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Abstract
Vesicular monoamine transporters (VMAT) are responsible for the uptake of cytosolic
monoamines into synaptic vesicles in monoaminergic neurons. Two closely related VMATs with
distinct pharmacological properties and tissue distributions have been characterized. VMAT1 is
preferentially expressed in neuroendocrine cells and VMAT2 is primarily expressed in the CNS.
The neurotoxicity and addictive properties of various psychostimulants have been attributed, at
least partly, to their interference with VMAT2 functions. The quantitative assessment of the
VMAT2 density by PET scanning has been clinically useful for early diagnosis and monitoring of
the progression of Parkinson’s and Alzheimer’s diseases and drug addiction. The classical
VMAT2 inhibitor tetrabenazine has long been used for the treatment of chorea associated with
Huntington’s disease in UK, Canada and Australia and recently approved in the US. The VMAT2
imaging may also be useful for exploiting the onset of diabetes mellitus, since VMAT2 is also
expressed in the β-cells of the pancreas. VMAT1 gene SLC18A1 is a locus with strong evidence
of linkage with schizophrenia and thus, the polymorphic forms of the VMAT1 gene may confer
susceptibility to schizophrenia. This review summarizes the current understanding of the structure-
function relationships of VMAT2, and the role of VMAT2 on addiction and psychostimulant
induced neurotoxicity, and the therapeutic and diagnostic applications of specific VMAT2 ligands.
The evidence for the linkage of VMAT1 gene with schizophrenia and bipolar disorder I are also
discussed.
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1. Introduction
Monoamine neurotransmission constitutes several critical steps in the synaptic area of the
neuron including (i) biosynthesis of transmitters from precursors in the cytosol and active
accumulation into synaptic vesicles through a proton gradient driven uptake system; (ii)
continued biosynthetic transformations within the synaptic vesicles depending on the nature
of the transmitter followed by exocytotic release from the synaptic vesicles into the synaptic
cleft in response to physiological stimuli; (iii) interaction of the transmitter with their target
receptor or protein on the postsynaptic membrane thereby mediating signal transduction; (iv)
dissociation from the receptor or protein followed by re-uptake into the presynaptic terminal
or surrounding glia cells through Na+ and Cl− driven plasma membrane transporters or
inactivation by specific monoamine metabolizing enzymes. Thus, efficient re-uptake of the
transmitter from the synaptic cleft through plasma membrane monoamine transporters
followed by re-accumulation into synaptic vesicles through the vesicular monoamine
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transporters (VMATs) constitute crucial steps of monoamine neurotransmission (general
reviews)1–3.

Numerous studies indicate that VMATs play a critical role not only in sorting, storing, and
releasing of neurotransmitters, but also in fine-tuning the neuronal and endocrine
informational output (reviews)4–7. In addition, neuropharmacological and neurotoxic effects
of a large number of illicit drugs and neurotoxins are closely associated with their
interference with the physiological functions of VMATs. For example, increasing evidence
suggests that amphetamine-related illicit drugs exert their effects by increasing the non-
exocytotic release of dopamine (DA) in some regions of the brain through direct interaction
with VMATs (reviews)8–10. Similarly, the neurotoxicity of the Parkinson’s disease causing
toxin, 1-methyl-4-phenylpyridinium (MPP+), is believed to be at least partly due to its
ability to interfere with the vesicular uptake and storage of DA through VMAT in DA
neurons11–13. Therefore, the malfunctions of VMAT could lead to the perturbation of
catecholamine metabolism and increase of cytosolic catecholamine levels leading to
increased oxidative stress and eventual degeneration of the catecholaminergic nervous
system (review)14.

2. Vesicular Monoamine Transporters
Adrenergic chromaffin granules and synaptic vesicles maintain a high concentration (up to
0.5 M) of monoamines. VMATs are responsible for the efficient uptake of cytosolic
monoamines into the storage vesicles4–7. The active transport of cytosolic monoamines into
storage vesicles, against a high concentration gradient, is driven by a transmembrane pH and
electrochemical gradient generated by the vesicular H+-ATPase in the granule membrane.
Two closely related vesicular monoamine transporters, VMAT115–16 and VMAT215,17 have
been cloned, expressed and characterized. In humans, VMAT1 is preferentially expressed in
large dense core vesicles of various neuroendocrine cells, including chromaffin and
enterochromaffin cells18,19. VMAT2 is primarily expressed in multiple monoaminergic cells
in the brain, sympathetic nervous system, mast cells, and histamine containing cells in the
gut19–20. VMAT1 and VMAT2 are co-expressed in chromaffin cells of the adrenal medulla.
Interestingly, the organ distribution of the two transporters appears to be species
dependent21. While rat adrenal medulla exclusively express VMAT1, VMAT2 is the major
transporter in chromaffin granules of the bovine adrenal medulla7,22–23. The physiological
significance of these differences is not clearly understood.

VMAT1 and VMAT2 are acidic glycoproteins with an apparent molecular weight of 70
kDa15–17. Although derived from two different genes, they show high sequence homology.
A third member of the family, the vesicular acetylcholine transporter (VAChT) also shows
significant sequence homology to both VMAT proteins (reviews)24–25. While the
crystallographic structures are not resolved, the sequence analyses of these and related
proteins suggest that they are transmembrane proteins with 12 transmembrane domains
similar to plasma membrane monoamine transporters (Fig. 1 26). The absence of a cleavable
signal sequence in VMAT2 expressed in CV-1 cells indicates that both C- and N-terminals
of these transporters are located in the cytosolic phase of the vesicle17. According to the
hydropathy models, putative glycosylation sites (three or four) are located in the vesicular
matrix on a loop between transmembrane domain (TMD) I and II (Fig. 1). The same overall
model is predicted to be common to VMAT-1 and VMAT-2 from all origins, as well as the
acetylcholine transporter (VAChT). The most variable regions of these proteins are located
near the N- and C- terminal and in the large glycosylated loop between transmembrane
domains (TMD) I and II (Fig. 1). For instance, the homology between bovine VMAT-1 and
VMAT-2 in the glycosylated loop is only 22%(residues 38–131).
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3. Biochemical and Kinetic Characteristics of VMAT
3.1 Adrenal Chromaffin Granule VMAT

The current understanding of the bioenergetics of VMAT-mediated monoamine transport
has been largely derived from the results of extensive biochemical and biophysical studies
carried out with bovine adrenal chromaffin granules1–6, 27. The ATP dependent, reserpine
(RES) sensitive catecholamine uptake into bovine chromaffin granules through VMAT was
initially demonstrated by Kirshner28. Since then numerous biophysical studies have
confirmed that the transport of monoamine into the storage vesicles against a large
concentration gradient (>105) is driven by a combination of transmembrane proton and
electrochemical gradients generated by vesicular H+-ATPase. The inward transport of
cytosolic amine is coupled with the efflux of two protons from the granule matrix per amine
molecule24,29–31. The efflux of the first proton from the granule matrix is proposed to
generate a transporter conformation with a high affinity amine binding site in the cytosolic
phase. The efflux of the second proton is coupled with a second large conformational change
leading to the movement of the amine from the cytosolic phase to the matrix phase with the
concomitant reduction of the amine binding affinity24. The interaction of the classical
inhibitor RES with chromaffin granule VMAT is also modulated by the transmembrane pH
gradient30. The transmembrane pH gradient was shown to increase the rate of RES binding
to chromaffin granule VMAT. In addition, VMAT bound RES could also be effectively
replaced with micromolar concentrations of the substrate norepinephrine (NE). However,
the pH gradient or NE has no effect on the tetrabenazine (TBZ), dihydrotetrabenazine
(DTBZOH), or ketanserin (KET) bindings. These findings have led to a working model in
which RES and the substrate bind to a single site in the pH gradient modulated conformation
of the transporter, whereas TBZ and DTBZOH bind to a different site or different
conformation of the transporter. However recent structure-activity studies indicate that the
RES and TBZ binding sites of the VMAT may overlap at least partially(see below).

The initial rate kinetics of the interaction of physiological substrates and various
pharmacological agents with VMAT has also been studied using intact bovine chromaffin
granules or granule ghosts. The apparent Km and Vmax parameters determined for 5-
hydroxytryptamine [serotonin; 5HT (1)], DA (2), NE (3), and epinephrine [E (4)] using
resealed chromaffin granule ghosts are shown in Table I. Comparison of the Vmax/Km
parameters show that the uptake efficiencies of these amines are in the order of 5HT> DA >
E > NE. Similarly, the kinetics of the interactions of TBZ (5), RES (6), KET (7), and
DTBZOH (8) with the bovine chromaffin granule have also been studied in detail. The
experimentally determined dissociation constants (Kds) for these inhibitors are in low nM
range suggesting that they all are very potent inhibitors for the monoamine uptake system in
chromaffin granules (Table I).

3.2 Brain Synaptic Vesicle VMAT
The catecholamine uptake characteristics of synaptic vesicles isolated from whole brain as
well as various brain regions have also been reported37. While many primary characteristics
of the brain’s synaptic vesicles are similar to chromaffin granules, there are some important
differences that are worth mentioning; (a) the affinity of catecholamines for the brain
catecholamine uptake system is significantly higher than that of the chromaffin granules
(Tables I & II and references therein); (b) although, the catecholamine uptake into
chromaffin granules is dependent only on the magnitude of the transmembrane proton and
electrochemical gradients according to the chemiosmotic model, catecholamine uptake into
synaptic vesicles appear to be also dependent on the cytoplasmic concentration of the
transmitters38, the transporter density in the vesicle membrane39, and the composition of the
extra vesicular media39–40; (c) while the catecholamine content in bovine adrenal
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chromaffin granules is estimated to be 0.5 M, there is no evidence for such high
concentrations in brain synaptic vesicles.

The origins of the above differences are not clear at present. However, the heterogeneity of
brain vesicle preparations must be taken into account in detailed interpretation of the kinetic
data. On the other hand, previous studies have shown that the transient kinetics of the DA
accumulation and NE production in resealed bovine chromaffin granule ghosts were
inconsistent with a normal sequential uptake followed by the conversion process. However,
they were consistent with a mechanism in which DA is efficiently channeled from the
VMAT to membranous dopamine β-monooxygenase (DβM) for hydroxylation, prior to the
release into the bulk medium of the ghost interior 33. Therefore, Km parameters determined
under the steady state conditions for DA using resealed granule ghosts or intact granules will
not directly reflect the affinity to VMAT. Since the Km of DA for DβM is in the low mM
range, the experimentally determined Km parameters from the steady-state uptake data must
be significantly higher for chromaffin granules and granule ghosts in comparison to brain
DA or 5HT synaptic vesicles as well as all the heterologous VMAT expression systems (see
below and Table 1 & II). This complexity could also be associated with the noradrenergic
and adrenergic synaptic vesicles. On the other hand, the Ki parameters of VMAT inhibitors
(non-substrates) are devoid of this complexity and directly reflect the true affinity for
VMAT. Therefore, while the Km values determined for VMAT substrates using various
systems could vary greatly, the Ki parameters are largely independent of the system used
and could be compared directly (for example see Table I & II).

3.2 Heterologous Expression Systems
CV-1 cells expressing VMAT accumulate [3H]5HT although they do not contain storage
vesicles17. [3H]5HT accumulation was ATP dependent, inhibited by H+-ATPase inhibitors
and increased by the digitonin permeabilization of the plasma membrane, suggesting
[3H]5HT accumulation in acidic intracellular compartments of CV-1 cells. Therefore,
degitonine permeabilized CV-1 cells expressing VMAT1 or VMAT2 have been used as a
model to screen the relative substrate and inhibitor affinities for the two transporters. Studies
using this model have shown that while 5HT has a similar affinity for both transporters, DA,
NE, and E have a 3-fold higher affinity for VMAT220. Interestingly, histamine (9) has a 30-
fold higher affinity for VMAT2 in comparison to VMAT1. Both RES and KET are slightly
more potent inhibitors of VMAT2-mediated transport [3H]5HT than that of VMAT1,
whereas TBZ is a relatively specific inhibitor of VMAT2 (Table II). Phenylethylamine (10),
amphetamine [AMPH (11 & 12)], methylenedioxy methamphetamine [METH (13)] and N-
methyl-4-phenylpyridinium (15) are all more potent inhibitors of VMAT2 mediated
[3H]5HT transport than that of VMAT1, whereas fenfluramine (14) is a more potent
inhibitor of VMAT1-mediated [3H]5HT transport than that of VMAT2 (Table II).
Comparative kinetic studies with CHO cells expressing bovine chromaffin granule VMAT
(bVMAT) show substrate specificities and affinities similar to that of VMAT2 (Table II)42.
In addition, TBZ is also a high affinity inhibitor for bVMAT. These findings further confirm
that the major monoamine uptake system in bovine chromaffin granules is similar to
VMAT2 in contrast to rat chromaffin granules. Therefore, significance of the species
specific expression of two distinct forms of monoamine transporters is not clear at present.
In addition, as mentioned above, while the Ki or Km parameters determined using
heterologus VMAT expression systems may provide a measure of the affinity of various
substrates and inhibitors for VMAT, they may not directly reflect the physiological affinities
of these agents due to the complex interactions of VMAT with other synaptic vesicle
proteins (see above).
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4. Structure-function Relationship Studies
Mutagenesis

Several laboratories have used heterologous expression systems to gain insight into the
structure-function relationships of VMAT at the molecular level. In a series of original
studies, Shirvan et. al.43 have shown that the mutation of the His419 (His414 in hVMAT2)
in the cytoplasmic domain between TMD X and XI of rat VMAT1 (r-VMAT1) to either Arg
or Cys completely abolishes 5HT and DA accumulation and also inhibits the pH gradient
dependent acceleration of binding of RES. These observations have been used to conclude
that His419 plays a role in energy coupling to the amine transport probably through assisting
the first proton dependent conformational change of the transporter [RES was proposed to
interact with this conformation (see above)]. The replacement of Asp431 (Asp426 in
hVMAT2) in TMD XI with either Glu or Ser inhibits 5HT transport without affecting the
rate of RES binding44. Therefore, the Asp431 residue is necessary for the completion of the
substrate transport cycle i.e. the proposed second conformational change in the above model.
On the other hand, replacement of Asp404 (Asp399 in hVMAT2) in TMD X with either Ser
or Cys inhibits 5HT transport and affects the RES binding properties of r-VMAT1 as well44.
However, 5HT transport or the RES and TBZ binding is not significantly altered by the
replacement of Asp404 with Glu suggesting a critical role of the carboxyl moiety at position
404 in r-VMAT1 catalytic function.

Analysis of the VMAT sequences show that four aspartic acid residues in the middle region
of TMD I, VI, X and XI and one Lys residue in TMD II are highly conserved among all
members (Figure 1), implicating their critical role in transporter structure/activity. Merickel
et al. have systematically examined the role of these residues in the structure-activity of
rVMAT245. The replacement of conserved Lys 139 of TMD-II (Lys 138 of hVMAT2) with
Ala (K139A), Asp 400 (Asp 399 of hMAT2) of TMD-X with Asn (D400N) or Asp 427
(Asp 426 of hMAT2) in TMD-XI with Asn (D427N) eliminate the transport activity despite
the normal levels of the expression of mutated proteins in agreement with the above
rVMAT1 studies of Steiner-Mordoch et al.44. However, the replacement of Asp 263 (Asp
262 of hVMAT2) of TMD-VI with Asn (D263N) had no effect on the transport activity.
Interestingly, the double replacement of Lys 139 and Asp 427 (K139A/D427N) showed
substantial transporter activity. Based on these observations together with literature evidence
from the studies of lactose permease45, the authors concluded that Lys 139 and Asp 427 may
make an ion pair and that TMD-II and TMD-XI are close to each other in the native form of
the transporter. However, the apparent reduced affinity of the double mutant K139A/D427N
for 5HT and reduced ability of 5HT to inhibit RES binding suggest that although not
required for activity, the ion pair may promote high affinity interaction with the substrates
and inhibitors. In addition, a double mutant in which the polarity of these charged residues
was reversed (K139D/D427K) showed no active transport, but displayed normal RES
binding that remained coupled to the proton gradient. However, 5HT failed to inhibit RES
binding of the mutated protein significantly. A similar effect has also been observed with
Asp 33 (Asp 33 of hMAT2) in TMD-I (D33N). Therefore, while these residues may play a
role in the recognition of the substrate, they may not be essential for the flux of the first
proton and subsequent conformational change of the transporter.

Studies with chimeric constructs of rVMAT1 and rVMAT2 indicate that two domains, one
from TMD-V to the beginning of TMD-VIII and the other from the end of TMD-IX to
TMD-XII, are required for the characteristic high affinity for 5HT and histamine as well as
the sensitivity to TBZ of VMAT246. However, the region of VMAT2 from TMD-III through
TMD-IV contributes to the high affinity of 5HT but not histamine or TBZ affinity. Thus,
differences between 5HT recognition and the recognition of both histamine and TBZ may
account for the observed differences in their interaction with the transport protein. Site-
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directed mutagenesis studies further showed that Ala 315 (loop between TMD VI and VII;
Ala 314 of hVMAT2) of VMAT2 is required for TBZ sensitivity, and this interaction occurs
independently of the interaction with residues in TMD IX-XII. The ability to recognize
histamine as a substrate depends on Pro 237 (Pro 236 of hVMAT2) of TMD-V, and the
contribution of TMD IX-XII to histamine recognition appears to involve a common
mechanism. In contrast, the replacement of many residues in TMD V-VIII of VMAT2 with
equivalent residues from VMAT1 improves the recognition of both 5HT and tryptamine and
these effects are dominant over mutations in TMD IX-XII. The replacement of the
individual residues in TMD IX through XII of VMAT2 by the corresponding residues of
VMAT1 indicates that Tyr 434 (Tyr 433 of hVMAT2) and Asp 461 (Asp 460 of hVMAT2)
are important for the high affinity of TBZ, histamine, and 5HT towards VMAT246. These
results indicate that different ligands interact through distinct mechanisms with the VMATs
and that the recognition of each ligand involves multiple, independent three dimensional
interactions with the multiple domains of the transporter47.

To determine the role of the 10 cysteine residues in hVMAT2 function48, hVMAT2
constructs with reduced number of cysteines have been engineered and characterized. The
biochemical studies of the engineered proteins show that Cys 430 in TMD XI is essential for
the recognition and binding of TBZ. This finding is in good agreement with the above
mutagenesis studies where the involvement of the residues in TMD X-XII in TBZ binding
has been proposed. In addition, using a recombinant VMAT2 construct with a thrombin
cleavage site between TMD VI and VII demonstrated that Cys 117 in the loop between
TMD I and II and Cys 324 in the loop between TMD VII and VIII form a disulfide bond in
hVMAT2 which contributes to the structural integrity and efficient monoamine transport49.
These findings further suggest that these two loops are in close proximity of the native
protein (note that the Cys residues of hVMAT2 are mislabeled in the references 48 and 49

consistently by +9 residues; for example Cys 117 and 324 were labeled as Cys 126 and 333).

Photoaffinity Labeling
The substrate and inhibitor binding sites of VMAT have also been exploited using affinity
labeling techniques. The affinity photolabel [125I]-7-azido-8-iodoketanserin (16) which
binds to the same site as RES, is shown to label a site in bVMAT2 of intact bovine
chromaffin granule membranes50. Degradative analysis of the labeled protein identified a
site located between the residues 2–55 as the photo-labeling site. Parallel studies using
purified rVMAT2 (expressed in Sf9 cells using a baculovirus expression system) showed the
labeling of Lys 20 by [125I]-7-azido-8-iodoketanserin51. These findings strongly suggest that
the N-terminal residues of VMAT2 play an important role in the recognition and binding of
classical inhibitors KET, RES and, possibly, TBZ. The TBZ derivative [125I] 2-N-[(3′-
iodo-4′-azido-phenyl) propionyl] tetrabenazine [Table VII (17)] also labeled a segment of
rVMAT2 between Gly 408 and Cys 431 in TMD X and XI51. This evidence has been used
to suggest that the TMD I and X/XI are close to each other in native VMAT2 which is in
good agreement with the mutagenesis studies where TMD II and TMD XI were proposed to
be in close proximity. In a recent study, the novel photo-affinity label
[125I]iodoaminoflisopolol [Scheme 1 (18)] (an apparent substrate for rVMAT2 with Km and
Vmax of 122 μM and 292 nmols/mg.min) has been used to identify the substrate binding site
of rVMAT2 using a heterologous Sf9 cell expression system52. These studies have provided
further evidence to support that the substrate binding site of VMAT2 is located in the C-
terminal half of the VMAT2 molecule whereas TBZ and KET interact with the N-terminal
half 52.
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Substrate/Inhibitors and Structure-Function
In addition to mutagenesis, chimeric and labeling studies of novel inhibitors and substrates
have also been used to map the steric and electronic constraints of the active sites of
VMATs. The phenyl ethylamine analog, 3-amino-2-phenylpropene [APP (19)] and its
derivatives are competitive inhibitors for the bovine chromaffin granule VMAT2 (Table
III)53. While the 4′ or 3′-OH groups of the aromatic ring of APP (20 & 21) enhance the
inhibition potency, -Me (28) or -OMe (22 & 23) groups in these positions reduce the
inhibition potency suggesting an important role of the ring hydroxyl groups of the inhibitor
in the interaction with the transporter (Table III). However, large halogen substitution on the
4′-position of the aromatic ring (24–27) also causes an increase of the inhibition potency
which is parallel to the electron donor ability of the halogen. Although this behavior is
inconsistent with the proposed critical role of the polar 4′-ring hydroxyl groups of the
substrates, the authors argued that electronic effects of ring halogens on the phenylpropene
moiety of the inhibitors may contribute to these effects. Substituents on the -NH2 (29 – 31),
as well as on the 3-position of the alkyl chain (33) reduce the inhibition potency. Based on
the structure-activity relationship analyses of APP inhibitors and VMAT substrates,
tyramine and the neurotoxin, 1-methyl-4-phenylpyridinium, the conformationally restricted
mobility of the side chain of APP, in comparison to the regular phenylethylamine substrate,
have been proposed to play a critical role in the inhibition of bVMAT2 by APP derivatives.

The structural rigidity and the good substrate activity of MPP+11–12, 54 (15), in comparison
to physiological phenylethylamine substrates, make it an attractive candidate for structure-
activity relationship studies of VMAT55. Based on this rational, a number of MPTP and
MPP+ derivatives have been synthesized and characterized as novel substrates/inhibitors for
bVMAT2 (Table IV). These studies have shown that 3′-OHMPP+ (39) is one of the best
known substrates for bVMAT2. It also effectively inhibits the DA uptake into resealed
granule ghosts. Based on the magnitudes of apparent Ki parameters determined for DA
uptake inhibition, 3′-OH MPP+ interacts about ten times better than DA and about thirty five
times better than the parent compound, MPP+ with bVMAT2. However, 4′-OHMPP+ (40)
was a weak substrate and an inhibitor of bVMAT2 in sharp contrast to the effects of 4′-OH
substitution in physiological phenylethylamine substrates and APP inhibitors above.
Strikingly, 4′-bulky halogen substitution (44) also increased the inhibition potency of the
MPP+ derivatives similar to APP derivatives. However, these derivatives were not substrates
for the transporter suggesting that the transport through bVMAT2 requires more stringent
structural requirements than the inhibition. Furthermore, the relative orientation of the 3′-OH
and the ring nitrogen in 3′-OH MPP+ may be optimal for the bVMAT2 substrate activity.
Interestingly, MPTP derivatives are also good inhibitors of bVMAT2 [Table IV (51–58)]
and the structure activity relationships of these follow a trend similar to that of MPP+.

A series of probes that mimic the structural features of both APP (inhibitor) and MPP+

(substrate) have been used to further characterize the interaction of substrate and inhibitors
with bVMAT2 (Table V). None of the MPP+-APP conjugates were substrates for the
VMAT, but they were better inhibitors than either the corresponding APP or MPP+

derivatives, suggesting that both entities of the conjugate positively contribute to the
interaction with the transporter. Crystallographic structures of these derivatives (structure of
64 is shown in Fig. 2) show that they all possess a well-defined “L” shape architecture and
both APP and MPP+ portions could interact with the transporter as two separate entities
leading to higher inhibition potencies in comparison to the parent derivatives. The modeling
studies show that the MPP+-APP conjugates structurally resemble RES and TBZ (Figures
3A & B). Overlay of the optimized structures of 65 and TBZ shows that the two molecules
are similar with respect to steric constraints and positioning of the 4′- and 3′-phenyl ring
oxygen substituents. However, the ring nitrogens could not be fully overlaid keeping the
above constraints intact indicating that the nitrogens of bVMAT2 bound 65 and TBZ may
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not occupy the same positions of the active site. Similar modeling with RES shows that the
non-aromatic nitrogen of RES and the pyridine nitrogen of 65 superimpose well (Fig. 3),
suggesting that they could occupy similar positions in the binding site. These proposals are
consistent with the finding that the replacement of the pyridine ring of the MPP+ portion of
59 with nonaromatic piperidine (61) or piperazine (63) increases the inhibition potency
significantly (Table V). Thus, the high affinity of TBZ (Ki ~ 4 nM; Table I & VII) in
comparison to the MPP+-APP conjugates could be due to the optimal positioning of the
nitrogen and the carbonyl oxygen (or -OH of DTBZOH) in the binding site which are not
present in MPP+-APP conjugates or RES. The large trimethoxyphenyl tail of RES could not
be mimicked by TBZ or any of the above MPP+-APP conjugate inhibitors. Thus, since the
carbonyl oxygen is not present and nitrogens of RES may not contribute towards optimal
binding, its extended hydrophobic tail must provide significant non-specific contribution
towards its high binding affinity, especially since the binding site of the transporter is shown
to be highly hydrophobic. This proposals are in good agreement with the previous reports
that the trimethoxyphenyl acetate-cleaved RES derivative, reserpic acid, is at least a 2000-
fold weaker inhibitor than RES [Ki’s of RES and reserpic acid are ~18 nM (Table I) and ~10
μM56 respectively]. Since the above conjugates may not have optimal positioning of the
nitrogen as well as lacking an extended hydrophobic tail, they are substantially weaker
inhibitors for VMAT in comparison to TBZ and RES, but comparable to reserpic acid. The
excellent substrate activity of 3′-OH MPP+ in comparison to the weak activity of 4′-OH
MPP+ suggests that the relative positioning of 3′-OH with respect to pyridine nitrogen in
MPP+ derivatives is optimal for the VMAT substrate activity. Thus, similar inhibition
potencies observed for the MPP+-APP conjugates with respect to 3′- and 4′-OH further
indicate that the mode of interaction of these as well as RES and TBZ inhibitors with the
transporter could be distinct from that of regular substrates.

The lipophilic alkaloid lobeline [Table VI (68)] which is a known nicotinic receptor ligand
is also an inhibitor of DAT and VMAT257. Lobeline inhibits [3H]DTBZOH binding to
VMAT2 and [3H]DA uptake into rat synaptic vesicles with similar efficiency. Therefore,
lobeline appears to specifically interact with the DTBZOH binding sites on VMAT2 to
inhibit DA uptake into synaptic vesicles. On the other hand, d-amphetamine (d-AMPH)
inhibits [3H]DTBZOH binding to vesicle membranes 20 times more weakly than the
inhibition of rVMAT2 function, suggesting that d-AMPH interacts with a different site than
DTBZOH and lobeline on rVMAT2 to inhibit monoamine uptake. Furthermore, d-AMPH
evoked [3H]DA release is about 12 times more efficient than that of lobeline. Thus, in
contrast to d-AMPH, which is equipotent in inhibiting DA uptake and promoting release
from the synaptic vesicles, lobeline more potently (28-fold) inhibits DA uptake (via an
interaction with the DTBZOH binding site on rVMAT2) than it evokes DA release to
redistribute presynaptic DA storage 57.

Structurally modified lobeline derivatives, meso-transdiene (69–71) and lobelane (72–76)
have been found to show high potency and selectivity for rVMAT2 relative to nicotinic
receptor binding58. To establish the structure-activity relationships within, specific
stereochemical forms of meso-transdiene, lobelane, and other structurally related analogs
have been synthesized and evaluated for inhibition of [3H]nicotine binding to α4β2*
nAChR, [3H]methyllycaconitine binding to α7* nAChR, and [3H]DTBZOH binding to
rVMAT259. All these analogs showed lower affinities for α4β2* and α7* nAChRs compared
to lobeline, thus increased selectivity for rVMAT2. Only modest loss of affinity for
rVMAT2 in comparison to lobelane was observed by; (1) altering the stereochemistry at the
C-2 and C-6 positions of the piperidine ring; (2) varying unsaturation in the piperidine C-2
and C-6 substituents; (3) introducing unsaturation into the piperidine ring; (4) ring-opening
or eliminating the piperidine ring, and (5) removing the piperidine N-Me group.
Incorporation of a quaternary ammonium group into defunctionalized lobeline molecules in
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the cis-series resulted in significant loss of affinity for rVMAT2, whereas only a modest
change in affinity was obtained in the trans-series. The most potent and rVMAT2-selective
compounds were the bis 3′ fluorophenyl derivative (75) (570 nM) and N-methyl-2,6-cis-
bis(naphthalene ethyl) piperidine analog (76), (Ki = 630 nM). Thus, the most promising
structural changes to the lobeline molecule that enhance the rVMAT2 affinity and selectivity
are defunctionalization, affording lobelane and meso-transdiene, and replacement of the
phenyl rings of lobelane with other aromaticmoieties.

The benzofuran antiarrhythmic drug, amiodarone [Scheme 2 (77)], exhibits anti-adrenergic
action in the heart, which resembles the effects of RES. The molecular origin of these
apparent presynaptic, sympatholytic effects of amiodarone has been examined using Chinese
hamster ovary (CHO) cells expressing VMAT2 as a synaptic vesicle model60. Amiodarone
inhibit the uptake of [3H]NE in VMAT2-transfected CHO cells in a concentration-dependent
manner, with a -log EC50 of 6.4. [3H]RES binding to the membrane fractions prepared from
CHO cells expressing VMAT2 was inhibited by amiodarone in a concentration and pH
independent manner, with a -log EC50 of 6.76, reaching 84% inhibition of RES binding at
10 μM. Therefore, amiodarone inhibits the uptake of monoamine into the storage vesicle by
inhibiting the activity of VMAT2 and binds to the same site as RES. These findings suggest
a novel presynaptic site of action for amiodarone in vivo.

5. Imaging Agents and Radio-ligands
Specific VMAT2 ligands with high affinity have been clinically useful imaging agents for
early diagnosis and monitoring of the progression of neurodegenerative disease associated
with the CNS monoaminergic system such as Parkinson’s (PD) and Alzheimer’s diseases
(AD) (reviews)61–63. These imaging agents may also be important tools for exploiting the
relationship between loss of insulin-secreting β-cells and onset of diabetes mellitus, since
recent studies indicate that significant amounts of VMAT2 is also expressed in the β-cell
mass (BCM) in the pancreas, mainly in the islets of Langerhans (review)64. Accordingly,
high affinity VMAT2 inhibitors with 11C, 3H, 125I, and 18F labels have been synthesized,
characterized, and tested in animals and humans as in vivo imaging agents. TBZ and related
derivatives have been chosen as the prime candidates for these studies, probably due to their
high and specific VMAT2 affinity and easy synthetic accessibility of suitable labels.

[11C]Tetrabenazine ([11C]TBZ)
[11C]TBZ [Scheme 1 & Table VII (5); label on the 9-O-CH3) has been characterized as a
positron emission tomography (PET) imaging reagent of VMAT2 in mice. After i.v.
injection, [11C]TBZ was rapidly taken up into the brain and quickly lost from most areas of
the brain except from the striatum and hypothalamus which are rich in VMAT265. The order
of [11C]TBZ binding at 10 min after injection was striatum > hypothalamus > hippocampus
> cortex = cerebellum and parallel to the VMAT2 content of the tissues as determined by in
vitro histochemical assays. The specificity of VMAT2 binding was confirmed by
competition experiments with unlabeled TBZ and pretreatment of animals with RES and/or
DA uptake inhibitor GBR 12935. Similar to the results of the studies with mice, [11C]TBZ,
showed high brain uptake and relatively slower clearance from regions of highest VMAT2
concentrations (striatum), resulting in clear differential visualization of these structures at
short time intervals after the injection (10–20 min) in the living human brain66. In
unilaterally MPTP-lesioned monkey, the specific binding of radio-ligand was absent in the
striatum on the lesioned side, with no effect on radiotracer distribution in the cortex,
cerebellum or contra lateral striatum67. These studies show that [11C]TBZ can be used in in
vivo PET imaging and semi quantitative determination of VMAT2 in the living human
brain. However, detailed pharmacokinetic studies showed that [11C]TBZ is rapidly
converted to α- and β [11C]dihydrotetrabenazine (DTBZOH) and to 9-O-desmethyl TBZ,
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reducing in vivo accumulation in mouse striatum and hypothalamus. Therefore, quantitative
pharmacokinetic modeling of radioactivity distribution would be complicated by the
presence of these pharmacologically active metabolites of [11C]TBZ68.

[11C]Dihydrotetrabenazine
As mentioned above the quantitative pharmacokinetic modeling of radioactivity distribution
of [11C]TBZ is complicated by its rapid in vivo conversion to pharmacologically active
metabolites68. Therefore, the relatively metabolically inactive, potent VMAT inhibitor
[11C]DTBZOH (label on the 9-O-CH3) has been characterized as a useful imaging agent
[Table VII (78)]. The changes in the catecholaminergic areas of the brains of patients with
multiple system atrophy, sporadic olivopontocerebellar atrophy and normal control subjects
were determined and compared using [11C]DTBZOH as a PET agent69. Specific binding of
[11C]DTBZOH in the striatum was significantly reduced in the multiple system atrophy
patients as compared with the normal control group, in the caudate nucleus putamen.
Smaller but significant reductions were observed in the sporadic olivopontocerebellar
atrophy group, in the same areas. In another study, with PD significant reduction in specific
[11C]TBZOH binding in the putamen and in the caudate nucleus was observed70. A
comparison of equilibrium to kinetic conditions in the analysis of PET data for the
assessment of VMAT2 binding density using resolved active isomer, (+)-α-
[11C]dihydrotetrabenazine [(+)-α-[11C]DTBZOH)], has also been reported71. A loading
bolus followed by continuous infusion lead to a steady-state distribution of the label in both
tissue and blood by 30 min, and the tissue-to-blood distribution ratios of (+)-
α[11C]DTBZOH) at equilibrium are in close agreement with the kinetic estimates. Thus, a
simple, easily tolerated protocol using a loading bolus followed by continuous infusion can
provide excellent measures of VMAT2 binding.

The striatal VMAT2 binding site density in a relatively large number of PD subjects (31
early stage PD subjects and 75 normal subjects) have been determined using (+)-α-[11C]
DTBZOH as a PET imaging agent employing continuous i.v. infusion with an equilibrium
tracer modeling protocol72. In normal subjects age-related decline in striatal (+)-α-[11C]
DTBZOH binding was about 0.5% per year. In PD subjects, specific (+)-α-[11C] DTBZOH
binding was reduced significantly in the caudate nucleus, anterior putamen, and posterior
putamen, and substantia nigra. These results demonstrate that (+)-α-[11C]DTBZOH-PET
imaging displays many properties necessary of a PD biomarker73. However, recent studies
suggest that DA depleting drugs such as α-methyl-p-tyrosine, d-AMPH and the DA
elevating agent γ-hydroxybutyrate alter striatal (+)-α-[11C]DTBZOH binding in rats.
Therefore, in vivo (+)-α[11C]DTBZOH binding in imaging studies is subject to competition
by vesicular DA and, in this respect, is not a “stable” DA biomarker as is generally assumed.
Similarly, recent whole body biodistribution and dosimetry studies in baboons show most of
the injected tracer [11C]-DTBZOH localized to the liver and the lungs, followed by the
intestines, brain, and kidneys74. The highest estimated absorbed radiation dose was in the
stomach wall. Therefore, the dose estimates as well as the radiation dose to other
radiosensitive organs, must be considered in evaluating the risks of multiple administrations
of [11C]-DTBZOH as a tracer.

α- [2-3H]-dihydrotetrabenazine (DTBZOH)
Alpha-2-dihydrotetrabenazine [DTBZOH; Table VII (78)], a major metabolite of TBZ is
also a potent inhibitor of VMAT2, similar to the parent compound. The tritiated derivative
α-[2-3H] dihydrotertabenazine [3H]DTBZOH was the first radiotracer used for VMAT2
imaging, most likely due to its convenient synthetic accessibility75. Early studies showed
that [3H]DTBZOH binding in rat brain was stable up to 72 h of postmortem at 22°.
[3H]DTBZOH binding was specific, saturable (Kd 2.7 nM) in major regions of post mortem
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human brain and readily displaced by substrates or other inhibitors of VMAT2. The highest
densities of binding sites were in regions of caudate nucleus, putamen, and accumbens
nucleus of the CNS. [3H]DTBZOH binding in caudate nucleus and in putamen from normal
postmortem human subjects is well correlated with the distribution of catecholamine
metabolites76. Significant changes in [3H]DTBZOH binding levels were observed in PD and
AD brains compared to the controls. A large decrease in [3H]DTBZOH binding was
observed in all parts of the striatum in PD brains. These data corroborate the deficiency in
striatal dopaminergic transmission in PD and agree with the notion that dopaminergic
terminals have disappeared and/or no longer contain synaptic vesicles in PD brains. In AD
brains, [3H]DTBZOH binding was significantly reduced in the ventral striatum and not in
the caudate nucleus and putamen. The specific decrease of monoaminergic transporter levels
in the ventral striatum suggests that this nucleus is a target area in AD. These findings
suggest that [3H]DTBZOH is also a reliable in vivo imaging agent for VMAT2 and could be
used to diagnose PD and AD in post mortem human brain.

α-[O-methyl] methoxytetrabenazine(MT BZ)
α-[2-O-methyl-3H]methoxytetrabenazine [Table VII (80); MTBZ] binding to the VMAT has
also been studied in rat brain sections by autoradiography77. [3H]MTBZ interacts with a
homogeneous population of striatal sites. Highest levels of [3H]MTBZ binding sites were in
regions richly innervated by the monoamine systems and RES significantly inhibited
[3H]MTBZ binding. Unilateral lesion of the median forebrain bundle with 6-
hydroxydopamine reduces the [3H]MTBZ binding and the decrease correlated well with the
reduction of tyrosine hydroxylase-positive neuron density in the substantia nigra pars
compacta. Therefore, [3H]MTBZ is a reliable and quantitative tracer of VMAT2 which
provides an accurate assessment of monoamine neuronal losses and may thus be of value in
the diagnosis and study of neurodegenerative diseases.

The 11C labeled α-[2-O-methyl-11C]methoxytetrabenazine [11C]MTBZ has also been tested
as a tracer for VMAT278. The highest activity of [11C]MTBZ was observed in the striatum,
lateral septum, substantia nigra pars compacta, the raphe nuclei and the locus coeruleus of
rat brain after 15 min of injection which parallels the known monoamine nerve terminal
density of the CNS. At this time interval, over 82% of brain activity, but less than 47% of
plasma activity corresponded to authentic [11C]MTBZ. [11C]MTBZ binding in the mouse
brain was inhibited by co-injection of excess unlabeled DTBZOH. In humans, initial brain
uptake of [11C]MTBZ was fast and rapidly cleared from all regions with longest retention
times in areas of high VMAT2 concentration. Parametric quantification of VMAT2 density
showed the highest distribution volume in the putamen and caudate with lower values in
cerebral cortex and cerebellum. Acute treatments with RES, TBZ or related
benzoisoquinolines significantly reduced [11C]MTBZ binding in vivo79. However,
radiotracer distributions remained unchanged after treatments with other dopaminergic
drugs, haloperidol, pargyline, deprenyl, and L-DOPA Me ester. Repeated injections of TBZ
did not alter the in vivo radio-ligand binding measured after allowing drug washout from the
brain. These studies support the proposal that in vivo PET imaging of VMAT2 using
[11C]MTBZ in patients with extra pyramidal movement disorders will not be affected by
concurrent use of L-DOPA or deprenyl. The usefulness of [11C]MTBZ as a PET scanning
agent was further studied by using a tottering mice model80. The distribution of [11C]MTBZ
in the brain regions of striatum, cortex, hippocampus, hypothalamus, cerebellum and
thalamus of tottering mice was about 150–190% higher than that of the control aminals. This
increase tissue distribution correlates well with the two to three fold increase of NE levels of
these regions of brains of these mice in comparison to normal mice as previously determined
by histochemical methods. While these results are consistent with the proposed
noradrenergic hyper-innervation characteristic of the tottering mutant mouse, they further
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confirm that [11C]MTBZ could be used satisfactorily to measure not only decrease in the
density of VMAT, but also the increase in the transporter density in various
catecholaminergic dysfunctions for diagnostic purposes. Therefore, [11C] MTBZ appears to
be a suitable ligand for PET quantification of the VMAT in the human brain under various
physiological conditions80.

2-Iodovinyl Tetrabenazine (I-VTBZ)
A derivative of TBZ containing a 2-iodovinyl group [125I-VTBZ;Table VII (87)] was tested
as a possible SPECT agent81. Following i.v. injection in rats, [125I]I-VTBZ readily crosses
the blood brain barrier and localizes into the brain. However, distribution of the label was
not specific to any region of the brain. One of the two resolved isomers of 125I-VTBZ
showed more efficient uptake in comparison to the other, but still with a modest degree of
specificity for the striatum. The binding of [125I]I-VTBZ could be blocked by pretreatment
of rats with cold TBZ. In rat striatal homogenates, the more active isomer showed a
pharmacological profile consistent with specific binding to VMAT2 sites. In vitro
autoradiographic studies using rat brain sections further show that 125I-VTBZ predominantly
labeled the regions rich in VMAT-2 sites. However, the low target-nontarget specificity
ratio observed for this derivative (probably due to its high lipophilicity), makes it a poor
candidate for in vivo imaging of VMAT2.

Fluoroalkyl Dihydro tetrabenazine Derivatives
To increase the availability of VMAT2 imaging agents for routine clinical studies with
PET, 18F analogs of DTBZOH with a longer half-life (t1/2 = 110 min compared 20 min
for 11C) have been synthesized and characterized86. Racemic (±)-[18F]-fluoroethyl-
DTBZOH (88) and (±)-[18F]-fluoropropyl-DTBZOH (89) were high affinity ligands for
VMAT2 [Kis of 0.76 and 0.56 nM, respectively (Table VII)] in rat striatal homogenates,
similar to the parent (±)-DTBZOH. In vitro 89 distinctly binds to the caudate putamen
region consistent with the localization of VMAT2 in the mouse brain, which was blocked by
nonradioactive TBZ efficiently. Both tracers show excellent brain uptakes on mice after an
i.v. injection. The brain wash out of 89 was faster than 88 and thus 89 yielded a better target-
to-background ratio. Therefore, the racemic 89 is potentially a useful imaging agent for
VMAT2 binding sites in the brain. The specific binding and regional brain pharmacokinetics
of 89 was also studied in the primate brain87. The brain uptakes and pharmacokinetics of 89
and (+)-[11C]DTBZOH were similar in the monkey brain. Metabolic defluorination was
slow and minor for the [18F]fluoroalkyl-DTBZOH ligands. The (+)-89 was the active isomer
for VMAT2 inhibition with a Ki of 0.1 ± 0.01 in rat striatal homogenates (Table VII)88. The
characteristics of high specific binding ratio, reversibility, metabolic stability and longer
half-life of the radionuclide make (+)-89 a promising alternative VMAT2 radio-ligand
suitable for widespread use in human PET studies of monoaminergic innervations of the
brain.

As mentioned above, imaging of pancreatic BCM using VMAT2 specific tracers may
provide an important tool for understanding the relationship between loss of insulin-
secreting β-cells and onset of diabetes mellitus. A PET study of BCM on the pancreas of
Lewis rats using [11C]DTBZOH show that decreased radio-ligand uptake within the
pancreas of Lewis rats with streptozotocin-induced diabetes relative to their euglycemic
historical controls89. These initial studies strongly support the suggestion that the
quantification of VMAT2 expression in β cells by PET represents a method for noninvasive
longitudinal estimations of changes in BCM that may be useful in the study and treatment of
diabetes. Recently, (+)-89 was also evaluated as a PET agent for BCM in vivo. The pancreas
taken up high levels of (+)-89, but VMAT2 inactive isomer, (−)-89, taken up only weakly90.
The uptake was reduced by 78% in rats pretreated with unlabeled (+)-89. Therefore, (+)-89
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could also be a useful PET agent for pancreatic β-cell mass. A new VMAT2 imaging agent,
[18F](+)-2-oxiranyl-3-isobutyl-9-(3-fluoropropoxy)-10-methoxy-2,3,4,6,7,11b-
hexahydro-1H-pyrido[2,1-a]isoquinoline (90), was also evaluated as a PET agent for
estimating beta cell mass in vivo91. The hydrolysable epoxide group of 90 was hypothesized
to shift biodistribution from liver to kidney, thus reducing the background signal. The
preliminary results suggest that 90 is highly selective in binding to VMAT2 and taken up
into the pancreas of rats effectively and, the liver uptake was significantly reduced as
expected. Therefore, 90 may potentially be a better imaging agent for β-cell mass of
pancreas.

Other Ligands
KET, a known 5-HT2 receptor antagonist, is also a high-affinity ligand for VMAT2 of
bovine chromaffin granules and synaptic vesicles (Table VIII). [3H]KET [Scheme 1;(7)]
binds to the same site as TBZ with a Kd of 6 nM at 0 °C and 45 nM at 30 °C36 (Table VIII).
7-Amino 8-[125I]ketanserin have been tested as a radio-tracer for VMAT in rat brain92.
Although significant binding to the monoaminergic areas of the brain slices was observed,
the non-specific binding was higher in comparison to [3H]DTBZOH suggesting that TBZ
derivatives are better markers for in vitro autoradiographic studies of monoaminergic
neurons. However, the azido derivative, 7-azido-8- [125I]ketanserin [Scheme 1 (16)] Kd for
VMAT is 5.5 nM at 0 °C93] has been successfully used to photoaffinity label bovine
chromaffin granules, human pheochromocytoma, rat striatum, and rabbit blood platelet
VMATs93. This derivative has also been used to identify and purify the VMAT 2 from
bovine adrenal chromaffin granule membranes.

Several other KET derivatives have been synthesized and their structure-activity
relationships have been reported (Table VIII). These studies show that increasing the
distance between the piperidine ring and the heterocyclic ring by two methylene units (97)
reduces affinity for TBZ binding site of bVMAT2 by about 20 fold (Ki = 950 nM for
[3H]DTBZOH binding)36 in comparison to the parent derivative. The reduction of benzyl
carbonyl to an alcohol group (93) reduces the bVMAT2 affinity by about 9 fold (Ki = 350
nM for [3H]DTBZOH binding). The alteration of the heterocyclic ring system with other
heterocylces (94–96) also significantly reduces the affinity for TBZ binding site of
bVMAT236. These findings suggest that the structure of KET is somewhat optimal for the
interaction with the TBZ binding site of bVMAT2.

6. Pharmacology
Effects of Amphetamines on VMAT

Neuropharmacological and neurotoxic effects of a number of illicit drugs and neurotoxins
are closely associated with their interference with the physiological functions of VMATs.
Increasing evidence suggests that cocaine and AMPH-related illicit drugs exert their effects
by increasing the non-exocytotic release of DA in specific regions of the brain probably
through direct modulation of VMAT2 functions8–10. This proposal is supported by the
observation that multiple administrations of METH rapidly decreased vesicular DA uptake
and DTBZOH binding, an effect that persist at least 24 h in rat brain94. Similar to METH,
3,4-methylelendioxy methamphetamine (MDMA) also rapidly decreased vesicular DA
transport in striatal vesicles prepared from treated rats95. In contrast, treatment with DAT
inhibitors (cocaine96 or methylphenidate97) abruptly and reversibly increased both the Vmax
of DA uptake and the Bmax for VMAT2 binding of DTBZOH, in purified rat striatal
synaptic vesicles. Further studies with synaptosomal membranes and vesicle-enriched
fractions prepared from drug treated rat brains show a differential redistribution of VMAT2
within striatal synaptic terminals upon drug treatment98. In particular, cocaine shifts
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VMAT2 protein from a synaptosomal membrane fraction to a vesicle-enriched fraction, and
in contrast, METH treatment redistributes VMAT2 from a vesicle-enriched fraction to a
location that is not retained in synaptosomal preparations. These data suggest that the
psychostimulants cocaine and METH acutely and differentially affect VMAT2 subcellular
localization causing the perturbation of DA distribution in the cell in a contrasting manner.
Further studies suggest that AMPH induced modulations of VMAT2 activity are mediated
by a D2 receptor-associated pathway99–101. However, a recent study suggests that METH-
mediated rapid decrease in the VMAT2 function in striatal DA terminals is a consequence of
a neuronal nitric oxide synthase-dependent oxidation of VMAT2 and a long-term decrease
in VMAT2 protein and function102. In addition, the surviving DA terminals after METH
exposure may have a compromised capacity to buffer cytosolic DA concentrations and DA-
derived oxidative stress.

The effects of amphetamines on the brains of human users have also been investigated. DA
nerve terminal markers, DA, tyrosine hydroxylase, and DAT, were reduced in post-mortem
striatum (nucleus accumbens, caudate, putamen) of chronic METH users103. Levels of
DOPA decarboxylase and VMAT2 were normal in postmortem brains of young subjects
suggesting that chronic exposure to METH does not cause permanent degeneration of
striatal DA nerve terminals at the doses used by these young individuals. A recent immuno-
histochemical study of post mortem brains of METH users also show a decrease in tyrosine
hydroxylase in the nucleus accumbens and DAT in the nucleus accumbens and putamen.
But no significant difference of VMAT2 was observed between METH and control groups.
However, in this study, remarkably reduced VMAT2 levels were observed in the nucleus
accumbens of METH users, in contrast to the previous study104. In addition, sustained, high
dose METH exposures in vivo, reduce the striatal dopaminergic markers in rats suggesting a
neurotoxic effect105. As opposed to other markers of striatal dopaminergic terminals,
VMAT2 expression was not altered, under conditions dopaminergic transmission is altered
without synaptic terminal losses. However, neurotoxic METH treatment reduced both
striatal VMAT2 and DAT. Dopaminergic markers, DAT, VMAT2, and dopamine D1 and
D2 receptors, were also significantly reduced in caudate-putamen of rats at 15 min or 6 days
after chronic METH treatment for two months106. While dopamine D1 and D2 receptors
fully recovered after 30 days of drug abstinence, DA and the DAT exhibited significant but
incomplete recovery. In contrast, only the VMAT-2 exhibited no evidence of recovery over
the 30-day withdrawal period which is in good agreement with the irreversible loss of the
synaptic terminals.

The effects of repeated AMPH administration on the expression of DAT and VMAT2 genes
have also been reported107. A significant increase (10–20% of the controls) in DAT mRNA
levels was found in rostral portions of ventral tegmental area, substantia nigra and the
transitional zone and in the intermediate portion of substantia nigra in rats 3 days after the 5
day treatment of AMPH. VMAT2 mRNA was significantly increased only in rostral and
intermediate portions of the transitional zone. After 14 days of withdrawal, a statistically
significant increase of DAT mRNA levels was observed only in the intermediate portion of
ventral tegmental area, but no changes in VMAT2 mRNA levels. Therefore, repeated non-
toxic doses of AMPH administration appear to exert modest and regionally selective effects
on DAT and VMAT2 mRNA expression in subpopulations of midbrain DA neurons.

Effects of Cocaine on VMAT
Short-term (5 days) cocaine treatment is reported to increase the VMAT2 density in both
prefrontal cortex and striatum of rat brain108. This could probably be a compensatory
mechanism in place to maintain the vesicular monoamine storage capacity under the
conditions where the cytosolic DA levels are depleted. However, further studies are
necessary to confirm and fully exploit these findings. However, striatal DAT and VMAT2
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protein levels were reduced in post mortem brains of cocaine users, similar to METH
users109. A marked reduction in VMAT2 immunoreactivity and [3H]DTBZOH binding was
observed in striatal samples of chronic cocaine users in comparison to age-, sex-, and
postmortem interval-matched comparison subjects110. Subjects suffering from cocaine-
induced mood disorders displayed a greater loss of VMAT2 immunoreactivity. The loss of
VMAT2 protein reflects damage to striatal DA fibers of human cocaine users, which could
play a role in causing disordered mood and motivational processes in more severely
dependent patients. Therefore, the VMAT2 could be a valuable marker in the clinical study
of cocaine neurotoxicity.

Studies with VMAT2 Knockout Mice
The physiological effects of VMAT2 malfunctions have also been studied using knockout
mice models. Homozygous (VMAT2−/−)mice move little, feed poorly, and die within a few
days after birth. Monoaminergic cells and their projections were indistinguishable from
those of wild-type littermates, but the brains of mutant mice show a drastic reduction in
monoamines111. Use of midbrain cultures from the mutant animals showed that AMPH but
not depolarization induced DA release. In vivo, AMPH increased movement, promoted
feeding, and prolonged the survival of VMAT2−/− animals, indicating that precise,
temporally regulated exocytotic release of monoamines is not required for certain complex
behaviors. The brains of VMAT2 heterozygotes (VMAT2 +/−) contained substantially
lower monoamine levels than those of wild-type littermates, and depolarization induced less
DA release from heterozygous than from wild-type cultures111. These changes in
presynaptic homeostasis are accompanied by a pronounced super sensitivity of the mice to
the locomotor effects of the DA agonist apomorphine, the psychostimulants cocaine and
AMPH, and ethanol112. Importantly, VMAT2 heterozygous mice do not develop further
sensitization to repeated cocaine administration. METH-induced dopaminergic neurotoxicity
was increased in the striatum of VMAT2 +/− mice compared with wild-type. Interestingly,
increased METH neurotoxicity in VMAT2 +/− mice was accompanied by a less pronounced
increase in extracellular DA and indexes of free radical formation compared with wild-type
mice113. Administration of the neurotoxin MPP+ precursor MPTP to heterozygotes produces
more than twice the DA cell losses found in wild-type mice114. These observations stress the
importance of VMAT2 in the maintenance of presynaptic function and suggest that VMAT2
+/− mice may provide an animal model for delineating the mechanisms of vesicular release,
monoamine function, and postsynaptic sensitization associated with drug abuse and
mechanism of action of certain neurotoxins.

Non-exocytotic Release of Catecholamines by Amphetamines
Mechanism of the non-exocytotic release of catecholamines by amphetamines and related
derivatives is not fully understood at present. However, AMPH mediated disruption of the
intragranular pH gradient has been proposed as a major contributing factor. AMPH and
related derivatives are lipophilic weak bases (pKa 9.9)115 and have been shown to
nonspecifically diffuse through the plasma and vesicle membranes to accumulate in synaptic
vesicles in large quantities. The unprotonated amine is protonated by the acidic environment
of the vesicle resulting in the alkalinization of the granule matrix and dissipation of the
catecholamine gradient. The high levels cytosolic catecholamines are effluxed through the
plasma membrane amine transporters leading to depletion of catecholamine levels in the
cell. Although this weak base hypothesis has been generally accepted, several other alternate
mechanisms have also been proposed. For example, AMPH derivatives were also known to
inhibit the vesicular [3H] DA uptake through VMAT2 without altering the [3H] DTBZOH
binding capacity116. The VMAT2 inhibition could lead to an increase in cytosolic
catecholamine levels resulting in increase of efflux through plasma membrane amine
transporters. Similarly, study of a large number of AMPH and related derivatives show that
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most of them are also VMAT2 substrates and they deplete vesicular neurotransmitter via a
carrier-mediated exchange mechanism rather than via a weak base effect as commonly
accepted117. The redistribution of VMAT2 from the granule membranes to a non-granular
location by AMPH related derivatives leading to the increase of cytosolic catecholamines
has also been proposed as the cause of the non-exocytotic release 118–119. On the other hand,
studies in hVMAT2 and hDAT transfected mammalian HEK293 cells show that preloaded
[3H] METH was retained more effectively by both hDAT and hDAT+hVMAT2 tranfected
cells at higher extracellular pH (8.6) than lower pH (7.4)120. However, preloaded [3H] DA
was more effectively retained at lower pH than at higher pHs. Therefore, the back transport
of DA and METH through the DAT and VMAT2 require different H+ concentrations
suggesting that two different mechanisms are involved in these two processes. Undoubtedly,
additional experimental evidence is necessary to determine the exact mechanism of the
depletion of intracellular catecholamines by AMPH and related derivatives.

VMAT, Perturbation of Catecholamine Metabolism, and Neurotoxicity
Increased cytosolic accumulation due to the perturbation of catecholamine accumulation
into storage vesicles could cause increased oxidative stress and oxidative damage to the
catecholaminergic neurons121–123. Therefore, VMAT inhibitors could be toxic to
catecholaminergic neurons. In agreement with this notion, neurotoxicity of bVMAT2
inhibitors, 3-amino-2-phenylpropene (APP) derivatives in human neuroblastoma SH-SY5Y
cells has been recently reported124. These derivatives are specifically toxic to SH-SY5Y, but
not to non-neuronal M-1, HEPG-2 or HEK-293 cells at similar concentrations. However,
they accumulate in all these cells through passive diffusion. They drastically perturb DA
uptake and metabolism in SH-SY5Y cells under sub-lethal conditions, and are able to
deplete both vesicular and cytosolic catecholamines similar to amphetamines. The treatment
of SH-SY5Y cells with APP derivatives significantly increases intracellular ROS and
decreases glutathione levels, and the cell death is significantly attenuated by the antioxidants
α-tocopherol, N-acetyl-L-cysteine and glutathione, but not by the non-specific caspase
inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-
fluoromethylketone). DNA fragmentation analysis supports that cell death is likely due to a
caspase-independent ROS-mediated apoptotic pathway. Increased oxidative stress generated
by the perturbation of DA metabolism has been proposed as the cause of apoptotic SH-
SY5Y cell death124.

The metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), N-methyl-4-
phenylpyridinium (MPP+), selectively destroys dopaminergic neurons and induces the
symptoms of Parkinson’s disease in humans and other primates125–130. Specific
dopaminergic toxicity of MPP+ has been widely exploited to model the pathophysiology of
Parkinson’s disease130–131. Many important aspects of MPP+ metabolism including in vivo
and in vitro interactions with monoaminergic and other systems have been studied in great
detail. Numerous studies have shown that MPP+ is taken up into the dopaminergic neurons
through DAT132–134 and accumulated into storage vesicles through VMAT211–12,135.
MPP+ has been shown to be a weak inhibitor of mitochondrial electron transport chain
complex I136–137. Based on these and other evidence, specific uptake through DAT
followed by the inhibition of mitochondrial complex I has been proposed as the major cause
of specific dopaminergic toxicity of MPP+138–139. According to this model, granular
accumulation of MPP+ through VMAT2 in dopaminergic neurons is proposed to be an
effective in vivo detoxification mechanism114. Although the above proposals are supported
by early observations, recent studies suggest that specific uptake through DAT or NET may
not be necessary for MPP+ toxicity. In contrast to previous reports, neuronal cell lines
MN9D and SH-SY5Y as well as the non-neuronal cell line HEPG-2 take-up MPP+ with
similar efficiency140. Uptake of MPP+ into SH-SY5Y cells is DAT and/or NET mediated,
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whereas the uptake into other two cell lines are not mediated by DAT or NET, and appears
to be mediated by a non-specific cation transporter. However, MPP+ is only significantly
toxic to MN9D cells, but not to SH-SY5Y or HEPG-2 cells. These findings, argue against a
mechanism in which the specific dopaminergic toxicity of MPP+ is due to the specific
uptake through DAT followed by mitochondrial complex I inhibition. Similarly, based on
these findings the proposal that VMAT2 mediated granular accumulation of cytosolic MPP+

constitute a detoxification mechanism is also highly questionable, since HEPG-2 cells have
no granulation mechanism. In agreement with these proposals, recent studies suggest that
mitochondrial complex I inhibition may not be required for dopaminergic neuron death
induced by MPP+141. Therefore, other mechanisms including interference of MPP+ with
intracellular catecholamine metabolism leading to high oxidative stress142 should be
considered as possible contributors for MPP+ toxicity. More recent studies indicate that
multiple mechanisms and pathways could be responsible for the neurotoxicity of MPP+143–
144. Therefore, additional studies are necessary to firmly establish the specific dopaminergic
toxicity of MPP+.

7. Target for the Development of CNS Therapeutics
VMAT is solely responsible for the transport of cytoplasmic monoamines into synaptic
vesicles for storage and subsequent exocytotic release in the central nervous system. The
cytosolic accumulation of catecholamines could cause increased oxidative stress and
oxidative damage to the catecholaminegic system potentially leading to neurodegenerative
diseases121–122. Therefore, pharmacological enhancement of catecholamine sequestration
into synaptic vesicles by VMAT2 could be a possible strategy for treating and/or preventing
neurodegenerative diseases such as PD145. Several recent studies have attempted to provide
experimental evidence for this proposal. For example, methylphenidate, a potent inhibitor of
DAT and central nervous system stimulant, is widely used for the treatment of children and
adults with attention deficit hyperactivity disorder. It is shown to increase DA levels in the
brain and both DA content of the synaptic vesicles and K+-stimulated DA release from
striatal suspensions of rat brain due to the increased VMAT2 activity146. Methylphenidate
has been also shown to be useful for ameliorating cognitive, affective, and motor deficits in
PD and in other neurological patients. The increased synaptic vesicle concentration of DA
has been proposed as a possible cause for these beneficial effects. Similarly, a number of
studies have shown that pramipexole which is a dopamine D2/D3 receptor agonist is useful
in the treatment of Parkinson’s disease. Both human and animal studies suggest that
pramipexole may also exhibit dopaminergic neuron protective properties147. Studies using
synaptic vesicles prepared from striata of pramipexole treated rats show that pramipexole
increases vesicular DA uptake through VMAT2. Similarly, nonselective dopamine D1/D2
receptor agonist apomorphine which is used to treat symptoms resulting from the
dopaminergic degeneration associated with Parkinson’s disease (in Europe) also show
neuroprotective effects in rodent models. Interestingly, vesicular DA uptake was shown to
be rapidly and reversibly increased in purified striatal vesicles obtained from apomorphine
treated rats148. This increase was associated with a redistribution of VMAT2 protein within
nerve terminals. The effect of apomorphine on vesicular DA uptake was blocked by
pretreating the rats with eticlopride, a dopamine D2 receptor antagonist. Therefore, the
neuroprotective effects of both pramipexole and apomorphine could be due to the increased
sequestration into synaptic vesicles leading to the reduction of cytosolic DA levels.

A gents that reduced the dopaminergic neurotransmission have also been shown to lessen
chorea associated with Huntington disease patients. Neuroleptics such as haloperidol have
long been used for this purpose, but are associated with extrapyramidal side effects149. TBZ
has also been long used for the treatment of chorea associated with Huntington disease in
UK, Canada, and Australia149–153 and has been recently approved in the US154. Although
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the precise mechanism of the antichorea effects of TBZ is not clear, its ability to inhibit the
VMAT2 resulting in the depletion of monoamines in the nerve terminals have been
considered as a possibility153.

VMAT2 has also been considered as a novel target for the development of treatments for
psychostimulant abuse. VMAT2 inhibitors that are capable of inhibiting the
psychostimulants mediated release of DA and the addiction liability may be efficacious for
the treatment for METH abuse. For example, the VMAT2 inhibitor, lobeline has been
shown to inhibit DA uptake into storage vesicles by interacting with the TBZ-binding site of
VMAT2155. It also inhibits the promotion of DA release from the storage vesicles within the
presynaptic terminal by AMPH and METH. In addition, lobeline was found to inhibit the
AMPH-induced hyperactivity, drug discrimination, and self-administration. Thus, lobeline
may reduce the abuse liability of these psychostimulants. Therefore, lobeline and lobeline
analogs as well as other agents with targeted selectivity at VMAT2 represent a novel class of
therapeutic agents potentially efficacious for the treatment of METH abuse. VMAT2 is also
a newly emerging target for both diagnostic and therapeutic applications in diabetes
mellitus. Recently, novel VMAT2 antagonists with dihydropyridone scaffold have been
identified as potent hypoglycemic agent s156–157.

8. VMAT and CNS Disorders
The notion that increased cytosolic DA lead to dopaminergic cell death in PD also suggests
that regulatory polymorphisms in VMAT2 which affect its quantitative expression might
serve as genetic risk factors for PD. Screening of the promoter region of the gene for
VMAT2 (SLC18A2) has identified several polymorphisms that form discrete haplotypes.
Several common haplotypes in SLC18A2 were found to involve gain-of-function and
display significantly increased transcriptional activity from the reference element158. These
gain-of-function haplotypes were tested for association with PD and found to confer a
protective effect that was selective for females. This finding is consistent with the prediction
that increased sequestration of DA in secretory vesicles by VMAT2 is protective for PD.
Although these findings are consistent with the above proposals, additional direct
experimental evidence is necessary for their conformation. In addition, several reports
indicate that DNA polymorphisms located in SLC18A2 might also contribute to the
development of nicotine and alcohol dependence159–160.

Studies with the Flinders sensitive line (FSL) rats, which represent a genetic animal model
for clinical depression in humans, suggest that alterations in VMAT2 may also play a role in
the etiology of depression161. Reduced VMAT2 levels were determined in the striatum and
its sub-regions, shell of nucleus accumbens but not in the core, the ventral tegmental area,
and the substantia nigra pars compacta in FSL rats as measured by [3H]DTBZOH binding.
The reduced levels of VMAT2 protein were not accompanied by a parallel alteration in
VMAT2 mRNA levels. Therefore, the activity of VMAT2 in FSL rat brain is not altered at
the expression level, but at the functional level. Therefore, further studies at the molecular
level are certainly necessary to fully describe these observations.

The VMAT1 gene SLC18A1 maps to chromosome 8p21.3, a locus with strong evidence of
linkage with schizophrenia. An initial study reported that a non-synonymous single
nucleotide polymorphism (SNP) of the VMAT1 gene (Pro4Thr) was associated with
schizophrenia162. However, later studies found that there was no significant difference in
genotype or allele distribution of the three SNPs of Pro4Thr, Thr136Ile, or Val392Leu
between schizophrenia patients and controls of Japanese descent163. On the other hand, there
was a significant difference in genotype and allele distributions for the Thr98Ser
polymorphism between the two groups. The Thr98Ser allele was more common in female
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patients than in male. Therefore, Thr98Ser polymorphism of VMAT1 was proposed to
increase the susceptibility to schizophrenia in Japanese women. A study with 62 patients
with schizophrenia and 188 control subjects of all European descent164 show that the
frequency of the minor allele of the Thr4Pro polymorphism was significantly increased in
schizophrenia patients when compared to controls which were in agreement with the
original study of Bly162. Assuming a recessive mode of inheritance, the frequency of
homozygote 4Pro carriers was significantly increased in the schizophrenia patients when
compared to controls. These results suggest that variations in the VMAT1 gene may confer
susceptibility to schizophrenia in patients of European descent. In another study, genotypes
of 585 patients with bipolar disorder type I and 563 control subjects, all of European
descent165 were obtained for three missense single nucleotide polymorphisms (Thr4Pro,
Thr98Ser, Thr136Ile). Allele frequencies differed significantly for the potential functional
polymorphism Thr136Ser between bipolar disorder patients and controls. Expression
analysis confirmed that VMAT1 is expressed in human brain at the mRNA and protein
level. Results suggest that variations in the VMAT1 gene may confer susceptibility to
bipolar disorder in patients of European descent. In a recent study the hypothesis that the
missense variation Thr136Ile in the VMAT1/SLC18A1 gene is associated with anxiety-
related personality traits was tested in a total of 337 unrelated subjects of German descent
(167 male, 170 female). Genotypes were obtained for the Thr136Ile variation in the VMAT1
gene for all subjects166. These studies also found that anxiety-related personality traits are
associated with variation in the VMAT1/SLC18A1 gene. Therefore, cleanly, the exact
nature of the polymorphism of the VMAT1/SLC18A1 gene that may confer susceptibility to
schizophrenia, bipolar disorder type I, and anxiety-related personality traits appears to be
dependent on the ethnicity of the subjects167. However, most available experimental data
suggest that VMAT1 gene or certain regions of it may constitute a genetic susceptibility for
schizophrenia, bipolar disorder, and other anxiety-related personality disorders. Further
studies are necessary to confirm these findings and determine the role of VMAT1 in these
disorders.

Conclusions
Significant progress has been made during the last 30 years on the understanding of the
structure-function, pharmacology, and medicinal chemistry of VMAT. The critical role of
VMAT is not only in sorting out, storing, and releasing of monoamine neurotransmitters, but
also in protecting them from autooxidation has been well established. Interference with
VMAT2 function has been proposed as one of the major causes of the neurotoxicity of
psychostimulants and other toxins. Specific expression of VMAT2 in the CNS has been
exploited in the development of useful radio-imaging agents for clinical diagnosis and
management of neurodegenerative diseases such as Parkinson’s disease. These imaging
agents are also useful tools for exploiting the relationship between loss of insulin-secreting
β-cells and onset of diabetes mellitus, since significant amounts of VMAT2 is also
expressed in the β-cell mass (BCM) in the pancreas. The pharmacological modulation of the
in vivo activity of VMAT2 has been considered as a potential strategy for the treatment of
drug addiction and neuroprotection in neurodegenerative diseases. On the other hand, in
spite of extensive efforts, the understanding of the structure-function relations of VMAT is
lagging behind, primarily due to the lack of solid structural information. The tissue and
species specific expression of two distinct VMAT isoforms or the regulation of their
expression in various tissues has not been completely elucidated. Although very preliminary
evidence suggest that the VMAT1 gene constitutes a genetic susceptibility for
schizophrenia, bipolar disorder, and other anxiety-related personality disorders, further
studies are certainly necessary to confirm these findings. Future efforts should be directed
toward advancing these less developed areas to fully appreciate the vital role of VMAT in
CNS functions and dysfunctions.
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Fig. 1. Predicted Secondary Structure of hVMAT2
The structure is predicted by using TMbase - A database of membrane spanning protein
segments26. Conserved (in hVMAT1, hVMAT2, rVMAT1, rVMAT2, and bVMAT2)
transmembrane  Asp 33, 262, 399, 426, and Lys 138; proposed vesicle lumen disulfide
bridged * Cys 117, and 324; and glycosylation sites  Asn are shown. The conserved 
Cys (117, 302, 324, 360, 374, 430, 467, and 488); cytoplasmic domain charged residues 
Lys (354, 476, and 479), Arg (10, 16, 19, 155, 217, 357,413),  Glu (216, 278, 477, and
478),  Asp (213, 291, and 411) and  His 414, and vesicle luman  Glu (127 and 312)are
also shown (amino acid numbering is based on the sequence of hVMAT2).
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Figure 2.
Crystal structure of MPP+-APP conjugate 64.
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Figure 3.
Overlay of energy minimized structures of Tetrabenazine with 65 (top), and Reserpine with
65 (bottom).
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Scheme 1.
Structures of Common VMAT Substrates and Inhibitors

Wimalasena Page 33

Med Res Rev. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 2.
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Table III

Inhibition Kinetic Parameters of APP Derivatives for bVMATa

APP Derivative Ki(μM)a Km, DA/Ki
d

19 APP 40.3 ± 5.3 0.57

20 4′-OH APP 15.5 ± 0.9 1.52

21 3′-OH APP 16.7 ± 1.1 1.40

22 4′-OMe APP 102.5 ± 8.1b 0.33

23 3′-OMe APP 30.2 ± 1.5 0.76

24 4′-F APP 42.3 ± 3.1b 0.80

25 4′-Cl APP 18.0 ± 0.9b 1.76

26 4′-Br APP 17.7 ± 2.0 1.79

27 4′-I APP 12.9 ± 2.3 2.96

28 4′-Me APP 55.9 ± 4.4b 0.59

29 N-Me 4′-OH APP 93.7 ± 11.8 0.39

30 N,N Diethyl 4′OH -APP 202 ± 42b 0.15

31 N,N,N Trimethyl APP c -

32 Phenyl Pyridyl Methyl Ethane 241 ± 84b 0.12

33 3-Me APP 78.4 ± 24.6b 0.41

34 N,N Diethyl 3-Me 4′-OH APP 207 ± 37b 0.15

35 4′-OH 1-Br(E) APP 50.0 ± 6.1b 0.46

36 4′-OMe 1-Br (E) APP c

37 2′-Me, 4′OH APP c

a
Determined with resealed granule ghosts using DA as the substrate in the presence of 10 mM ATP, at pH 7.2.

b
Estimated from a set of single inhibitor concentration data set;

c
Relatively weak inhibition was observed.

d
Included for comparison purposes (for further details see ref. 53).
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Table VII

VMAT Inhibition Kinetic Parameters of Tetrabenazine and its Derivatives

Cpd. Source of VMAT VMAT Affinity Kdor K i(nM) Refs.

5 Chromafin granule memb. 1.3a 34

78 Rat brain homog. 6b 82

79 Rat brain homog. 20b 82

80 Rat brain homog. 3.9c 77, 78

81 Rat brain homog. 2.6d 85

82 Rat brain homog. 12d 85

83 Chromaffin granule memb. 6c 36

84 Chromaffin granule memb. 110b 36

85 Rat brain homog. 28b 145

86 Rat brain homog. ~ 25–30 83

87(+) Rat brain homog. 0.22a 81, 84

88(±) Mouse striatal homog. 0.76a 86

89(±) Mouse striatal homog. 0.56a 86

89(+) Mouse striatal homog. 0.1±0.01 88

90(+) Rat striatal homog. 0.08 91

a
Kd.

b
Ki for [3H]DTBZOH binding.

c
IC50 for [3H]DTBZOH binding.

d
Ki for [3H]MTBZ binding.
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