
SLC18: Vesicular neurotransmitter transporters for monoamines
and acetylcholine ☆

Hakeem O. Lawal and David E. Krantz*

Department of Psychiatry and Biobehavioral Sciences, Gonda Neuroscience and Genetics
Research Center, Room 3357C, David Geffen School of Medicine at UCLA, 695 Charles Young
Drive South, Los Angeles, CA 90095-1761, USA

Abstract
The exocytotic release of neurotransmitters requires active transport into synaptic vesicles and
other types of secretory vesicles. Members of the SLC18 family perform this function for
acetylcholine (SLC18A3, the vesicular acetylcholine transporter or VAChT) and monoamines
such as dopamine and serotonin (SLC18A1 and 2, the vesicular monoamine transporters VMAT1
and 2, respectively). To date, no specific diseases have been attributed to a mutation in an SLC18
family member; however, polymorphisms in SLC18A1 and SLC18A2 may confer risk for some
neuropsychiatric disorders. Additional members of this family include SLC18A4, expressed in
insects, and SLC18B1, the function of which is not known. SLC18 is part of the Drug:H+

Antiporter-1 Family (DHA1, TCID 2.A.1.2) within the Major Facilitator Superfamily (MFS,
TCID 2.A.1).
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1. Phylogeny and functional overview
The SLC18 group of the Major Facilitator Superfamily (MFS, Transporter Classification ID
2.A.1, see Transporter Classification Database, TCDB http://www.tcdb.org/
superfamily.php) is subclassified as part of the Drug:H+ Antiporter-1 Family (DHA1, TCID
2.A.1.2) and includes the vesicular monoamine and acetylcholine transporters: VMAT and
VAChT, respectively (see Fig. 1B). In mammals, distinct genes encode VMAT1
(SLC18A1), expressed primarily in the periphery and VMAT2 (SLC18A2), the major neural
isoform. Invertebrates including the model organisms Drosophila melanogaster and
Caenorhabditis elegans encode a single VMAT isoform (Fei and Krantz, 2009).1 A single
VAChT isoform, SLC18A3 is expressed in both mammals and invertebrates. An additional
gene, SLC18A4, related to both VMATs and VAChT has recently been identified in
Drosophila and named portabella (prt) in reference to its expression in a well-known
structure required for learning and memory in insects, the mushroom bodies (Brooks et al.,
2011, see Fig. 1B and Section 10.3. C. elegans and Drosophila).
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The SLC18 family is distantly related to the toxin extruding antiporters (TEXANS),
bacterial transporters that have been proposed as a model for the function of the VMATs
(Schuldiner et al., 1995). Their potential role in cellular detoxication aside, the major
biological function for SLC18 family members is the storage and release of
neurotransmitters (Fig. 1A). VAChT transports acetylcholine; VMAT1 and 2 transport
several types of monoamine neurotransmitters including dopamine, serotonin and
norepinephrine (see Section 3.2 (see Section 3.2. Transporter Substrates and Their Affinities
and Table 1, Predominant substrates). The substrate(s) of SLC18A4 is not yet known, but
structure–function analysis suggests that it is more similar to the monoamines than to
acetylcholine (Brooks et al., 2011). All SLC18 family members localize to secretory vesicles
responsible for neurotransmitter storage in both neurons and neuroendocrine cells (see
Section 6, Tissue Expression and Subcellular Localization and Fig. 1A).

SLC18A members share structural similarity with a newly identified group of predicted
genes defined by human C6orf192, and classified here as SLC18B1 (Jacobsson et al., 2010,
see Fig. 1B). SLC18B1 is structurally more distinct from the vesicular glutamate, aspartate
and nucleotide transporter family (SLC17) and the vesicular GABA transporter (SLC16, see
Chapters XX and YY).

2. History of identification and cloning
Active transport of monoamines into adrenal chromaffin granules was reported as early as
1962, and a wealth of information on the bioenergetics of transport followed over the next
few decades (Eiden and Weihe, 2011; Schuldiner et al., 1995). Two groups used expression
cloning to molecularly identify the VMATs and a third group used affinity purification to
isolate VMAT2 (Schuldiner et al., 1995).

The electronic organ tissue of the Torpedo fish provided a critical tissue source for
biochemical studies of acetylcholine storage (Parsons, 2000; Schuldiner et al., 1995). In
parallel, the C. elegans unc-17 gene, found to be less sensitive to blockade of acetylcholine
breakdown, was eventually identified as the worm ortholog of VAChT. Oligonucleotides
representing unc-17 were used to identify vertebrate orthologs of VAChT and biochemical
experiments confirmed that the VAChT cDNA conferred acetylcholine uptake activity in
vitro (Parsons, 2000; Schuldiner et al., 1995).

3. Transport
3.1. Bioenergetics

The transport activities of VMATs and VAChT require the exchange of two lumenal protons
for each molecule of cytosolic transmitter via an antiport mechanism, with the proton
electrochemical gradient ΔμH+ generated by the vacuolar H+-ATPase (Fig. 1C, Schuldiner
et al., 1995). Pharmacologic probes such as nigericin and valinomycin, used to selectively
reduce either ΔpH or ΔΨ, respectively, demonstrate that both VMATs and VAChT
primarily use the ΔpH component of ΔμH+ (Parsons, 2000). Ach is transported as a
positively charged ion; since permanently charged species such as MPP+ are substrates of
VMATs, endogenous substrates of VMATs are likely to undergo transport as positively
charged species as well. Although the electrical properties of vesicular transport have not
been measured directly, the exchange of two protons for one cationic neurotransmitter
suggests an electrogenic process with a net flux of one positive charge per transport cycle.

3.2. Transporter substrates and their affinities
The transport cycles of VMATs and VAChT require binding and unbinding of substrate
from at least two distinct conformations. Therefore, at least two substrate affinity constants
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(Kd) are involved in transport (Parsons, 2000). The actual Kds for binding of substrate to
vesicular transporters can be measured directly, and rate constants have been derived for
each step in the transport cycle (Parsons, 2000). For VAChT and VMATs, the apparent Kms
derived from transport assays are 10–100 fold smaller than the Kd values; this difference
may be caused by kinetic contributions to the apparent affinity (Parsons, 2000).

Both cell free and whole cell assays have been used to assay the relative apparent affinity of
VMAT1 and VMAT2 for monoamine substrates in heterologously transfected cells
(Chaudhry et al., 2008; Fei and Krantz, 2009; Weihe and Eiden, 2000; Wimalasena, 2010).
The relative affinities across different amines are similar for both assays, with serotonin
(5HT) > dopamine (DA), epinephrine, norepinephrine (NE) ⪢ histamine (see also Table 1).
However, the absolute values are generally lower for the cell free versus whole cell assays
(Chaudhry et al., 2008; Fei and Krantz, 2009; Wimalasena, 2010). The apparent affinity of
VMAT2 for most monoamines is greater than VMAT1 (Chaudhry et al., 2008; Fei and
Krantz, 2009; Wimalasena, 2010). Interestingly, the apparent affinity of histamine for both
transporters is dramatically lower than for other amines, and histamine is not likely to be a
physiological substrate for VMAT1, since only VMAT2 is expressed in histaminergic cells.

VAChT transports a number of structurally divergent organic molecules that are similar to
acetylcholine only in that they carry a charge of +1 (Fei and Krantz, 2009). VAChT may
also transport choline albeit with a 7-fold lower apparent affinity than Ach (Fei and Krantz,
2009); however, acetylcholine is thought to be the only endogenous substrate of VAChT
(Parsons, 2000). The apparent Km of rat VAChT for acetylcholine is ~1 mM, three orders of
magnitude lower than the apparent Km of VMAT for most amines (Fei and Krantz, 2009).

4. Pharmacology
4.1. VMAT inhibitors

The most commonly used VMAT inhibitors are reserpine and tetrabenazine. Reserpine
binds with high affinity to both VMAT1 and 2 at, or very near, a substrate-binding site in
VMATs on the cytoplasmic side of the transporter (Chaudhry et al., 2008; Fei and Krantz,
2009; Wimalasena, 2010). Tetrabenazine interacts with VMAT at a distinct site and
differentially inhibits VMAT2 and VMAT1 (IC50s of 0.3 and 3 micromolar, respectively)
(Chaudhry et al., 2008; Fei and Krantz, 2009; Wimalasena, 2010). Residues in
transmembrane domains (TMs) 10 to 12 are particularly important for tetrabenazine binding
to VMAT2 (Chaudhry et al., 2008; Fei and Krantz, 2009; Wimalasena, 2010). Interestingly,
despite the apparent difference in binding sites, tetrabenazine inhibits reserpine binding,
presumably via an allosteric mechanism (Chaudhry et al., 2008; Fei and Krantz, 2009;
Wimalasena, 2010).

Two dopamine transporter inhibitors, GBR 12909 and 12935, also inhibit VMAT2 with high
apparent affinity (34–45 nM) (Chaudhry et al., 2008; Fei and Krantz, 2009; Wimalasena,
2010). Additional VMAT inhibitors include ketanserin, amiodarone, some derivatives of 3-
amino-2-phenylpropene (APP), lobeline, which also interact with plasma membrane
monoamine transporters, and as a series of synthetic compounds structurally similar to
lobeline (Chaudhry et al., 2008; Fei and Krantz, 2009; Wimalasena, 2010).

At least one derivative of lobeline has been shown to decrease the addictive effects of
methamphetamine in rodent models, and members of this family of drugs have been
proposed as potential treatments for methamphetamine dependence (Beckmann et al., 2011).
At present, the only FDA approved drug that targets VMAT is tetrabenazine, used for the
treatment of Huntington’s chorea (Wimalasena, 2010). Reserpine has been used in the past
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as an antihypertensive but is now rarely prescribed since it can induce a state resembling
depression (Fei and Krantz, 2009).

4.2. Environmental toxins
Several environmental toxins and pesticides have been shown to inhibit VMAT activity.
These include the organochlorine pesticide heptachlor and the structurally-related,
polychlorinated biphenyls (PCBs) (Guillot and Miller, 2009). The inhibition of VMATs by
heptachlor and PCBs may be relevant to Parkinson’s disease, since both PCBs and
organochlorine pesticides have been shown to deplete dopamine stores in experimental
animals, and organochlorines may be associated with an increased incidence of Parkinson’s
disease (Guillot and Miller, 2009).

4.3. Efflux agents
Some drugs that interact with VMATs promote efflux of transmitter out of the vesicle lumen
rather than inhibiting transport. Most, if not all of these are VMAT substrates, and are
derivatives of amphetamines, including methamphetamine and 3,4-
methylenedioxymethamphetamine (MDMA, also known as Ecstasy) (Fleckenstein et al.,
2007). Some formulations of methamphetamine are used to treat Attention Deficit
Hyperactivity Disorder. The precise mechanisms by which amphetamines drive efflux out of
the vesicle and subsequently out of the cell have received considerable attention but have
not yet been fully resolved (Fleckenstein et al., 2007).

4.4. VAChT inhibitors
Vesamicol (L-trans-2-(4-phenyl[3,4-3H]piperidino)cyclohexanol) is the major
pharmacologic inhibitor used for the study of VAChT (Parsons, 2000). Indeed, VAChT was
originally known as the vesamicol receptor. Additional structural derivatives of vesamicol
have been synthesized as alternative probes for VAChT (Fei and Krantz, 2009). Vesamicol
binds to the cytosolic side of VAChT with an equilibrium dissociation constant Kd of ~5 nM
(Parsons, 2000). Although the binding sites for vesamicol and acetylcholine are distinct,
they are thought to be close to one another thus allowing some functional interactions (Fei
and Krantz, 2009).

5. Models and structure/function studies
5.1. Models for structure and transport

An X-ray crystallographic structure is not yet available for any vesicular transporter, but the
recent development of high yield heterologous expression systems may stimulate future
structural studies (Elbaz et al., 2010). The feasiblilty of obtaining structural information is
supported by recent progress in the crystallographic study of plasma membrane transporters.
Meanwhile, it has been suggested that proteins related to vesicular transporters may be
useful for modeling the transport mechanism (Khare et al., 2010a; Vardy et al., 2004). In the
current working model of vesicular acetylcholine (and presumably amine) transport, the
exchange of one lumenal proton is used to transport substrate into the vesicle lumen, and a
second proton is used to reorient the substrate binding site back to the cytoplasm to allow
the cycle to begin again (Parsons, 2000). Acetylcholine binding is likely to be at
equilibrium; in contrast, the two proton dependent movements of the transporter are thought
to be rate limiting, and the reorientation of the empty acetylcholine binding site is likely to
be the slower of the two translocation events (Fei and Krantz, 2009; Parsons, 2000).
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5.2. Membrane topology
For both VMATs and VACHT, most computer-based predictions suggest 12 TMs with the
N and C termini facing the intracellular milieu and a larger lumenal loop between the first
and second transmembrane domains (Fei and Krantz, 2009; Parsons, 2000; Wimalasena,
2010) (Fig. 2). Biochemical studies of the C-termini and the large extracellular loops
between TMs 1 and 2 of both VMATs and VAChT support these predictions (Fei and
Krantz, 2009).

5.3. Structure/function studies of transport activity
The twelve TMs and the intervening loops of VMAT and VAChT include most if not all of
the residues required for transport activity and substrate recognition (Fei and Krantz, 2009;
Wimalasena, 2010) (Fig. 2A and B). These include several charged residues embedded in
predicted transmembrane domains: For both rat VMAT2 and VAChT, mutation of an
aspartate in the tenth transmembrane domain (TM10) abolishes transport (Fei and Krantz,
2009; Wimalasena, 2010). Glutamate can substitute for aspartate, indicating the importance
of an acidic residue at this site (Fei and Krantz, 2009). Mutation of an aspartate in TM1 of
VMAT2 but not VAChT also inhibits transport (Fei and Krantz, 2009). Additional charged
residues in TM2 and TM11 of VMAT2 are thought to form a charge pair (Fei and Krantz,
2009) (Fig. 2A). The charges in VMAT2 can be exchanged without disrupting transport,
underscoring the likelihood that they interact, and that TM2 and TM11 may be in direct
contact. However, the analogous aspartate in TM11 of VAChT does not tolerate exchange
with its proposed basic partner, suggesting that either VAChT has a more stringent structural
requirement, or that this residue is more directly involved in substrate translocation (Fei and
Krantz, 2009). Additional residues that are likely to have structural importance in VMATs
include cysteines in the large lumenal loop between TMs 1 and 2 and the loop between TMs
7 and 8; these two residues are thought to form a disulfide bond (Fei and Krantz, 2009) (Fig.
2A).

For VMAT1 and 2, TMs 5–8 and 9–12 show the greatest contribution to substrate and drug
affinity (Fei and Krantz, 2009; Wimalasena, 2010). A tyrosine in TM11 (Y434 in VMAT2)
and an aspartate in TM12 (D461) are particularly important for the higher affinity of
VMAT2 for serotonin and possibly histamine, as well the drug tetrabenazine (Fei and
Krantz, 2009) (Fig. 2A). Y434 in VMAT2 is also responsible for the relatively low affinity
of VMAT2 for tryptamine (Fei and Krantz, 2009). Mutations in TMs 5–8 of VMATs can
reverse the effects of mutations in TM9-12 (Fei and Krantz, 2009) suggesting that the two
regions may interact.

Site directed mutagenesis studies on VAChT have taken advantage of crystal structures
available for other proteins that bind ACh and it has been hypothesized that the π elections
of specific aromatic residues may interact with the positive charge in acetylcholine (Fei and
Krantz, 2009). In particular, W331 in TM8 of VAChT may help form the substrate-binding
pocket in VAChT via π electron solvation (Fei and Krantz, 2009) (Fig. 2B). Additional
residues likely to contribute to substrate binding include A334 and F335 in TM8, and C391
in TM10 (Khare et al., 2010a). Residues contained within conserved proline- and glycine-
rich regions in VAChT may be involved in transport (Fei and Krantz, 2009).

Some studies have attempted to map the site of proton translocation in VAChT and VMAT,
based in part on the idea that conserved histidines or acidic residues may play important
roles (Fei and Krantz, 2009; Parsons, 2000). Although the identity of the residues that accept
and release protons during the transport cycle remains unresolved, one possible site in
VAChT is D398 (TM10) (Khare et al., 2010b). Several other charged residues have been
determined to be nonessential for this process (Wimalasena, 2010).
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6. Tissue expression and subcellular localization
6.1. Subcellular localization

SLC18 family members localize primarily if not exclusively to secretory vesicles
responsible for the storage and release of neurotransmitter. In neurons, these include
synaptic vesicles (SVs) responsible for rapid neurotransmitter release at the synapse, and
large dense core vesicles (LDCVs), which are released from sites throughout the neuron and
also contain neuromodulatory peptides (Fig. 1A). VAChT localizes primarily to SVs,
whereas VMAT2 is found on both SVs and LDCVs. VMAT1 primarily localizes to large
dense core granules (LDCGs), the neuroendcorine analog of neuronal LDCVs. The
portabella gene product also appears to localize primarily to dense core vesicles (Brooks et
al., 2011).

6.2. Expression of VMATs
In the mature mammalian CNS, VMAT2 is expressed in dopaminergic, serotonergic and
noradrenergic cells in the brainstem and all of their abundant projections; thus, VMAT2 is
thought to be responsible for the storage of all monoamines in the CNS (Eiden and Weihe,
2011; Fei and Krantz, 2009). It is also expressed in most noradrenergic neurons of the
sympathetic ganglia, where it allows the storage of norepinephrine and in enterochromaffin-
like cells of the gastric mucosa, which release histamine in response to gastrin, in mast cells
for the storage of both histamine and serotonin, and in platelets, presumably for the storage
of serotonin (Fei and Krantz, 2009).

Interestingly, some additional neurons that synthesize amines do not express detectable
levels of VMAT2 (Eiden and Weihe, 2011). These include aminergic neurons in the
olfactory bulb and nucleus tractus solitarius (Eiden and Weihe, 2011). It remains unclear
whether dopamine is released from these cells. Conversely, some cells that do not synthesize
monoamines express VMAT. In the rodent and primate brain thalamocortical neurons that
project to the barrel cortex are glutamatergic in the adult, but during development express
VMAT2 and the plasma membrane serotonin transporter (SERT) (Eiden and Weihe, 2011).
These cells also do not express the enzymes required for serotonin biosynthesis, and it has
been proposed that they take up serotonin from the extracellular milieu rather than
synthesizing it themselves (Eiden and Weihe, 2011).

VMAT1 is expressed in enterochromaffin cells in the small and large intestine for the
storage of serotonin (Weihe and Eiden, 2000). It is also expressed in pinealocytes where it
has been proposed to store serotonin and in dopaminergic cells in the kidney proximal
tubule (Fei and Krantz, 2009). Both VMAT 1 and 2 are expressed in the adrenal medulla;
the expression levels of each isoform vary across species (Wimalasena, 2010).

6.3. Expression of VAChT
VAChT has been shown to be expressed in all of the major, previously identified cholinergic
cells in the CNS including cholinergic neurons in the basal forebrain and striatum (Fei and
Krantz, 2009). VAChT may also be expressed in the median eminence and hypothalamus
(Fei and Krantz, 2009).

In the periphery, VAChT and the machinery for Ach synthesis are expressed in cholinergic
motoneurons and cholinergic cells of the autonomic nervous system. In addition, recent data
suggest that VAChT is expressed in several unexpected, non-neuronal sites, including
stellate and alpha cells in the pancreas where non-neuronal Ach may directly or indirectly
regulate secretion of CCK and insulin (Phillips et al., 2010; Rodriguez-Diaz et al., 2011).
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Airway epithelial cells also express VAChT and release Ach to regulate breathing frequency
(Krasteva et al., 2011).

6.4. Vesicular transporter co-expression
A developmental change in expression from VMAT1 to VMAT2 occurs in the
dopaminergic glomus cells of the carotid body (Weihe and Eiden, 2000). These cells
function as sensors for oxygen and thus help to regulate respiration. In the adult, they
express VMAT1, but early in development they also express high levels of VMAT2 (Weihe
and Eiden, 2000). Co-expression of VMAT1 and 2 occur in mature aminergic cells in some
species (Fei and Krantz, 2009). In C. elegans, several motoneurons express VAChT and
VMAT, and in the primate autonomic nervous system, VAChT and VMAT2 are co-
expressed during development in several parasympathetic ganglia and constitutively in
sweat glands (Eiden and Weihe, 2011; Fei and Krantz, 2009). Some parasympathetic cells
do not express the biosynthetic enzymes for catecholamine synthesis, suggesting that
VMAT2 may be used here for purposes other than transmitter release.

A number of recent studies have demonstrated co-expression of VMAT2 or VAChT with
VGLUTs (El Mestikawy et al., 2011; Hnasko and Edwards, 2011). Although in some cases
co-expression of VGLUT with VMAT or VAChT may function to allow co-release of
neurotransmitters, other possible roles have received increasing attention. These include the
potential for VGLUT activity to facilitate amine or Ach storage and release, or vice versa
(El Mestikawy et al., 2011; Guzman et al., 2011; Hnasko and Edwards, 2011).

6.5. SLC18A4
Homologs of SLC18A4 are present in multiple insect species but there does not appear to be
a mammalian ortholog of this gene (see Fig. 1B). The Drosophila SLC18A4 protein (the
portabella gene product) is highly expressed in the mushroom bodies, a structure required
for learning and memory in the fly, and some fifty additional neurons in the larval and the
adult nervous system (Brooks et al., 2011).

6.6. SLC18B1
Rat C6orf192 is broadly expressed in a number of tissues including the brain with the
highest level of expression in the lung (Jacobsson et al., 2010). Its function in these tissues is
not known.

7. Biosynthesis and trafficking
As is the case for other integral membrane proteins, vesicular transporters are synthesized in
the endoplasmic reticulum (ER), and post-translationally modified in the ER and Golgi.
Based on their sensitivity to glycosidase and the results of mutagenesis studies, mammalian
VMATs and VAChT undergo N-linked glycosylation (Fei and Krantz, 2009). The mutation
of three predicted glycosylation sites in VMAT1 decreases transport activity but does not
affect substrate affinity (Fei and Krantz, 2009). Decreased glycosylation does not disrupt the
subcellular localization of VMAT1 in non-neuronal cells but may help mediate the
localization of VMATs to LDCVs (Fei and Krantz, 2009) (see Section 7.2 below).

7.1. VMAT trafficking
Both the secretory and endocytic pathways are required for vesicular transporter trafficking
to secretory vesicles: the biogenesis of synaptic vesicles is thought to involve an endocytic
step at the plasma membrane of the nerve terminal, and SV recycling also requires
endocytosis (Jahn and Rizzoli, 2007). Coat proteins such as clathrin are critical for these
processes and adaptor proteins link cargo such as the vesicular transporters to the coats.
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VAChT has been suggested to bind AP1 and AP2, the adaptor complexes required for
clathrin mediated Golgi exit and cell surface endocytosis respectively (Fei et al., 2008). Exit
of VMAT2 from the Golgi may depend on the adaptor complex AP3 (Asensio et al., 2010).
VMAT2 also binds the novel adaptor PACS-1, possibly regulating exit from immature
LDCVs (Fei et al., 2008).

For VMAT2, a number of studies indicate that the cytoplasmic C-terminal domain is
responsible for sorting to both SVs and LDCVs (Fig. 2C, Fei et al., 2008). A dileucine motif
is required for the efficient endocytosis of VMAT2 in PC12 cells as well as in hippocampal
neurons and is likely to help sort VMAT to SLMVs in PC12 cells (Fei et al., 2008).
However, since multiple forms of endocytosis may occur in neurons (Jahn and Rizzoli,
2007) and proteins may sort to neuronal SVs via alternate mechanisms, it is possible that
other motifs could participate in the sorting of VMAT2 to SVs in vivo.

Additional motifs are required for the localization of VMAT2 to LDCVs (Fig. 2C). These
include acidic glutamate (E) residues upstream of the dileucine motif (EEXXXIL) (Fei et al.,
2008). In addition, an acidic cluster or patch at the end of the C-terminal (DDEESESD)
domain helps traffic VMAT2 to LDCVs (Fei et al., 2008). This motif was originally
identified in the protease furin and determines whether proteins are retained in LDCVs as
they mature (Fei et al., 2008). Phosphorylation of serines contained within the acid patch
regulates these trafficking events (Fei et al., 2008). These sites are phosphoryated by CKII
under baseline conditions and it is possible that dephosphorylation could shunt VMAT2 to
other compartments. N-linked glycosylation may provide an additional signal for localizing
VMAT2 to LDCVs in PC12 cells (Fei et al., 2008).

7.2. VAChT trafficking
For VAChT, endocytosis may depend on a dileucine motif similar to a site in VMAT2 or a
distinct, downstream tyrosine-based motif (Fei et al., 2008) (Fig. 2D). Consistent with the
predicted role for endocytosis in SV biogenesis, mutation of the dileucine motif blocks the
localization of VAChT to SLMVs in PC12 cells (Fei et al., 2008).

VAChT also contains an upstream acidic residue and a PKC phosphorylation site that can
mimic the acidic residues in the extended dileucine motif of VMAT2 ([Phospho-
S]EXXXLL) (Fei et al., 2008) (Fig. 2D). The substitution of an acidic amino acid at this site
drives VAChT to LDCVs in PC12 cells, mimicking the trafficking pattern of VMAT2 (Fei
et al., 2008).

8. Regulation of expression and activity
8.1. VMAT transcription

Regulation of VMAT2 transcription has been demonstrated in cultured cell lines including
the gastric epithelial cell line AGS-GR (Watson et al., 2000). These cells express the gastrin-
CCK beta receptor and gastrin increases transcription of VMAT2 mRNA (Fei and Krantz,
2009). Gastrin also increases expression of HDC in enterochromaffin cells (Fei and Krantz,
2009). An increase in mRNA for both HDC and VMAT2 has been observed in animal
models of hypergastrinemia, suggesting that transcriptional activity of these genes may be
regulated by gastrin in vivo (Fei and Krantz, 2009).

The mechanism by which VMAT2 expression is regulated by gastrin may involve a novel
function for the proteasome (Fei and Krantz, 2009). A proteasomal subunit was shown to
bind a 10 base-pair segment in the VMAT2 promoter and thereby enhance gastrin-induced
secretion (Fei and Krantz, 2009). Importantly, this activity is independent of the degradative
functions of the proteasome elsewhere in the cell (Fei and Krantz, 2009).
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Early studies using primary cultures of chromaffin cells and sympathetic ganglia suggested
that increased stimulation and calcium influx might up-regulate VMAT transcription (Fei
and Krantz, 2009). Conversely, minimal changes in expression are seen in vivo in response
to VMAT inhibition using reserpine (Fei and Krantz, 2009). In rats, chronic administration
of either the antipsychotic clozapine or the mood stabilizer lithium VMAT2 expression,
presumably via increased transcription (Fei and Krantz, 2009). Up-regulation of VMAT2 in
chromaffin cells has also been reported following immobilization stress in rodents (Eiden
and Weihe, 2011).

8.2. VAChT transcription
VAChT is encoded in the first intron of the biosynthetic enzyme for ACh, ChAT, and is in
the same transcriptional orientation. This peculiar relationship is evolutionarily conserved
from C. elegans to humans suggesting an important functional role and the likelihood of co-
regulated gene transcription. Indeed, studies in cultured neurons indicate that expression of
ChAT and VAChT are coordinately up-regulated by retinoic acid and leukemia inhibitory
factor/ciliary neurotrophic factor (LIF/CNTF) (Fei and Krantz, 2009). An upstream neuron-
restrictive silencer element (NRSE) may function to coordinately regulate the expression of
both genes (Fei and Krantz, 2009). However, under some circumstances VAChT and ChAT
may be differentially expressed (Fei and Krantz, 2009). Some of the genomic regulatory
regions responsible for differential expression of ChAT and VAChT have been mapped
using transgenes containing varying amounts of the putative regulatory sequences; at least
one segment of genomic DNA was shown to control expression of ChAT but not VAChT
(Fei and Krantz, 2009).

8.3. Alternative mRNA splicing
Both VAChT and ChAT undergo alternative splicing of 5′ non-coding regions, and the
splicing of ChAT and VAChT might be coordinated, although the functional significance of
these splicing evens are not yet clear (Fei and Krantz, 2009). In Drosophila, dVMAT shows
variable use of a 3′ splice site in the last exon of the gene, which leads to two divergent
carboxy-terminal domains (Romero-Calderón et al., 2008). One variant is expressed in
neurons, and the other in a defined subset of glia in the adult visual system (Romero-
Calderón et al., 2008).

8.4. Trafficking and phosphorylation
Trafficking of both VAChT and VMAT2 may be directly regulated by phosphorylation of
their cytoplasmic trafficking domains (see Section 7.2). Phosphorylation may also indirectly
regulate transporter function, as suggested by a series of studies on cholinergic signaling at
the NMJ showing that during periods of sustained SV release, PKC decreases and PKA
increases quantal size (Fei and Krantz, 2009). In addition, although PKA does not directly
phosphorylate VMATs, it is required for the localization of VMAT1 and 2 to LDCVs in
PC12 cells (Eiden and Weihe, 2011; Fei and Krantz, 2009).

Trafficking of VMAT2 may also be regulated via DA-dependent signaling (Fleckenstein et
al., 2007). Amphetamines decrease and cocaine increases localizaion of VMAT to SVs, and
at least some of these effects appear to be dependent on DA-receptor activation by
extracellular DA (Fleckenstein et al., 2007).

8.5. Heterotrimeric G proteins
VMAT transport activity is regulated by heterotrimeric G proteins (Brunk et al., 2006). This
unexpected finding was first reported in 1998 and subsequent work has begun to elucidate
the underlying mechanisms (Brunk et al., 2006). Interaction between VMATs and G
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proteins are likely to occur on secretory vesicles rather than the cell surface (Brunk et al.,
2006). VMAT1 and 2 interact with either Gαo2 or Gαq depending on the cell type (Brunk et
al., 2006). In each case, the downstream effect is inhibition of VMAT activity (Brunk et al.,
2006). Current models suggest that a lumenal domain in the transporter itself may activate
the G protein and that binding of substrate to VMAT is required for G protein inhibition of
VMAT activity (Brunk et al., 2006). This in turn suggests that the function of this regulatory
process may be to limit transport as the vesicle lumen fills with neurotransmitter.

9. Functional effects of altered expression and activity
9.1. Regulation of quantal size

Molecular genetic analyses of vesicular transporters have shown that presynaptic changes in
their expression can regulate neurotransmitter release and post-synaptic signaling.
Cholinergic signaling in vitro is increased by over-expression of VAChT, and amperometry
has been used to show that over-expression of VMAT2 increases monoamine release
(Edwards, 2007). Over-expression of Drosophila VMAT in vivo causes an increase in
amine-dependent behaviors, consistent with an increase in a vesicular release (Fei and
Krantz, 2009). In vitro studies using psychostimulants support the idea that reducing
vesicular amines can decrease quantal size (Edwards, 2007).

9.2. Cytoplasmic clearance of dopamine and Parkinson’s disease
Based on their similarity to bacterial transporters and their sequestration of MPP+, it has
been suggested that VMATs might help detoxify cells (Schuldiner et al., 1995). In addition
to exogenous toxins, endogenous monoamines and in particular DA may cause intracellular
toxicity (Guillot and Miller, 2009). In vitro overexpression of VMAT2 in PC12 cells
decreases cytosolic DA, as shown indirectly by decreased neuromelanin formation, and
more directly by amperometric measurements of cytoplasmic amines (Mosharov et al.,
2009). Furthermore, over-expression of VMAT2 in PC12 cells lessens the toxic effects of
cytosolic DA; reserpine has the opposite effect and potentiates DA’s toxicity (Fei and
Krantz, 2009). Primary cultures from VMAT2 knockout mice are also more sensitive to the
toxic effects of increased DA synthesis and decreased levels of VMAT2 can potentiate the
neurotoxic effects of amphetamines (Guillot and Miller, 2009). Reduced expression of
Drosophila VMAT potentiates the death of dopaminergic neurons in fly models of
Parkinson’s disease (Lawal et al., 2010) and causes increased dopaminergic cell death in
mice (Guillot and Miller, 2009). Conversely, over-expression of Drosophila VMAT exerts a
neuro-protective effect on dopaminergic neurons in the fly (Lawal et al., 2010).

10. Behavioral genetics of animal models
10.1. VMAT mouse models

VMAT2 knockouts are lethal as homozygotes but important behavioral information has
been obtained from studies of heterozygotes (Chaudhry et al., 2008; Eiden and Weihe, 2011;
Fei and Krantz, 2009). VMAT2 heterozygotes show an increase in locomotor behavior in
response to the aminergic drugs apomorphine, cocaine and amphetamine, suggesting that the
synaptic response to amine release is elevated (Chaudhry et al., 2008; Fei and Krantz, 2009).
However, the mice do not appear to undergo sensitization in response to chronic cocaine
administration (Chaudhry et al., 2008; Fei and Krantz, 2009). VMAT2 heterozygotes also
show a reduced preference for amphetamine in a place preference test (Chaudhry et al.,
2008) and an increased locomotor response to ethanol (Chaudhry et al., 2008; Fei and
Krantz, 2009). Moreover, males may show an increase in ethanol consumption (Chaudhry et
al., 2008; Fei and Krantz, 2009). VMAT2 heterozygotes also perform worse than wild type
littermates in rodent models of clinical depression (Fei and Krantz, 2009).
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In addition to VMAT2 knockouts, VMAT2 knockdown animals have been generated (Fei
and Krantz, 2009). VMAT2 knockdown mice show down-regulation of substance P
expression and an upregulation of enkephalin expression, suggesting potential effects on
signaling pathways mediated by endogenous opioids in the striatum (Fei and Krantz, 2009).

10.2. VAChT mouse models
VAChT knockdown mice have been generated and subjected to both biochemical and
behavioral analyses (Fei and Krantz, 2009). In the central nervous system, extracellular
acetylcholine is decreased by ~30% in the VAChT knockdown mice, and KCl-induced
release of acetylcholine is also reduced. However, the total tissue levels of acetylcholine are
increased in both heterozygotes and homozygotes relative to wild type (Fei and Krantz,
2009).

Homozygous VAChT knockdown mice have neuromuscular defects and their behavioral
phenotype includes altered long-term habituation (Schmid et al., 2011). Neuromuscular
function of the VAChT knockdown heterozygote is similar to wild type but behavioral
deficits include a defect in remembering novel versus familiar objects and reduced
habituation to an unfamiliar intruder (Fei and Krantz, 2009).

More recently, a VAChT knockout mouse has been generated (de Castro et al., 2009). As
expected, the phenotype is more severe than that of the knockdown and the mice die soon
after birth (de Castro et al., 2009). An additional line of mice with loxP sites flanking the
VAChT locus has allowed the inducible deletion of VAChT in defined subsets of neurons
(Guzman et al., 2011). The specific deletion of VAChT in striatal interneurons has helped to
define the interaction of acetylcholine and DA in the basal ganglia, and the complexities of
neurotransmitter release from cells that express both VAChT and VGLUT (Guzman et al.,
2011).

10.3. C. elegans and Drosophila
The C. elegans ortholog of VAChT (unc-17) was originally identified as an uncoordinated
mutant and showed resistance to cholinesterase inhibitors in some of the original behavioral
screens performed in this system. The C. elegans ortholog of VMAT is encoded by cat-1
(Fei and Krantz, 2009). Mutants show a defect in their ability to regulate locomotor behavior
in response to food (Fei and Krantz, 2009). This phenotype could result from decreased
signaling in several aminergic pathways known to control the behavioral response to food in
C. elegans.

Two mutant alleles of Drosophila VAChT have been generated including dVAChT1 which
is embryonic lethal, and dVAChT2 (Fei and Krantz, 2009). VAChT2 larvae can survive
through the second stage (instar) of development and locomote more slowly than wild type
animals (Fei and Krantz, 2009). Similar to VAChT knock down mice, heterozygous
dVAChT muant adults can survive, and although the behavior of adult heterozygotes has not
been reported, electrophysiological assays suggest that during periods of sustained vesicle
release, at least one circuit in the adult CNS fails to maintain normal levels of acetylcholine
release (Fei and Krantz, 2009).

Mutation of dVMAT affects a number of amine-linked behaviors including courtship,
locomotion and fertility (Simon et al., 2009). Overexpression of DVMAT results in an
increase in motor and courtship behavior and a decreased behavioral response to cocaine
(Fei and Krantz, 2009).

Mutation of Drosophila portabella causes a learning deficit consistent with its expression in
the mushroom bodies, a critical structure for insect learning and memory (Brooks et al.,
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2011). The mutant also shows an unusual sexual phenotype characterized primarily by
failure of the male to maintain position during mating (Brooks et al., 2011).

11. Human genetic studies and disease models
11.1. Genetics

The possibility that changes in VMAT function may be relevant to neuropsychiatric illness
has prompted a search in humans for polymorphisms in both the coding and non-coding
regions of the VMAT2 gene (Eiden and Weihe, 2011; Fei and Krantz, 2009; Wimalasena,
2010). In vitro transport assays indicate that only one coding polymorphism decreases the
apparent affinity of VMAT2 for serotonin (Fei and Krantz, 2009). Polymorphisms in the
coding region of VMAT2 have not been linked to Parkinson’s disease; however,
polymorphisms in upstream regulatory domains have been shown to alter VMAT expression
and may be protective for alcoholism (Eiden and Weihe, 2011; Fei and Krantz, 2009). In
addition, VMAT2 promoter haplotypes that confer increased expression of VMAT2 in vitro
may provide some protection against the development of Parkinson’s disease in women with
high exposure to pesticides (Fei and Krantz, 2009). To date, the results of human genetic
studies attempting to link VMAT2 polymorphisms with psychiatric illness have yielded
mostly negative results ((Fei and Krantz, 2009) but see (Gutierrez et al., 2007)). Additional
human genetic studies investigating a possible association of VMAT1 polymorphisms with
schizophrenia or bipolar disorder have also yielded mixed results (Eiden and Weihe, 2011;
Wimalasena, 2010). The lack of a clear-cut association of VMATs with human disease may
reflect the conservation of their primary structure through evolution; radical changes may
not be tolerated and many point mutants show minimal changes in activity. Polymorphisms
associated with human disease have not yet been reported for VAChT.

11.2. Altered expression in human disease
In addition to genetic studies of VMAT polymorphisms, a number of labs have assessed
VMAT expression levels in patients suffering from a variety of neuropsychiatric illnesses
including schizophrenia, depression, Tourette’s syndrome and bipolar disorder (Eiden and
Weihe, 2011; Fei and Krantz, 2009; Wimalasena, 2010). It is possible that altered VMAT2
expression represents a general risk factor for psychiatric disorders linked to aminergic
circuits but additional studies will be needed to definitively establish this relationship.

The expression of VMAT2 has also been used to monitor the progression of
neurodegenerative disorders such as PD, and a variety of radiolabeled ligands for VMAT2
have developed for use in Positron Emission Tomograpy (PET) (Eiden and Weihe, 2011;
Wimalasena, 2010). Some of these ligands have also been used to follow the expression of
VMAT2 in model systems and patients exposed to psychostimulants such as cocaine and
amphetamines (Eiden and Weihe, 2011; Wimalasena, 2010). The relationship of
psychostimulant use to VMAT expression is complex, and both increased and decreased
expression has been reported (Eiden and Weihe, 2011; Wimalasena, 2010). Some variability
may be due to competition of radiolabeled ligands with endogenous amines, and
simultaneous changes in both VMAT expression and amine release (Eiden and Weihe,
2011).

12. Summary and future medical relevance
VAChT and VMATs have enormous potential relevance for human disease that as yet
remains untapped. Molecular-genetic studies have identified specific domains and individual
residues important for transport activity and localization to secretory vesicles, and shown
that loss of transport activity has profound behavioral consequences. Anatomic studies
demonstrating their widespread expression in both neurons and other sites underscores the
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potential relevance of these proteins to a variety of diagnostic and therapeutic issues;
however, the relationship between vesicular transporter dysfunction and human disease
remains vague. Increased clarity will likely require further advances in neuropsychiatric
genetics and our understanding of complex illnesses caused by multiple interacting factors.
The use of VAChT or VMAT as a marker for tracking neuronal function in vivo is also
promising, but their advantage over other disease markers remains to be seen. Inhibition of
VMAT activity may have some therapeutic use in addiction and further translational studies
are needed. The effects of overexpression suggest that drugs which enhance the function of
VMAT or VAChT could also have therapeutic value. Progress in high throughput screening
strategies and the use of novel screening platforms will aid the development of these drugs.
The eventual characterization of crystal structures for both VMAT and VAChT will also aid
the development of new therapeutic strategies as well as to help elucidate the precise
mechanisms by which these proteins transport neurotransmitters into secretory vesicles.
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Fig. 1.
(A) Subcellular localization of SLC18A members. A canonical neuron showing a cell body
and dendrites with an axonal process leading to the nerve terminal. Synaptic Vesicles (SVs)
cluster at the nerve terminal and release neurotransmitter into the synapse when they fuse
with the presynaptic plasma membrane. Large Dense Core Vesicles (LDCVs) localize more
diffusely to sites throughout the cell body, dendrites and the nerve terminal and release
classical as well as peptide neurotransmitters during exocytosis. SLC18A members can
localize to one or both types of secretory vesicles. (B) Phylogenetic relationships.
Phylogenetic tree with representative members of SLC18, including SLC18A1 (VMAT1),
SLC18A2 (VMAT2), invertebrate VMAT, SLC18A3 (VAChT) and two newly defined
subfamilies: SLC18A4, defined by the Drosophila gene portabella, and the novel subfamily
SLC18B1. Note that portabella is present in additional insect species (not shown) but does
not have an obvious vertebrate homolog. SLC18B1/C6orf192 homologs are present in
multiple vertebrate and invertebrate species but not in Drosophila. Rat homologs of
VMAT1, VMAT2 and VAChT overlap with Homo sapiens in this plot (not shown). Species
represented in the diagram include Homo sapiens (Human), Gallus gallus (Chicken), Danio
rerio (Zebrafish), Apis mellifera (Honeybee), Drosophila melanogaster (Drosophila) and
Caenorhabditis elegans (C. elegans). Tree generated using the AllAll program of the
Computational Biochemistry Research Group, Swiss Federal Institute of Technology,
Zurich, Switzerland (http://www.cbrg.ethz.ch/services/AllAll) using protein sequences listed
under the following accession numbers: NP_003046.2 (Human VAChT); NP_003045.2
(Human VMAT2); NP_001129163.1 (Human VMAT1); NP_439896.1 (Human C6orf192);
NP_996865.1 (Chicken VAChT); XP_421782.2 (Chicken VMAT2); XP_428881.2
(Chicken VMAT1); XP_419737.3 (Chicken C6orf192); NP_001243154.1 (Zebrafish
VMAT2); XP_002663262.2 (Zebrafish VMAT1), NP_001071018.1 (Zebrafish “probable
vesicular acetylcholine transporter-A”); NP_001017841.1 (Zebrafish uncharacterized
protein LOC550539 listed as C6orf192 in Jacobsson et al., 2010); AAF56164.2 (Drosophila
CG10251/portabella); AAF55587.2 (Drosophila VAChT); AAX52708.1 (Drosophila
VMAT, neural isoform DVMAT-A, see Greer et al., 2005), XP_001120960.2 (Honeybee
VAChT); XP_392061.3 (Honey bee VMAT); XP_001122029.1, Honeybee portabella
homolog annotated as “vesicular acetylcholine transporter unc-17-like”); XP_625161.2
(Honeybee C6orf192 homolog); CCA65520.1 (C. elegans VAChT, UNC-17 protein);
NP_001024937.1 (C. elegans VMAT, CAT-1 protein); NP_741716.2 (hypothetical protein
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F55A4.8, listed as C. elegans C60orf192 in Jacobsson et al., 2010). Note that the sequence
listed as “Drosophila C6orf192” in Jacobsson et al., 2010 is Drosophila VMAT (Greer et al.,
2005) rather than a C6orf192 homolog. (C) Bioenergetics of SLC18A-dependent transport.
Hydrolysis of ATP to ADP by a V-Type ATPase generates a proton gradient in the lumen of
both SVs and LDCVs. The proton gradient (2 protons per cycle) drives transport of 1
molecule of positively charged neurotransmitter (NT) into the lumen of the vesicle via an
antiport mechanism.

Lawal and Krantz Page 17

Mol Aspects Med. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Structure Function Studies of Transport and Trafficking. VMAT2 (A and C) and VAChT (B
and D) contain 12 transmembrane domains. (A and B) Site directed mutagenesis has
revealed the role of several residues for transport activity in VMAT2 (A) and VAChT (B).
For VMAT2 these include aspartates (D) in the first and tenth membrane-bound domains
required for transport activity, a charge-pair between residues in TM2 (K) and TM11 (D),
and a proposed disulfide bond between cysteines (C) in two lumenal loops. Residues
important for substrate affinity include a tyrosine (Y) in TM11 and an aspartate (D) in
TM12. For VAChT, tryptophan (W) alanine (A) and phenyalanine (F) residues in TM8 and
a cysteine (C) in TM10 are important for affinity to ACh. Conserved regions that contain
glycine and/or proline (G/P) are required for transport activity and an aspartate (D) in TM10
is likely to be involved in proton exchange. Note that location of the residues in the cartoon
is approximate and does not accurately reflect their precise position within each domain. (C
and D) Membrane trafficking signals in VMAT2 (C) and VAChT (D). Glycosylation (“Y”)
facilitates sorting of VMAT2 to Large Dense Core Vesicles (LVs). All other known sorting
signals for vesicular transporters are encoded in their C-terminal, cytoplasmic domains. For
VMAT2, a dileucine motif (IL) is required for endocytosis and sorting to Synaptic Like
Microvesicles (SLMVs) in neuroendocrine cells. The VMAT2 endocytosis signal is part of a
larger motif, which includes upstream glutamate residues (EE). The upstream glutamates are
required for localizing VMAT2 to LVs. A phosphorylated “acidic cluster” at the extreme C-
terminus of VMAT2 (DDEE[P]SE[P]SD, shown as [P]SD in panel (A)) also helps sort
VMAT2 to LVs. (B) VAChT contains a dileucine motif (LL) required for endocytosis and
sorting to SLMVs. However, a tyrosine-based motif (Y) may direct these trafficking events
under some circumstances. A serine upstream of the dileucine motif in VAChT (SE)
undergoes phosphorylation by PKC. Phosphorylation of the serine ([P]SE) may drive a
portion of VAChT onto LVs.
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