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Abstract
The specific binding and regional brain pharmacokinetics of new fluorine-18 labeled radioligands
for the vesicular monoamine transporter (VMAT2) were examined in the rat and primate brain. In
the rat, 9-[18F]fluoropropyl-(±)-9-O-desmethyldihydrotetrabenazine ([18F]FP-(±)-DTBZ) showed
better specific binding in the striatum than either (+)-[11C]dihydrotetrabenazine ([11C]DTBZ) or 9-
[18F]fluoroethyl-(±)-9-O-desmethyldihydrotetrabenazine ([18F]FE-(±)-DTBZ). Using microPET,
the regional brain pharmacokinetics of [18F]FE-(±)-DTBZ, [18F]FP-(±)-DTBZ and (+)-[11C]DTBZ
were examined in the same monkey brain. (+)-[11C]DTBZ and [18F]FP-(±)-DTBZ showed similar
brain uptakes and pharmacokinetics, with similar maximum striatum to cerebellum ratios (STR/CBL
= 5.24 and 5.15, respectively) that were significantly better than obtained for [18F]FE-(±)-DTBZ
(STR/CBL = 2.55). Striatal distribution volume ratios calculated using Logan plot analysis confirmed
the better specific binding for the fluoropropyl compound (DVR = 3.32) vs. the fluoroethyl compound
(DVR = 2.37). Using the resolved single active isomer of the fluoropropyl compound, [18F]FP-(+)-
DTBZ, even better specific to non-specific distribution was obtained, yielding the highest distribution
volume ratio (DVR = 6.2) yet obtained for a VMAT2 ligand in any species. The binding of [18F]FP-
(+)-DTBZ to the VMAT2 was shown to be reversible by administration of a competing dose of
unlabeled tetrabenazine. Metabolic defluorination was slow and minor for the [18F]fluoroalkylDTBZ
ligands. The characteristics of high specific binding ratio, reversibility, metabolic stability, and longer
half-life of the radionuclide make [18F]FP-(+)-DTBZ a promising alternative VMAT2 radioligand
suitable for widespread use in human PET studies of monoaminergic innervation of the brain.
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1. Introduction
The imaging of the vesicular monoamine transporter (VMAT2) in the human brain using
Posotron Emission Tomography (PET) and the radioligand (+)-[11C]dihydrotetrabenazine
((+)-[11C]DTBZ) has provided insights into the changes in numbers of dopaminergic synapses
in a variety of neurological (Parkinson’s, Alzheimer’s, Tourette’s, Huntington’s, dystonia) and
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psychiatric (schizophrenia, bipolar disorder) diseases [1–8]. Most recently, the potential of
PET imaging of [11C]DTBZ binding in beta cells of the pancreas has been demonstrated [9,
10]. Widespread applications of VMAT2 imaging are however limited by the necessity for an
on-site medical cyclotron and associated radiochemical expertise for the synthesis of the
carbon-11 (t1/2 = 20.4 min) labeled radiopharmaceutical. Increased use of VMAT2 imaging
would be greatly facilitated by availability of ligands with longer half-lives, such that the
radiopharmaceutical might be regionally produced and distributed to sites not possessing
cyclotron facilities. To that end, we have recently reported the synthesis and initial evaluation
of fluorine-18 (t1/2 = 110 min) derivatives of DTBZ. Two derivatives, 9-[18F]fluoroethyl-(±)-9-
O- desmethyldihydrotetrabenazine (FE-(±)-DTBZ) and 9-[18F]fluoropropyl-(±)-9-O-
desmethyldihydrotetrabenazine (FP-(±)-DTBZ) (Fig. 1) emerged as high affinity (Ki = 0.76
and 0.56 nM, respectively) radioligands which demonstrated excellent in vivo properties of
high brain uptake and a regional distribution of saturable binding consistent with the
distribution of the VMAT2 in monoaminergic terminals [11].

As the next step in development of one of these fluorinated radioligands for human use, they
were examined here for distribution and pharmacokinetics in the rat and monkey brain. In
particular FE-(±)-DTBZ , FP-(±)-DTBZ, and the recently resolved higher affinity isomer FP-
(+)-DTBZ [12] were directly compared with (+)-[11C]DTBZ in the primate brain.

2. Materials and Methods
2.1. Radiochemical syntheses

Syntheses of the mesylate precursors to FE-(±)-DTBZ and FP-(±)-DTBZ have been previously
reported [11]. Synthesis of the mesylate precursor to the optically active isomer FP-(+)-DTBZ
was done in an analogous fashion [12] starting with the resolved (+)-9-O-desmethylDTBZ
((+)-(2R,3R,11bR)-9-O-desmethyldihydrotetrabenazine) obtained form the NIMH Chemical
Synthesis and Drug Supply Program.

Fluorine-18 was produced on the University of Michigan CS-30 cyclotron and prepared for
reaction by azeotropic distillation of water using acetonitrile. [18F]Fluoride ion was
resolubolized using potassium carbonate/Kryptofix and reacted with the mesylate precursors
using minor modifications of the procedure of Goswami et al [11]. Radiochemical products
were isolated and purified using HPLC. Yields were 5 –10% corrected for decay in a synthesis
time of 60 min, with specific activities of 410 ± 57 Ci/mmol; no efforts were made to optimize
either radiochemical yields or specific activities for these experiments.

2.2. Animals
Rat studies were done using 200–300 g Sprague-Dawley rats (Charles Rivers, Portage, MI).
Primate studies were done in young mature female rhesus monkeys. All animal studies were
approved by the University of Michigan Committee on Use and Care of Animals.

2.3. Rat brain biodistributions
Regional rat brain biodistributions were done using the bolus plus constant infusion protocol
previously developed for studies with [11C/3H]DTBZ [13,14]. In brief, animals were lightly
anesthetized with diethyl ether, a tail vein catheter inserted, and the animals placed in restraint
tubes and allowed to awaken. Radiotracers (50 ± 3 microcuries in 1.5 ml isotonic saline) were
then given as a bolus (1 ml) in 1 minute followed by constant infusion of 0.5 ml over the
remaining 59 minutes. At the end of one hour the animals were killed by intravenous injection
of a sodium barbituate overdose, and the brain rapidly excised and dissected into regions of
interest. Tissue samples were weighed and counted for fluorine-18. Data was calculated as
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percent injected dose/g tissue and as tissue distribution volume ratios (DVR) relative to the
cerebellum.

2.4. Primate microPET imaging
Imaging of monkey brains was done using the Concorde Microsystems P4 tomograph. Animals
were anesthetized (isoflurane), intubated, a venous catheter inserted into one hindlimb, and the
animal positioned on the bed of the MicroPET gantry. Isoflurane anesthesia was continued
throughout the study. After completion of the transmission scan, animals were injected with
radiochemical (1.04 – 5.85 mCi in 1–3 mL isotonic saline) as a bolus over 1 minute. Emission
data was collected for 60 or 90 minutes. For a dual 11C/18F study session, the second
radiochemical (a fluorine-18 labeled tracer) was injected one hour after the end of the [11C]
DTBZ imaging period, and a second emission scan collected for 60 minutes. For the unlabeled
TBZ displacement study, TBZ (2 mg/kg in saline) was injected intravenously at 40 minutes
after the start of the scan.

Emission data was corrected for attenuation and scatter and reconstructed using the 3-D
maximum a priori method (3-D MAP algorithm). Using a late image, regions of interest were
drawn manually on multiple planes to obtain volumetric ROIs for the striatum and where
possible other regions of intermediate VMAT2 density (thalamus, raphe). Using a summed
image of early frames, where radiotracer distribution was mostly blood flow delivery, the
cerebellum and cortex were readily identified and a regions of interest drawn on multiple
planes. The volumetric regions of interests were then applied to the full dynamic data set to
obtain the regional tissue time-radioactivity data. Radioactivity concentrations (nCi/cc) were
normalized to injected doses of radiotracers, and striatal distribution volume ratios (DVR)
calculated using the cerebellum to represent the non-specific binding region in a Logan plot
analysis [15].

3. Results
The 9-[18F]fluoroalkyl derivatives of dihydrotetrabenazine were developed as alternatives to
carbon-11 labeled derivatives of dihydrotetrabenazine[16] which have been used as successful
ligands for the imaging of the vesicular monoamine transporter type 2 (VMAT2) in the human
brain [17]. The fluoroethyl and fluoropropyl derivatives have high in vitro binding affinities
for the VMAT2 site, and showed specific binding in mouse brain both in vitro and in vivo
[11].

Evaluation of the racemic forms of the two fluorinated ligands in the awake rat brain, using a
quantitative equilibrium distribution technique previously developed [13,14], showed regional
brain distributions of specific radioligand binding entirely consistent with the tissue
concentrations of the VMAT2 determined from in vitro assays, with highest specific binding
in the striatum, intermediate in the hypothalamus, and lowest in the cerebellum (Table 1). The
regional distributions of specific binding for both [18F]fluoroalkylDTBZ derivatives also
correlate highly with the distribution of in vivo binding of [3H]DTBZ (r2 = 0.98 for both, data
not shown). As was previously observed in the mouse [11], the racemic [18F]fluoropropyl
compound shows better specific binding in the rat striatum (DVR = 4.54 ± 0.31) than the
resolved (+)-DTBZ (DVR = 3.62 ± 0.33); the lowest brain uptake and poorest specific binding
in striatum are observed for the racemic [18F]fluoroethyl derivative (DVR = 2.91 ± 0.07).

These results in rats were highly encouraging and matched the previous observations in mice,
but they did not answer the crucial questions regarding brain uptake and pharmacokinetics in
the primate brain, or the possibility of rapid metabolic defluorination (to produce [18F]fluoride
ion) which might occur in higher species. To answer these questions the pharmacokinetics of
(+)-[11C]DTBZ, [18F]FE-(±)-DTBZ, and [18F]FP-(±)-DTBZ were examined in the same
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monkey brain. The study design combined a 60 minute [11C]DTBZ imaging study, a one hour
interval, followed by a one hour imaging with one of the fluorinated radioligands.
Representative late images for each of the three radioligands are shown in Fig. 2, and the tissue
time-activity curves normalized for injected dose are shown in Fig. 3. Using the brain
penetration (as evidenced by maximal concentrations in striatum) and simple striatum to
cerebellum ratios (Table 2) as the first indicators of differences between the radioligands,
[18F]FP-(±)-DTBZ and (+)-[11C]DTBZ were very similar, and both significantly better than
[18F]FE-(±)-DTBZ. The distinctions between the radioligands are entirely in striatal uptake
and retention, as the cerebellar concentrations (representing non-specific distributions) are
essentially identical for all three at later time points. Metabolic defluorination and uptake of
[18F]fluoride ion into the skull of the animal was slow and quite low compared to radioligand
accumulation in the basal ganglia. For every study uptake in the region of the eye was observed:
although even [11C]DTBZ shows such in primates due to the presence of VMAT2 [18] it does
not do so in the human. The tissue time-radioactivity data were then analyzed using a Logan
plot to provide estimates of the distribution volume ratios (DVR) for all three radioligands
(Table 2). Consistent with both the mouse and rat studies completed earlier, the in vivo uptake
and regional distribution of [18F]FP-(±)-DTBZ was significantly better than that of [18F]FE-
(±)-DTBZ, and the [18F]fluoropropyl compound was thus chosen for further evaluation in the
monkey model.

As resolution of the stereoisomers of racemic dihydrotetrabenazine [19] had provided a higher
affinity ligand in the form of the single (+)-DTBZ isomer [20] subsequent studies were done
with [18F]FP-(+)-DTBZ; the necessary mesylate precursor for this chiral radioligand was
readily prepared from the same precursor (9-O-desmethylDTBZ) used for (+)-[11C]DTBZ
[12]. Consistent with the observations in animal and human studies [15] upon moving from
racemic to resolved [11C]DTBZ, the inactive (−)-isomer of the fluoropropyl compound also
has very low binding affinity (Ki > 3000 nM) relative to the active (+)-isomer (Ki = 0.10 nM)
[12], and the PET imaging study of [18F]FP-(+)-DTBZ showed the expected improvement of
the distribution of specific vs. nonspecific binding (Fig. 1), with higher striatum to cerebellum
ratios (maximum of 5.6 at 90 min), resulting in a DVR value of >6 for this chiral fluorinated
ligand. These are the highest values yet obtained for a VMAT2 radioligand in vivo in any
species. The improved signal-to-noise for this radioligand also permitted easier identification
of other structures, such as the thalamus and a region assigned as perhaps the raphe, known to
have intermediate levels of monoaminergic neuronal innervation.

The final study was done to demonstrate that binding of [18F]FP-(+)-DTBZ to the VMAT2 in
the primate brain was reversible and could be competed for by a large dose of cold
tetrabenazine. Administration of tetrabenazine 40 minutes after injection of [18F]FP-(+)-DTBZ
produced a rapid loss of radioactivity in the striatum, as well as in thalamus and raphe, but no
change in the cerebellar or cortical concentration (Fig. 4). The striatum to cerebellum ratio was
significantly reduced by 45% at 90 minutes and was continuing to decrease at the end of the
study.

4. Discussion
These studies of pharmacokinetics in the primate brain, together with the in vitro and in vivo
results obtained in mouse and rat brain, support that [18F]FP-(+)-DTBZ should be an excellent
in vivo radioligand for imaging of the VMAT2 in the brain. In both rodent and primate, brain
penetration and ratios of specific to nonspecific binding are better than with the carbon-11
radioligand currently in human and animal use for PET imaging. Metabolism to lose [18F]
fluoride ion, always a potential concern with fluorine-18 labeled ligands, does not appear to
be a significant problem. Further studies in rodent and primate brain with this promising
radioligand are in progress and will be reported in the near future.
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Figure 1.
Structures of VMAT2 radioligands
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Fig 2.
Monkey microPET images (+)-[11C]dihydrotetrabenazine (DTBZ),
(±)-[18F]fluoroethyldihydrotetrabenazine (FE-DTBZ),
(±)-[18F]fluoropropyldihydrotetrabenazine (FP-DTBZ), and
(+)-[18F]fluoropropylDTBZ. Images are transaxial slices at the level of the striatum,
representing summations of the last 20 minutes of emission data (40–60 min for (+)-DTBZ,
(±)-FE-DTBZ, and (±)-FP-DTBZ).
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Fig 3.
Tissue time vs. radioactivity curves for striatum and cerebellum regions of interest for (+)-
[11C]DTBZ, [18F]FE-(±)-DTBZ, and [18F]FP-(±)-DTBZ in rhesus monkey brain (same animal
for all studies).
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Fig 4.
Tissue time vs. radioactivity curves for striatum, cortex, raphe, thalamus and cerebellum
regions of interest for [18F]FP-(±)-DTBZ in rhesus monkey brain, with intravenous injection
of 2 mg/kg tetrabenazine at 40 minutes.
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Table 1
Regional distribution of specific binding (distribution volume ratios (DVR) relative to cerebellum) for (±)-[18F]
fluoroethylDTBZ (FE-DTBZ), (±)-[18F]fluoropropylDTBZ (FP-DTBZ), and (+)-[11C]DTBZ in the rat brain.
Data are mean ± standard deviation with N = 4 for each FE- and FP-DTBZ, and N = 35 for DTBZ. Data for
[11C]DTBZ from reference [14]. nd = not determined.

FE-DTBZ FP-DTBZ C-11 DTBZ

striatum 2.91 ± 0.07 4.54 ± 0.31 3.62 ± 0.33
cortex 1.25 ± 0.03 1.36 ± 0.02 nd
hippocampus 1.21 ± 0.07 1.38 ± 0.19 nd
hypothalamus 1.70 ± 0.04 2.93 ± 0.27 2.20 ± 0.34
thalamus 1.33 ± 0.04 1.68 ± 0.18 nd
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Table 2
Maximum striatum to cerebellum ratios and calculated distribution volume ratios (DVR relative to cerebellum)
for VMAT2 radioligands in rhesus monkey brain. All studies done in the same monkey. DVR values obtained
by Logan plot analysis.

STR/CBL Striatal DVR

(+)-[11C]DTBZ 5.24 4.54
(±)-[18F]FE-DTBZ 2.55 2.37
(±)-[18F]FP-DTBZ 5.15 3.32
(+)-[18F]FP-DTBZ 5.60 6.2
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