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a b s t r a c t

N-(4-fluorobut-2-yn-1-yl)-2b-carbomethoxy-3b-(40-tolyl)nortropane (PR04.MZ, 1) is a PET radioligand
for the non-invasive exploration of the function of the cerebral dopamine transporter (DAT). A reliable
automated process for routine production of the carbon-11 labelled analogue [11C]PR04.MZ ([11C]-1)
has been developed using GMP compliant equipment. An adult female Papio anubis baboon was studied
using a test–retest protocol with [11C]-1 in order to assess test–retest reliability, metabolism and CNS dis-
tribution profile of the tracer in non-human primates. Blood sampling was performed throughout the
studies for determination of the free fraction in plasma (fP), plasma input functions and metabolic deg-
radation of the radiotracer [11C]-1. Time–activity curves were derived for the putamen, the caudate
nucleus, the ventral striatum, the midbrain and the cerebellum. Distribution volumes (VT) and non-dis-
placeable binding potentials (BPND) for various brain regions and the blood were obtained from kinetic
modelling. [11C]-1 shows promising results as a selective marker of the presynaptic dopamine trans-
porter. With the reliable visualisation of the extra-striatal dopaminergic neurons and no indication on
labelled metabolites, the tracer provides excellent potential for translation into man.

� 2011 Elsevier Ltd. All rights reserved.
Presynaptic membrane transporter mediated neurotransmitter dopaminergic degradation in the substantia nigra causes the down-

reuptake is crucial for the mediation of monoamine signal transduc-
tion.1 Imaging of the neurotransmitter sodium symporters with pos-
itron emission tomography (PET) provides valuable insights into
reuptake dysfunction and function of the neuron.2–5 PET studies of
the dopamine transporter (DAT) provide information on the presyn-
aptic integrity of the dopaminergic system in psychiatric and move-
ment disorders. Radiolabelled DAT-ligands are established for the
early clinical diagnosis of Parkinson’s disease (PD) and the differen-
tiation of PD from symptomatically related disorders. A variety of
compounds has already been evaluated and utilised for studies of
the striatal DAT. Cocaine derived phenyltropanes have emerged
from these studies as the most appropriate imaging agents for this
purpose. However, particular limitations of these agents include
low selectivity of the ligand over the serotonin transporter (SERT)
and the norepinephrine transporter (NET), blood brain barrier pene-
trating metabolites, non-specific binding and slow binding equilib-
rium.6,7 Moreover, there is an unmet need for a high affinity
radioligand suitable for the visualisation of low density DAT popula-
tions outside the striatum particularly given the fact that the dopa-
minergic signal pathways originate in the midbrain and
ll rights reserved.
stream effects of PD in the striatum. This brain region also shows
pathologic alterations in children with attention deficit/hyperactiv-
ity syndrome (ADHS).9b Nevertheless, only a few DAT studies target-
ing the midbrain region, have been performed due to the absence of
appropriate imaging agents.

We were interested in the cerebral distribution, metabolism
and initial kinetic modelling results of N-(4-fluorobut-2-yn-1-yl)-
2b-carbomethoxy-3b-(40-tolyl)nortropane (PR04.MZ, 1), a promis-
ing radiotracer from our laboratories,10 in non-human primates.

PR04.MZ is a high affinity (IC50hDAT: 2 nM) DAT-selective (SERT/
DAT-selectivity: >50; NET/DAT-selectivity: >10) competitive inhib-
itor of monoamine reuptake but not a substrate for the DAT.

Its affinity exceeds the figures reported for other established
DAT-ligands, such as PE2I (Kd(rat): 4 nM),12 FECNT (Ki: 8 nM)8 or
LBT-999 (Kd(rat): 9 nM).12 Moreover, indications of superior selec-
tivity have been reported recently.15 In vitro monoamine trans-
porter inhibition potency and selectivity as well as an
experimental logD value of 1 are summarised in Table 1.13 The
molecular structure of 1 provides two sites for the straightforward
incorporation of either carbon-11 or fluorine-18. Radiolabelling
with both PET nuclides has been communicated recently.10 More-
over, an automated process for the production of the carbon-11 la-
belled radiotracer [11C]-1 has been developed to facilitate
upcoming human studies.

http://dx.doi.org/10.1016/j.bmcl.2011.10.053
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Table 1
In vitro data for PR04.MZ; IC50 values were obtained from hDAT, hSERT and hNET
stably transfected in HEK 293 cell lines, [3H]Dopamine ([3H]DA) and [3H]WIN 35,428
were used at the DAT, [3H]Serotonin ([3H]5-HT) and [3H]Citalopram were used at the
SERT, [3H]Noradrenalin ([3H]NE) and [3H]Nisoxetine were used at the NETa

hDATIC50

[3H]DA
([3H]WIN)
nM

hSERTIC50 [3H]5-
HT([3H]Citalopram)
nM

hNETIC50 [3H]NE
([3H]Nisoxetine)
nM

%
unbound
in plasma

logD7.4

HPLC13

3.26 ± 0.49 239.77 ± 3.67 31.04 ± 0.58 4.4 ± 0.1 2.7 ± 0.2
(1.93 ± 0.2) (108.4 ± 1.3) (22.48 ± 0.83)

a see 10a for experimental details and reference data for established DAT ligands
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Automated radiosynthesis of [11C]PR04.MZ. [11C]CO2 was pro-
duced via proton bombardment of an enriched [14N]N2 target using
the 14N(p,a)11C nuclear reaction. [11C]PR04.MZ was produced un-
der GMP compliant conditions using a GE tracerlab� FXC synthesis
module, adapted to the captive solvent method (Schemes 1 and
2).11

Labelling precursor 2 (0.1 mg) and TBAOH (2 equiv) in 100 ll
DMF were loaded into the HPLC-loop of the synthesis module.
[11C]CH3I was passed through the loop in a stream of nitrogen
(25 ml min�1) for 2 min followed by a reaction time of 1 min after
which the remaining contents of the loop were injected into the
built-in preparative HPLC. Radiotracer was purified within
14 min, isolated via solid phase extraction using an SCX cartridge
and formulated in sterile phosphate buffered saline (PBS). Overall
synthesis duration from end of bombardment (EOB) was 30 min.

[11C]PR04.MZ was obtained in a yield of 9.1 ± 4.8%. The product
formulation was a colourless, clear solution with a specific activity
of 185 ± 30 MBq/nmol. The radiochemical purity exceeded 97%.
The chemical purity was >95%.24

Primate imaging. To evaluate and validate [11C]-1 in primates,
extra-striatal binding, test–retest reliability and plasma metabo-
lism were investigated in a female Papio anubis baboon.

Dynamic PET scans were conducted following a test–retest pro-
tocol. To maintain minimum variability of the experimental condi-
tions, a test–retest scan was conducted with [11C]-1 in the same
baboon on the same day using a Siemens ECAT HR+PET scanner.
The animal was anaesthetised using isoflurane and vital body func-
tions were monitored throughout the scan. Under test–retest con-
ditions, the acquisition time was 90 min for both scans. The subject
was allowed to rest for 30 min between the scans. In total, three
scans were conducted with 137.4 ± 66.8 MBq of [11C]-1. The initial
frames of the PET study were summed and used for a PET–PET fu-
sion with an H2[15O]O brain perfusion scan, co-registered with an
MRI atlas of the baboon brain. Regions of interest were drawn onto
the anatomic MRI image and copied to the dynamic PET data. Time
activity curves for putamen, caudate nucleus, ventral striatum,
midbrain and cerebellum are shown in Figure 1.

Automated blood sampling was performed throughout the
studies for plasma input and metabolite analysis.17 Metabolite-cor-
rected plasma input functions were derived from the blood
N

H

H

F

O

HO N

H

H

F

O

O
11CH3

a

2 [11C]-1

Scheme 1. Radiosynthesis of [11C]PR04.MZ using [11C]CH3I. (a) DMSO, TBAOH,
[11C]CH3I, rt, 3 min.
samples. Distribution volumes (VT) for various brain regions were
obtained from Logan-plot analysis and non-displaceable binding
potentials (BPND) were computed.20–22

The radiotracer [11C]-1 shows a rapid accumulation into the
DAT-rich brain regions followed by differential washout rates
among the different regions of interest (Fig. 1). Labelled 1 shows
a high uptake into the DAT-rich brain regions (cf. Fig. 1, a and b),
such as the putamen (7.6 ± 0.2%ID/100 ml, 25 ± 2.5 min p.i.) and
the caudate nucleus 6.7 ± 0.2%ID/100 ml, 25 min p.i.). The whole
brain uptake peaked in the early time frames (26.1 ± 3.5%ID/
100 ml, 3 ± 0.5 min p.i.).

The high striatal uptake of 7.6 ± 0.2%ID/100 ml, 25±2.5 min p.i.,
is reduced to 6.7 ± 0.4% after 90 min and to 4.8% after 180 min. Up-
take into the ventral striatum peaked with 3.8 ± 0.4%ID/ml at
7.5 ± 0.5 min followed by continuous washout to 3.1 ± 0.3%ID/ml
after 45 min and 2.55 ± 0.2%ID/ml after 90 min. The midbrain re-
gion shows a peak uptake of 2.8 ± 0.2%ID/ml after 3.5 min which
is reduced to 1.3 ± 0.2%ID/ml after 45 min and further to
0.8 ± 0.1%ID/ml after 90 min.

In order to confirm reversible, DAT specific binding, a displace-
ment study was conducted with the structurally unrelated DAT li-
gand GBR12909 (1.5 mg/kg) and [18F]PR04.MZ. In average, 80% of
the bound radioactivity was displaced from the putamen, caudate
nucleus and midbrain ROIs within 60 min post injection, thus con-
firming DAT-specific binding.

The test–retest reliability was calculated from the time activity
curves.16 Both scans showed good correlation (0.89). Hence, a reli-
ability of 0.94 has been calculated using the split-halves method.

Blood and plasma analyses . Plasma–protein binding of
[11C]PR04.MZ was determined to assess the free fraction of the
radiotracer in plasma (fP).22 Neostigmine (15 ll) was added to plas-
ma samples to inhibit the acetylcholine esterase-mediated cleav-
age of the [11C]methyl ester label.18,19 It was found, that
approximately 4.4% of the injected radiotracer was freely diffus-
ible, that is, unbound, in the aqueous fraction of the plasma (Table
1). This is in the same range as reported for other DAT ligands
including cocaine.17 The high amount of [11C]-1 which is bound
in plasma is possibly related to expression of the DAT on blood
platelets.17 Plasma metabolism of [11C]-1 was assessed via blood
sampling throughout the PET scan.17 The blood plasma was ana-
lysed and the percentage of intact tracer at each time-point was
used to derive the plasma input functions of both radiotracers.
[11C]-1 showed a rapid metabolism in the plasma, which is compa-
rable to the findings in rats reported earlier. Only 39 ± 6% of the in-
tact tracer were found in baboon plasma at 30 min p.i. (n = 3). A
similar rapid metabolism has also been reported for PE2I, FECNT
and LBT-999.8,12 The value of PE2I and FECNT are somewhat con-
founded due to the presence of polar metabolites that enter the
brain in rats.7 No radioactive metabolites of [11C]-1 were found
in homogenised Sprague–Dawley rat brain at 60 min p.i. Instead,
more than 95% of the intact tracer was present in the brain at this
time-point, as determined by HPLC. For comparison, no metabolite
of [18F]-1 was found in homogenised Wistar rat brain up to
120 min p.i.18,19 N-dealkylation, a metabolic pathway for tropanes
as shown in N-[11C]cocaine and [18F]FECNT,7,14,19 might lead to a
labelled metabolite of [11C]-1 capable of entering the brain. How-
ever, the presence of N-desalkyl-[11C]-1 in the plasma was ruled
out by liquid chromatography in blood samples. This hints on an
increased stability towards N-desalkylation compared to N-
[11C]cocaine and [18F]FECNT. The metabolite-corrected blood input
data as well as reference tissue data from the cerebellum ROI was
used for kinetic modelling and calculation of distribution volumes
(VT) and binding potentials (BPND)20–22 (Table 2).

Distribution of [11C]-1 in the baboon brain parallels the cerebral
distributions reported for FECNT, PE2I and LBT-9997,8,12,23 in
rhesus monkey (macaca mulatta) Marked uptake of these PET



Scheme 2. Process scheme for [11C]PR04.MZ production on a GE Tracerlab FXC synthesis module, adapted to the captive solvent method (loop method). Follow the orange
lines for the mass stream leading from [11C]MeI to [11C]PR04.MZ.
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Figure 1. Mean time activity curves for [11C]PR04.MZ and [18F]PR04.MZ in various
baboon brain regions.
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tracers and [11C]-1 into the striatum is in good accordance with the
pronounced expression of the DAT in this brain region. Moreover,
uptake into the midbrain comprising of the substantia nigra and
the ventral tegmental area, two brain regions with profound DAT
expression is clearly detectable in the primate brain with PE2I or
LBT-99923 and also with [11C]-1. In terms of quantification, essen-
tially equivalent VT-ratios and BPND values are obtained for
[18F]FECNT, [11C]PE2I, [18F]LBT-999 and [11C]-1 in non-human pri-
mates.23 However, whereas the formation of blood brain barrier
penetrating metabolites complicates PET studies with [18F]FECNT
and [11C]PE2I, there is no indication of adverse metabolism in
Table 2
Distribution volumes (VT), binding potentials (BPND), influx constant K1 and efflux
constant k2 from two compartment kinetic modelling

[11C]PR04.MZ VT in
mlcm�3

BPND in
mlcm�3

K1 in
mlcm�3min�1

k2 in
min�1

Cerebellum 3.9 0 0.144 0.036
Midbrain 14.4 2.7 0.064 0.016
Ventral

striatum
35.8 8.2 0.030 0.0076

Caudate n. 118.0 29.3 0.017 0.004
Putamen 147.6 36.8 0.015 0.004

Values from three independent studies with [11C]PR04.MZ.
[11C]-1 so far. Apart from that, [11C]-1 exhibits very low non-spe-
cific binding and insignificant retention in brain regions with low
DAT-density, such as the cerebellum was observed in the present
study (Fig. 2).

Compound [11C]-1 is significantly retained within the midbrain
(midbrain-to-cerebellum ratios: 4.6 ± 0.3, 90 min p.i). The binding
equilibrium necessary for quantitative studies within this brain re-
gion is reached 20 min p.i. [11C]-1 displays good test–retest reli-
ability and visualises the DAT-containing brain regions in and
outside of the striatum in the primate brain. Thus, [18F]-1 permits
assessment of distribution and routine application of the tracer in
molecular diagnostics, whereas [11C]-1 is well suited for multiple
injection studies in the same subject on the same day. The visual-
isation of the extra-striatal DAT in the midbrain might account for
a better understanding of dopaminergic contributions to psychiat-
ric and neurodegenerative disorders with PET. In this regard, the
absence of blood brain barrier penetrating metabolites, low non-
specific binding and fast washout from the cerebellum warrant
the use of this region as reference tissue for kinetic modelling.
Figure 2. Sagittal, coronal and transversal view of PET/MR-fusion images of the
basal ganglia (left, a) and the midbrain region (right, b). Results are mean values
from two test–retest scans in the same baboon ±1 SD.
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A reliable automated radiosynthesis of [11C]PR04.MZ using GMP
compliant equipment and reagents has been established. The tra-
cer can be produced in high quality and high specific activity,
appropriate for human studies. The characterisation of the tracer
in baboons again confirmed that [11C]PR04.MZ is a selective radio-
ligand, suitable for the exploration of DAT binding sites. [11C]-1
shows a rapid, relatively high uptake into the DAT-containing brain
regions and low non-specific binding. The radiotracer is particu-
larly well suited for the exploration of the extra-striatal DAT, that
is, the low DAT concentration in the midbrain. In this brain region
binding equilibrium is already reached 20 min into the PET scan.
The radiotracer is rapidly metabolised, though no labelled metab-
olite was detected in homogenised rat brains, 60 min into the
PET scan. The ROI data shows good correlation in between the
test–retest scans and the calculated test–retest reliability was
0.94. [11C]-1 has shown promising results as selective markers of
the presynaptic dopamine transporter. With the reliable visualisa-
tion of extra-striatal dopaminergic neurons and no indication on
labelled metabolites, the tracer provides excellent potential for
translation into man.
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