be
displaced. Based on microdialysis data showing that 1.5 mg/
kg amphetamine i.v. increases extracellular DA levels by
approximately 1900% when compared with baseline values
(Laruelle et al. 1997), the highest dose of d-amphetamine
used in this study (2 mg/kg; i.v.) would be expected to
produce a complete occupancy of D2 receptors. Despite this,
only a 56 ± 8% decrease in [11C]raclopride BP was detected
in striatum, a result consistent with those we previously
reported using the same experimental paradigm in vivo in
cats (46 ± 5%, Ginovart et al. 2004a) and in rats (47%,
Ginovart et al. 2004b). This relative imperviousness of
[11C]raclopride binding to DA manipulations has been
related to the inability of antagonists to distinguish the D2-
high from the D2-low, competition with endogenous DA only
occurring at the D2-high (Laruelle 2000). We found that D2

receptors labeled with [11C]raclopride showed hyperbolic
saturation kinetics with increasing doses of d-amphetamine.
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Extrapolation of this hyperbola to infinite d-amphetamine
doses gave a theoretical maximal occupancy of [11C]raclo-
pride binding sites by DA of 68% (Fig. 6), therefore
suggesting that 68% of the D2 receptors available for
[11C]raclopride binding are in the high-affinity state. This
number should, however, be refined, as previous data have
shown that at baseline conditions, [11C]raclopride has access
to only 65% of the total D2 receptor population because
about 35% of these receptors are already occupied by
baseline levels of endogenous DA (Ginovart et al. 1997). If
these latter receptors are considered to correspond to
receptors in the high affinity state, it can be estimated from
our data that 79% of the striatal D2 receptors are configured
in the high-affinity state in vivo. This estimation is concor-
dant with a number of in vivo (Narendran et al. 2004, 2005)
and in vitro (de Vries and Beart 1986; Richfield et al. 1986,
1989; Ferre et al. 1991; Malmberg and Mohell 1995;
Tajuddin and Druse 1996) studies showing that the propor-
tion of D2-high in striatum ranged between 65 and 80%.

As expected on the basis of its agonist in vivo and in vitro
pharmacological profile, [11C]-(+)-PHNO binding was indeed
more vulnerable to the effect of d-amphetamine than
[11C]raclopride at every dose, with 2 mg/kg dose of d-amphet-
amine inducing a 83 ± 4%decrease in [11C]-(+)-PHNOBPbut
only a 56 ± 8% decrease in [11C]raclopride BP (Table 1). By
competing directly for the same high-affinity sites as DA, a full
agonist radiotracer at the D2 receptor should exhibit increased
sensitivity to DA levels when compared with antagonists, and
should also show full displacement at very high levels of
endogenous DA. As reflected in Fig. 6, this prediction was
fulfilled, as the maximal occupancy of the [11C]-(+)-PHNO
receptor sites by DA obtained by hyperbolic extrapolation was
96%, indicating that virtually all agonist binding sites were
displaceable by DA. Together with the similar sensitivity of
[11C]-(+)-PHNO and [11C]raclopride to competition with
haloperidol, these findings indicate that [11C]-(+)-PHNO
binding in vivo reflects binding to the D2-high.

It is noteworthy that a preliminary experiment performed
in one cat showed that a 2 mg/kg dose of d-amphetamine
induced a 62% decrease in [11C]-(–)-NPA BP, a decrease that
is comparable with that reported for [11C]-(–)-NPA in baboon
(53 ± 9%; Narendran et al. 2004) but substantially lower
than the 83 ± 4% decrease in BP obtained with [11C]-(+)-
PHNO. These data thus suggest that [11C]-(+)-PHNO may be
even more sensitive to DA than [11C]-(–)-NPA.

A head-to-head comparison of the D2 receptor binding
parameters obtained with [11C]-(+)-PHNO and [11C]raclo-
pride showed that both radioligands revealed similar Bmax

values. This result agreed with the report by Ross and Jackson
(1989) showing that the Bmax of [

11C]-(–)-NPA equals that of
[11C]raclopride in mice striatal homogenates. It disagreed
with data by Narendran et al. (2005) showing that [11C]-(–)-
NPA Bmax is 79% that of [11C]raclopride in vivo in baboon.
The reason for this discrepancy is unknown. However, our

data, together with those of Ross and Jackson (1989), suggest
that the Bmax determined with an agonist is similar to that
determined with an antagonist, which is counter to the
common belief that, based on their pharmacological proper-
ties, agonists should only bind to a subset of the overall
number of antagonist binding sites. We did not find any
plausible explanation to reconcile the experimental evidence
with the model of ligand–receptor interaction. Further
research is needed to understand more fully the molecular
and cellular mechanisms by which [11C]-(+)-PHNO and
[11C]raclopride interact with the D2 receptor in vivo.

The use of isoflurane as anesthetic might be viewed as a
potential confounding factor of the present study. Several
studies indicate that volatile anesthetics such as isoflurane
may have a profound effect on brain neurotransmission
systems by interfering with the function of G protein. A
number of studies on the central nervous system and on
preparation of GTP-binding proteins support the view that
volatile anesthetics perturb receptor/G protein interaction and
prevent the shift to the low-affinity state of G protein-coupled
receptors (for review see Rebecchi and Pentyala 2002).
However, conflicting data have been reported in this field,
suggesting that anesthetics may rather inhibit the high-
affinity state of G protein-coupled receptors (Seeman and
Kapur 2003). A persistence of the high-affinity D2 receptor
state under isoflurane anesthesia may explain the discrepancy
between results obtained in the present study in isoflurane-
anesthetized cats and data recently obtained in non-anesthe-
tized rats showing that d-amphetamine used at an i.v. dose of
4 mg/kg induced only a 38% reduction of [11C]-(+)-PHNO
binding in striatum (Wilson et al. 2005).

In conclusion, this study lends further support to the use of
[11C]-(+)-PHNO as an agonist radioligand to image the
D2-high in vivo using PET. Its high specificity for the D2

receptor, high BP values and higher sensitivity for endog-
enous DA when compared with [11C]raclopride, make it the
most promising agonist radioligand developed so far for
imaging the D2-high.
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