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Binding of a-dihydrotetrabenazine to the vesicular monoamine
transporter is stereospecific
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Abstract

The two enantiomers of a-dihydrotetrabenazine were separated using chiral high performance liquid chromatography. The
(+)-isomer showed high affinity in vitro (K; = 0.97 £ 0.48 nM) for the vesicular monoamine transporter (VMAT?2) in rat brain
striatum, whereas the ( — )-isomer was inactive (K; = 2.2 + 0.3 uM). Each isomer was then synthesized in carbon-11 labeled form,
and regional brain biodistributions in mice determined after intravenous injection. Only (+ )-a-dihydrotetrabenazine showed
selective and specific accumulations in regions of dense monoaminergic innervation (e.g., striatum, hypothalamus), which could
be blocked by coinjection of unlabeled tetrabenazine. Binding of a-dihydrotetrabenazine to the vesicular monoamine transporter

is thus stereospecific.
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1. Introduction

In monoaminergic neurons, the movement of
monoamine neurotransmitters (dopamine, norepineph-
rine, and serotonin) from the cytosol into the storage
vesicle lumen is accomplished via the vesicular
monoamine transporter. Molecular biology studies sup-
port that a single gene encodes for the vesicular trans-
porter in neurons synthesizing and storing these three
monoamines (Schuldiner, 1994). The gene for the hu-
man synaptic vesicular transporter has been cloned and
sequenced, and the chromosomal location identified.
Recently, methods to study the vesicular monoamine
transporter using in vitro autoradiography (Henry and
Scherman, 1989) or in vivo imaging with positron emis-
sion tomography (Kilbourn et al., 1993) have emerged:
such studies have employed tetrabenazine or a deriva-
tive, a-dihydrotetrabenazine, in tritiated or carbon-11
(B", t,,,=20.4 min) labeled forms.
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Dihydrotetrabenazine (2-hydroxy-3-isobutyl-9,10-di-
methoxy-1,3,4,6,7-hexahydro-11b H-benzo| a]quinolizine).
the product of hydride reduction of the 2-keto group of
tetrabenazine, contains three asymmetric carbon cen-
ters (C-2, C-3 and C-11b: Fig. 1). The two isomers at
the C-2 carbon can be easily resolved by column chro-
matography (DaSilva et al., 1993b), and are termed «-
and B-dihydrotetrabenazine. The a- and B-isomers of
dihydrotetrabenazine show a small degree of stereose-
lectivity for in vitro binding to the rat brain vesicular
monoamine transporter, with a higher affinity for the
a-isomer (6 vs. 20 nM). Surprisingly, the importance of
chirality at the C-3 and C-11b positions for the biologi-
cal activity of these benzoisoquinolines has never been
addressed. For a-dihydrotetrabenazine, with two asym-
metric centers, there are four possible isomers: exten-
sive NMR studies of tetrabenazine, a-dihydrotetrabe-
nazine and related benzoisoquinolines (Lee and Kil-
bourn, unpublished observations), however, have estab-
lished fixed relative configurations at the C-3 and C-11b
positions, reducing the possibilities to a single pair of
enantiomers, which are shown in Fig. 1. For in vivo
radioligands, inclusion of inactive isomers produces
increased non-specific binding in target tissues. We
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Fig. 1. Enantiomers of a-dihydrotetrabenazine. Chiral carbon cen-
ters are present at C-2, C-3 and C-11b.

have therefore undertaken the resolution and biologi-
cal evaluation, in vitro and in vivo, of these two enan-
tiomers of a-dihydrotetrabenazine.

2. Materials and methods
2.1. Syntheses

{ 4+ )-a-Dihydrotetrabenazine was prepared by reduc-
tion of tetrabenazine and subsequently demethylated
to provide (+)-9-O-desmethyl-a-dihydrotetrabenazine
(Brossi et al., 1958; Schwartz et al., 1966; DaSilva et al.,
1993a,b). (£)-, (+)- and (-)-a{''C]Dihydrotetrabe-
nazine were prepared by the ['!Clmethylation of the
corresponding 9-O-desmethyl precursors (DaSilva et
al., 1993a). High specific activity (+)-[*H]methoxy-
tetrabenazine (4 )-2-a-[O-methyl-3H]methoxy-3-iso-
butyl-9,10-dimethoxy-1,3,4,6,7-hexahydro-11b H-benzo-
[alquinotlizine, 82 Ci/mmol) was synthesized by custom
O-[*H]methylation of (+)-a-dihydrotetrabenazine
(Amersham Corp., Arlington Heights, IL, USA).

2.2. Resolution of a-dihydrotetrabenazine isomers by chi-
ral chromatography

High performance liquid chromatography (HPLC)
resolutions of the isomers of (+)-a-dihydrotetrabe-
nazine and (4 )-9-O-desmethyl-a-dihydrotetrabenazine
were done using a semi-preparative Chirex 3014 ((S)-
val-(R)-1-(a-naphthyDethylamine) HPLC column (20
% 250 mm: Phenomenex), eluted with 60:30:9.5:0.5
hexane : 1,2-dichloroethane : ethanol : trifluoroacetic
acid at a flow rate of 7 ml/min. Isolated products were
re-injected until pure by analytical HPLC analysis,
determined using a separate, analytical (4.6 X 250 mm)
Chirex 3014 column and the above solvent mixture.

2.3. In vitro binding assays

All competition experiments of (+)-[*H]methoxy-
tetrabenazine binding by unlabeled a-dihydrotetrabe-
nazine isomers were conducted in triplicate using in-
tact brain cryostat sections of male Sprague-Dawley
rats (200-220 g, Charles River Laboratories, Portage,
MI, USA). The binding of (+)-a-[*H]methoxytetra-
benazine was assayed under minor modifications of the
conditions utilized for a-( +)-{>*H]dihydrotetrabenazine

(Scherman et al., 1988). Adjacent coronal sections (20
um) at the level of the striatum were mounted on
subbed microscope slides, and prewashed for 5 min at
25°C in 300 mM sucrose, 50 mM Tris, 1 mM EDTA,
pH 8.0 (Sucrose buffer) to remove endogenous compet-
ing substances. Sections were then incubated for 1 h in
the presence of 10 nM ( +)-[*Hlmethoxytetrabenazine
and varying concentration of a-dihydrotetrabenazine
isomers ranging from 0 to 4 uM. Following the incuba-
tion period, slices were washed 3 X3 min in fresh
Sucrose buffer, then wiped from the slides with glass
fiber filters (GF /C filters, Whatman, Hillsboro, OR,
USA) and counted by liquid scintillation spectrometry.

The apparent K, of a-dihydrotetrabenazine isomers
for rat brain [*H]methoxytetrabenazine binding were
calculated by logit plot and using a nonlinear curve
fitting program (Munson and Rodbard, 1980)
(LIGAND, Elsevier-Biosoft, Cambridge, UK), using
3.94 nM as the K, of [*H]methoxytetrabenazine.

2.4. In vivo radiotracer distribution studies

Female CD-1 mice (20-25 g, Charles River) were
anesthetized with diethyl ether and injected via the tail
vein with 100-300 wCi of radiotracer ((+)-, (—)- or
(+)-["'Cldihydrotetrabenazine). Animals were allowed
to awaken. At 15 min they were anesthetized with
ether, decapitated, a blood sample obtained, and the
brain rapidly removed and dissected into samples of
the striatum, cortex, cerebellum, thalamus, hippocam-
pus, and hypothalamus. Tissue samples were rapidly
counted (automated gamma counter) and weighed.
Data were calculated as percent injected dose /gram.

For the pharmacological blocking study of (+)-a-
[''Cldihydrotetrabenazine uptake, animals were in-
jected with unlabeled tetrabenazine (10 mg/kg i.p.) 10
min prior to the radiotracer study.

Numbers of animals used were as follows: (+)-a-
[''Cldihydrotetrabenazine, n = 13; (- )-a-[!'Cldihydro-
tetrabenazine, n = 15; (+)-a-[''Cldihydrotetrabe-
nazine, n = 10; (+)-a-["'C]dihydrotetrabenazine with
tetrabenazine pretreatment, n = 4.

2.5. Statistical analyses

Comparison of groups of animals was done using
both a Student’s unpaired t-test, and an analysis of
variance (ANOVA) test. A P <0.05 was considered
significant.

3. Results

3.1. Synthesis and resolution of isomers of a-dihydro-
tetrabenazine

Racemic a-dihydrotetrabenazine could be resolved
into two isomers using chiral high pressure liquid chro-
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matography, with the (—)-isomer eluting first (14.4
min) and the (+)-isomer second (15.6 min). Chiral
purity of the resolved isomers was > 99% as deter-
mined using an analytical chiral high performance lig-
uid chromatography column. Compounds were as-
signed as the (+)- and (—)-isomers of a-dihydrotetra-
benazine based on rotations of polarized light. Racemic
9-O-desmethyl-a-dihydrotetrabenazine, synthesized by
a one-step demethylation of racemic a-dihydrotetrabe-
nazine, was similarly separated into the (—)- and (+)-
isomers by chiral HPLC (retention times 23.2 and 25.4
min, respectively).

(+)-, (=) and (+)-a-[''C]Dihydrotetrabenazine
were synthesized by O-[!'Clmethylation of the corre-
sponding 9-desmethyl precursors (DaSilva et al., 1993b).
Products were obtained with radiochemical purities
> 95% and specific activities > 1000 Ci/mmol.

3.2. In vitro binding affinities of a-dihydrotetrabenazine
isomers

The two resolved isomers of a-dihydrotetrabenazine
were examined for their ability to inhibit the binding of
10 nM ( +)-[*H]methoxytetrabenazine, a high affinity
(K4=39440.39 nM) radioligand for the vesicular
monoamine transporter (Vander Borght et al., 1994).
The autoradiographic binding assays gave a K, value
of 097 +0.48 nM for (+)-a-dihydrotetrabenazine,
whereas the (—)-isomer was much less effective with a
K;=22403 uM.
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3.3. In vivo brain distributions of a-dihydrotetrabenazine
isomers

In vivo, the highest brain uptake and regional con-
trast was shown by (+)-e-{'!Cldihydrotetrabenazine,
with a low and uniform brain distribution shown for
the (—)-isomer (Fig. 2A). The racemic mixture showed
intermediate values. Differences of radiotracer uptake
between groups ((+) vs. (=), (+) vs. (£), and (£) vs.
(—)) were significant (P < 0.001) in all brain regions
examined. Brain retention of (+)-e-[''Cldihydrotetra-
benazine was also significantly reduced (P < 0.001) in
all regions following pretreatment with unlabeled te-
trabenazine.

4. Discussion

This represents the first report of the stereospeci-
ficity of in vivo binding of a ligand to the vesicular
monoamine transporter. In vitro, (+)-a-['! Cldihydrote-
trabenazine exhibits a K, for [*H]methoxytetrabena-
zine binding to rat brain striatal vesicular monoamine
transporters that is > 2000-fold higher than the (—)-
isomer. In vivo in mouse brain, (+ )-a-[''Cldihydrote-
trabenazine shows a regional distribution that corre-
lates (r = 0.99; Fig. 2B) with the published distribution
of [*H]dihydrotetrabenazine binding sites in mouse
brain (Henry and Scherman, 1989). The in vivo reten-
tion of (+)-a-[''Cldihydrotetrabenazine is largely due
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Fig. 2. (A) Regional in vivo mouse brain distribution of isomers of «-[''Cldihydrotetrabenazine. Data shown are tissue radioactivity
concentrations (percent injected dose per gram) determined at 15 min after injection; error bars represent one S.D. Data for (+ )-a-[ ''Cldihydro-
tetrabenazine are shown with and without prior ip. injection of 10 mg/kg unlabeled tetrabenazine. Radiotracer uptakes of (+)-, (+)- and
(—)-a-['!Cldihydrotetrabenazine were significantly (P < 0.001) different from each other in all brain regions. Concentrations of radioactivity
after (+)-e{''Cldihydrotetrabenazine injection were significantly reduced (P < 0.001) in all regions after tetrabenazine pretreatment (blocked
group). (B) Correlation of regional in vitro mouse brain binding of ( + )-a-{*Hldihydrotetrabenazine (data from Henry and Scherman (1989)) with
the in vivo regional mouse brain distribution of (+)-e-{''Cldihydrotetrabenazine determined 15 min after iv. injection. Abbreviations:
str = striatum, hypo = hypothalamus, cbl = cerebellum, hip = hippocampus, and ctx = cortex.
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to binding to the vesicular monoamine transporter, as
pretreatment of animals with tetrabenazine results in a
uniform low concentration of radioactivity in all brain
regions (Fig. 2) with no statistical difference between
regions of high and low concentrations of the trans-
porters (striatum vs. cortex, P = 0.374). (- )-a-[''C]Di-
hydrotetrabenazine shows a low and uniform brain
distribution which is unaffected by pretreatment with
tetrabenazine (data not shown). Finally, comparison of
data from positron emission tomography (PET) studies
of (+)-a-[''Cldihydrotetrabenazine and (+)-a-[!'Cldi-
hydrotetrabenazine in human brains demonstrates the
superior striatal uptake and specific to nonspecific
binding ratio for the resolved isomer, (+ )-a-[!!C]dihy-
drotetrabenazine (Kilbourn, Frey and Koeppe, unpub-
lished results).

That the monoamine vesicular transporter shows
stereoselectivity for binding of a-dihydrotetrabenazine
is perhaps not surprising, given that most if not all of
the receptors and neuronal membrane transporters for
the monoamines show stereoselective or stereospecific
binding of ligands. Only a few compounds are known
as high affinity inhibitors of vesicular monoamine
transport: isomeric forms of reserpine and ketanserin,
two other inhibitors, have not been evaluated for in
vitro binding affinities for the vesicular monoamine
transporter. It is not possible at this time to determine
if the high stereospecificity of (+ )-a-dihydrotetrabe-
nazine binding is inherent in the tertiary structure of
the transporter itself, or is a result of the rigid tricyclic
nature of the benzoisoquinoline structure. It is interest-
ing, however, that the vesicular monoamine transporter
shows such stereospecificity in ligand binding, given its
promiscuous nature in transporting a variety on differ-
ent biogenic amines, including dopamine which is achi-
ral.

In conclusion, the binding of «-dihydrotetrabe-
nazine to the brain vesicular monoamine transporter is

stereospecific, with both the in vitro and in vivo biolog-
ical activity due only to the (+ )-isomer.
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