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Abstract——The neurotransmitter transporters
(NTTs) belonging to the solute carrier 6 (SLC6) gene
family (also referred to as the neurotransmitter-so-
dium-symporter family or Na�/Cl�-dependent trans-
porters) comprise a group of nine sodium- and chlo-
ride-dependent plasma membrane transporters for
the monoamine neurotransmitters serotonin (5-hy-
droxytryptamine), dopamine, and norepinephrine,
and the amino acid neurotransmitters GABA and
glycine. The SLC6 NTTs are widely expressed in the
mammalian brain and play an essential role in reg-

ulating neurotransmitter signaling and homeostasis
by mediating uptake of released neurotransmitters
from the extracellular space into neurons and glial
cells. The transporters are targets for a wide range
of therapeutic drugs used in treatment of psychiat-
ric diseases, including major depression, anxiety
disorders, attention deficit hyperactivity disorder
and epilepsy. Furthermore, psychostimulants such
as cocaine and amphetamines have the SLC6 NTTs
as primary targets. Beginning with the determina-
tion of a high-resolution structure of a prokaryotic
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homolog of the mammalian SLC6 transporters in
2005, the understanding of the molecular structure,
function, and pharmacology of these proteins has
advanced rapidly. Furthermore, intensive efforts
have been directed toward understanding the mo-
lecular and cellular mechanisms involved in regula-

tion of the activity of this important class of trans-
porters, leading to new methodological developments
and important insights. This review provides an update
of these advances and their implications for the current
understanding of the SLC6 NTTs.

I. Introduction

Transport across cellular membranes of impermeant
solutes such as ions, amino acids, nutrients, and signal-
ing molecules is carried out by a large group of integral
membrane proteins known as solute carriers or more
commonly transporters. Transporters are present in vir-
tually every cell and are essential for life of all prokary-
otic and eukaryotic organisms. The transport processes
are often energetically coupled, either directly through
the hydrolysis of ATP by the transport protein itself or
indirectly by the use of transmembrane ion gradients
that enable transport of the substrate against its con-
centration gradient. If ion channels are excluded, major
classes of transport proteins in humans encompass ATP-
driven ion pumps (e.g., the ubiquitously expressed
Na�/K� ATPase), ATP binding cassette transporters
(e.g., the cystic fibrosis transmembrane conductance
regulator and the multidrug resistance transporter P-
glycoprotein), cytochrome B-like proteins, aquaporins
(water transporters), and the solute carrier superfamily
(SLC1) (http://www.bioparadigms.org).

SLC transporters encompass approximately 350
transporters organized into 55 families of the SLC series
(Hediger et al., 2004; for overview, see Fredriksson et al.,
2008; He et al., 2009). The SLC6 family is among the
largest SLC families, containing 20 genes that encode a
group of highly similar transporter proteins. These pro-
teins perform transport of amino acids and amino acid
derivatives into cells, using cotransport of extracellular
Na� as a driving force for substrate translocation
against chemical gradients (Chen et al., 2004b; Höglund
et al., 2005; Bröer, 2006). The SLC6 transporters are
secondary active transporters (Chen et al., 2004b), be-
cause they use the electrochemical potential difference
across the cell membrane of Na� as energy source for
transport. In addition, the SLC6 transporters are fur-
ther classified as symporters, in that the coupled trans-
port of Na� is performed in the same direction as sub-
strate transport, although a few members also exhibit
antiport activity by performing counter-transport of K�

(Rudnick and Clark, 1993).
The majority of the SLC6 transporters has a well

defined biological function and physiological role, includ-
ing known endogenous substrates, and is divided into
four subclasses on the basis of sequence similarity and
substrate specificity (Bröer, 2006) (Fig. 1; Table 1). This
review focuses on the subset of SLC6 neurotransmitter
transporters (NTTs), which includes the transporters for
the monoamine neurotransmitters serotonin [5-hy-
droxytryptamine (5-HT)], dopamine, and norepineph-
rine and the transporters for the amino acid neurotrans-
mitters GABA and glycine (Fig. 1). Three transporters

1Abbreviations: 5-HT, 5-hydroxytryptamine, serotonin; 5-HTTLPR,
serotonin-transporter-linked polymorphic region; ADHD, attention def-
icit hyperactivity disorder; AdiC, arginine-agmatine antiporter; Akt,
protein kinase B; BZT, benztropine; CaMK, Ca2�/calmodulin-
dependent protein kinase; CI-966, 1-(2-(bis(4-(trifluoromethyl)phenyl)
methox)ethyl)-1,2,5,6-tetrahydro-3-pyridinecarboxylic acid; CNS,
central nervous system; COPII, coat protein complex II; CP-802,079,
N-[3-(4-chlorophenyl)-3-[4-(2-thiazolylcarbonyl)phenoxy]propyl]-N-
methyl-glycine hydrochloride hydrate; DAT, dopamine transporter;
EF1502, (R)-N-(4,4-bis(3-methyl-2-thienyl)-3-butenyl)-3-hydroxy-4-
(methylamino)-4,5,6,7-tetrahydrobenzo(d)isoxazol-3-ol; EL, extracellu-
lar loop; ER, endoplasmic reticulum; ERK, extracellular signal-
regulated kinase; ESCRT, endosomal sorting complex required for
transport; F11440, eptapirone; FRET, fluorescence resonance energy
transfer; GABA, �-aminobutyric acid; GAT, �-aminobutyric acid trans-
porter; GlyR, glycine receptor; GLYT, glycine transporter; GST, gluta-
thione transferase; HEK, human embryonic kidney; JHW 007, N-(n-
butyl)-(bis-fluorophenyl)methoxytropane; KO, knockout; LeuT, leucine
transporter; Lu AA20465, (R)-4-[5-chloro-2-(4-methoxy-phenylsulfa-
nyl)-phenyl]-2-methyl-piperazin-1-yl-acetic acid; Lu AA24530, 4-(2-
((4-methylphenyl)sulfanyl)phenyl)piperidine; LY2365109, ((2-(4-
benzo(1,3)dioxol-5-yl-2-tert-butylphenoxy)ethyl)methylamino)acetic ac-
id; MacMARCKS, homolog of myristoylated alanine-rich C kinase sub-
strate; MAPK, mitogen-activated protein kinase; MD, molecular
dynamics; MDMA, methylenedioxymethamphetamine; NET, norepi-
nephrine transporter; NMDA, N-methyl-D-aspartate; NNC-711, 1-(2-
(((diphenylmethylene)amino)oxy)ethyl)-1,2,5,6-tetrahydro-3-pyridinecar-
boxylic acid; nNOS, neuronal nitric-oxide synthase; NRI, norepinephrine
reuptake inhibitorc; NRI, selective norepinephrine-reuptake inhibitor;
NTT, neurotransmitter transporter; ORG 24598, (R)-(�)-N-[3-[(4-
triflouromethyl)phenoxy]-3-phenyl-propyl]glycine; ORG 25543, 4-benzy-
loxy-3,5-dimethoxy-N-[(1-dimethylaminocyclopentyl)methyl]benzamide;
PDZ, postsynaptic density 95/discs-large/zona occludens; PE, premature

ejaculation; PICK, proteins that interact with C kinase; PKA, protein
kinase A; PKC, protein kinase C; PKG, protein kinase G; PMA, phorbol
12-myristate 13-acetate; PP, protein phosphatase; PSD-95, postsyn-
aptic density-95; PTM, post-translational modifications; RG1678,
(4-(3-fluoro-5-trifluoromethylpyridin-2-yl)piperazin-1-yl)(5-meth-
anesulfonyl-2-(2,2,2-trifluoro-1-methylethoxy)phenyl)methanone;
RTI-55, (�)-2�-carbomethoxy-3�-(4-iodophenyl)tropane; SCAM, sub-
stituted cysteine accessibility method; SERT, serotonin transporter;
siRNA, small interfering RNA; SKF89976A, 1-(4,4-diphenyl-3-
butenyl)-3-piperidinecarboxylic acid hydrochloride; SLC, solute carrier;
SNAP-5114, 1-(2-(tris(4-methoxyphenyl)methoxy)ethyl)-3-piperidin-
ecarboxylic acid; SNARE, soluble N-ethylmaleimide-sensitive factor
attachment protein receptor; SNP, single-nucleotide polymorphism; SNRI,
serotonin- and norepinephrine-reuptake inhibitor; SSR130800, N-[3-(4-
chlorophenyl)-3-[4-(2-thiazolylcarbonyl)phenoxy]propyl]-N-methyl-
glycine hydrochloride hydrate; SSR504734, 2-chloro-N-((S)-
phenyl((2S)-piperidin-2-yl)methyl)-3-trifluoromethyl benzamide;
SSRI, selective serotonin-reuptake inhibitor; TCAs, tricyclic antide-
pressants; TM, transmembrane; vSGLT, Vibrio parahaemolyticus
sodium/glucose transporter; WIN 35,428, 2�-carbomethoxy-3�-(4-
fluorophenyl)tropane; Xen2174, Sec-Gly-Val-Cys-Cys-Gly-Tyr-Lys-
Leu-Cys-His-Pyl-Cys.
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exist for the biogenic monoamine transmitters, named
according to their primary endogenous transmitter sub-
strate the 5-HT, norepinephrine, and dopamine trans-
porters (SERT, NET, and DAT, respectively), whereas
four transporters exist for GABA (GAT1, GAT2, GAT3,
and BGT1) and two transporters exist for glycine
(GLYT1 and GLYT2) (Table 1; Fig. 2). All the SLC6
NTTs are expressed in the central nervous system
(CNS), where their primary physiological role is regula-
tion of neurotransmitter homeostasis. However, some of
them are also found in other tissues, where they serve
important physiological functions (Table 1). Because the
NTT genes were among the founding gene members of
the SLC6 gene family, alternate designations for the
family are often used, such as the “neurotransmitter-
sodium symporters,” the “sodium-neurotransmitter
symporter family,” or the “Na�/Cl� neurotransmitter
transporter” family (Nelson, 1998; Beuming et al., 2006).

A series of breakthroughs in the understanding of the
structure and function of bacterial transporters related
to the SLC6 family have rejuvenated the SLC6 NTT
research field in a manner not seen since the cloning of
the first transporter genes in the early 1990s (Singh et
al., 2007, 2008; Zomot et al., 2007; Beuming et al., 2008;
Forrest et al., 2008; Zhao et al., 2010a,b). These ad-
vances have promoted a profound increase in the under-
standing of the structural biology and molecular phar-
macology of the SLC6 NTTs, in addition to highlighting
the importance of understanding other aspects of trans-

porter biology, including cellular mechanisms for trans-
porter regulation by post-translational modifications
(PTMs), protein-protein interactions, and trafficking.
This review provides an update of the molecular and
cellular biology of the SLC6 NTTs with particular focus
on discoveries relating to transporter structure, func-
tion, and pharmacology, including the mechanisms of
action for transporter drugs of clinical relevance and
drugs of abuse. We also include an account on the cur-
rent insights into cellular mechanisms governing the
activity and availability of NTTs in the plasma mem-
brane as well as a status of our understanding of their
physiology, disease involvement, and role as drug
targets.

A. Neurophysiological Role of the Solute Carrier 6
Neurotransmitter Transporters

The cognate substrates for the NTTs are all common
neurotransmitters in the mammalian CNS playing es-
sential roles in multiple aspects of brain function. The
amino acid neurotransmitters GABA and glycine are
inhibitory transmitters that regulate neuronal excitabil-
ity throughout the CNS, whereas the monoamine neu-
rotransmitters 5-HT, dopamine, and norepinephrine
have more diverse roles and activity patterns. The
monoamine NTTs seem to be exclusively expressed in
their respective monoaminergic neurons, and the distri-
bution of monoamine NTTs in the brain therefore corre-
lates with the distribution of the respective cognate neu-
rotransmitter systems. In neurons, monoamine NTTs
are distributed in both dendrites and axons with a pre-
dominant extrasynaptic localization. For the individual
GABA and glycine NTTs, the expression patterns in the
brain are more complex, including differences across
regions of the CNS and also localization in astrocytes
(Jursky et al., 1994; Zafra et al., 1995a,b; Nirenberg et
al., 1996; Zhou et al., 1998; Pickel and Chan, 1999;
Schousboe, 2000; Schroeter et al., 2000; Zahniser and
Doolen, 2001; Chen et al., 2004b; Bak et al., 2006).
Nevertheless, the central role of all NTTs is to mediate
the rapid uptake from the extracellular space of synap-
tically released neurotransmitter within and around
synapses (Fig. 2). The uptake can be maintained against
very large concentration gradients, (Zafra et al., 1995b;
Nirenberg et al., 1996; Zhou et al., 1998; Pickel and
Chan, 1999; Schroeter et al., 2000; Zahniser and Doolen,
2001; Chen et al., 2004b) and the kinetics of NTT-
mediated transport follows the Michaelis-Menten model
with substrate KM values in the lower micromolar range
and maximal turnover rates ranging from 1 to 20 sub-
strate molecules per second (Table 2). Apart from the
mandatory requirement for extracellular Na�, NTT
transport is also dependent on extracellular Cl�. The
relationship between extracellular concentrations of
Na� and Cl� and transport activity also follows Michae-
lis-Menten kinetics with KM values in 5 to 50 mM range
(Humphreys et al., 1994; Supplisson and Roux, 2002).

FIG. 1. Phylogenetic tree of the SLC6 transporter family. SLC6 trans-
porters are divided into four subfamilies: monoamine, GABA, amino acid,
and amino acid/orphan. NTTs are found in three subfamilies and are
highlighted in bold. The SLC6A10 transporter, a putative creatine trans-
porter, has been omitted from the tree because the gene encoding seems
to be a pseudogene (see Table 1 legend).
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The role of Cl� in the transport process is not fully
understood, but for most NTTs, one or more Cl� ions are
hypothesized to be cotransported with substrate and
Na� (section II).

By mediating the rapid removal of neurotransmitters
from the synapses, NTTs are major determinants in
regulation of synaptic signaling. Accordingly, cellular
regulation of the cell-surface density and/or catalytic
activity of NTTs is an important determinant for plas-
ticity of synaptic signaling, because dynamic changes in
the number and function of transporters allows regula-
tion of the rate by which released transmitters are re-
moved from synapses. The NTT-mediated reuptake into
presynaptic neurons is also critical for recycling of neu-
rotransmitters, because after delivery into the cyto-
plasm of the neurotransmitters, they can be sequestered
into synaptic vesicles by vesicular transporters. These
vesicular transporters, which include the SLC18 vesic-
ular monoamine transporters 1 and 2 and the SLC32
vesicular inhibitory amino acid transporter (Hediger et
al., 2004), are both functionally and structurally distinct
from the SLC6 NTTs. They are secondary active trans-
porters; instead of being Na�-coupled symporters, how-
ever, they are proton-coupled antiporters and use the
low pH in the vesicular lumen as driving force for up-
concentrating neurotransmitter inside the vesicles.

Given the pivotal role of the SLC6 NTTs for the ho-
meostasis of five major neurotransmitters in the CNS,

pharmacological modulation of NTT activity allows di-
rect or indirect regulation of neuronal activity. Hence,
compounds targeting the NTTs are important as phar-
macological tools for studies of neurotransmission at the
molecular, cellular and neural circuit level (section III).
Moreover, four of the nine SLC6 NTTs are established
and important drug targets for treatment of a broad
array of brain diseases and are targets for more than 30
drugs in clinical use (section III). In addition, the NTTs
that are currently not targeted by medications are ac-
tively being pursued in drug discovery efforts (section
VI). It is noteworthy that the monoamine NTTs SERT,
DAT, and NET are also targets for some of the most
widely used drugs of abuse, including cocaine, 3,4-
methylenedioxymethamphetamine (MDMA; “ecstasy”)
and amphetamine/methamphetamine (section III). De-
spite the importance of NTTs as drug targets, surpris-
ingly little has been known about their molecular phar-
macology, including localization and structure of drug
binding sites and mechanism of action. As mentioned
above, recent progress provided by structures of bacte-
rial counterparts to the SLC6 transporters has provided
a new level of insight into the structural biology of the
NTTs that present new opportunities to interpret exist-
ing knowledge as well as guide new studies to under-
stand drug modulation of individual NTT members at
the molecular level (section III).

TABLE 1
The SLC6 transporters

Human Gene UniProt Namea Endogenous Substrate Tissue Distribution Link to Disease

SLC6A1 GAT1 GABA Brain, peripheral nervous system Epilepsy, schizophrenia, anxiety
SLC6A2 NET Norepinephrine Brain, peripheral nervous system,

adrenal gland, placenta
Depression, orthostatic intolerance, anorexia

nervosa, cardiovascular diseases
SLC6A3 DAT Dopamine Brain Parkinson’s disease, Tourette syndrome, ADHD,

addiction
SLC6A4 SERT Serotonin Brain, peripheral nervous

system, placenta, epithelium,
platelets

Anxiety, depression, autism, gastrointestinal disorders,
premature ejaculation, obesity

SLC6A5 GLYT2 Glycine Brain, spinal cord Pain, spasticity
SLC6A6 TAUT Taurine Brain, retina, liver, kidney,

heart, spleen, pancreas
Taurine deficiency diseases, retinal blindness,

abnormal renal development
SLC6A7 PROT Proline Brain
SLC6A8 CT1 Creatine Ubiquitous Creatine deficiency syndrome, mental retardation,

musculoskeletal disorders, cardiomyopathy
SLC6A9 GLYT1 Glycine Brain, pancreas, uterus, stomach,

spleen, liver, retina
Schizophrenia

SLC6A10b

SLC6A11 GAT3 GABA Brain Epilepsy
SLC6A12 BGT1 Betaine, GABA Brain, kidney Epilepsy
SLC6A13 GAT2 GABA Brain, liver, kidney Epilepsy
SLC6A14 ATB0� Neutral, cationic amino

acids
Lung, trachea, salivary gland,

mammary gland, stomach,
pituitary gland

SLC6A15 NTT73 Large neutral amino
acids

Brain

SLC6A16 NTT5 Unknown Testis, pancreas, prostate
SLC6A17 NTT4 Neutral amino acids Brain
SLC6A18 B0AT3 Neutral amino acids Kidney
SLC6A19 B0AT1 Neutral amino acids Intestine Hartnup disorder
SLC6A20 XTRP3 Proline, pipecolate,

sarcosine
Brain, kidney, small intestine,

thymus, spleen, ovary, lung
a Universal Protein Resource (http://www.uniprot.org/).
b SLC6A10 has been proposed to be a pseudo gene duplicated from SLC6A8 because of the presence of a stop codon located in exon 4 of the gene (Eichler et al., 1997;

Höglund et al., 2005).
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II. Structure and Transport Mechanism

Before the determination of the first high-resolution X-
ray crystal structure of a bacterial homolog to the mam-
malian SLC6 transporters, the structural understanding
of SLC6 NTTs was based on indirect observations derived
from extensive biochemical and mutagenesis studies that
provided indispensable insight into transporter topology
and secondary structure but limited information on the
tertiary structure. This was revised in 2005 when Ya-
mashita et al. (2005) reported a high-resolution X-ray crys-
tallographic structure of a prokaryotic homolog to the
SLC6 transporters, the leucine transporter (LeuT) from
the thermophile bacterium Aquifex aeolicus (Deckert et al.,
1998). Although LeuT is evolutionary distant from the
SLC6 NTTs (20–25% overall sequence identity), the pro-
tein has proved to be a suitable and highly useful struc-
tural and functional template for the SLC6 NTTs (Singh,
2008). In addition, the discovery of a remarkably struc-
tural conservation between LeuT and secondary active

transporters from other transporter families, not originally
thought to be structurally and mechanistically related to
SLC6 transporters (Abramson and Wright, 2009), have
further strengthened the validity of using LeuT as a struc-
tural template for understanding fundamental aspects of
SLC6 NTT function. In this section, we recapitulate these
recent advances and bring them into context with earlier
work to provide an overview of the current understanding
of the structural mechanisms underlying NTT function,
including the binding of substrates and ions, their trans-
location, and the associated conformational states and
changes. Note also that the aforementioned advances in
the structural biology of other secondary active transport-
ers and their significance for understanding the SLC6
NTTs have been covered in several excellent reviews
(Gether et al., 2006; Henry et al., 2006b; Kanner, 2006;
Rudnick, 2006; Torres and Amara, 2007; Kanner and
Zomot, 2008; Singh, 2008; Abramson and Wright, 2009;
Gouaux, 2009; Krishnamurthy et al., 2009).

FIG. 2. Role of the SLC6 NTTs in synaptic transmission. A, schematic representation of monoaminergic, GABAergic, and glycinergic synaptic
terminals. In the presynaptic terminals of monoaminergic neurons, vesicular monoamine transporters (VMATs) belonging to the SLC18 gene family
(Eiden et al., 2004) sequester serotonin, dopamine, and norepinephrine into synaptic vesicles, whereas the vesicular inhibitory amino acid transporters
(VIAATs) belonging to the SLC32 gene family (Gasnier, 2004) sequester GABA and glycine into synaptic vesicles in GABAergic and glycinergic
neurons, respectively. After vesicular release, neurotransmitters exert their effects on post- and presynaptic receptors. The SLC6 NTTs are crucial for
termination of neurotransmission by performing reuptake of the neurotransmitters from the synaptic cleft into presynaptic terminals or glial cells as
well as for maintaining low tonic neurotransmitter concentrations outside synapses. The monoamine transporters (SERT, NET, and DAT) are
localized to extrasynaptic sites (Torres et al., 2003b), whereas GATs and GLYTs are localized to synaptic and extrasynaptic sites in addition to glial
cells (Supplisson and Roux, 2002; Conti et al., 2004; Madsen et al., 2010). B, chemical structures of the endogenous substrates for SLC6 NTTs and ion
coupling stoichiometry for neurotransmitter reuptake (see also Table 2).
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A. Neurotransmitter Transporter Structure

1. Molecular Organization. The molecular cloning of
the cDNA encoding the NTTs in the early 1990s revealed
a highly similar primary structure of these transporters
with an average amino acid sequence identity of 40%,
suggesting that NTTs share a similar general structure
(Guastella et al., 1990; Blakely et al., 1991; Hoffman et
al., 1991; Pacholczyk et al., 1991; Liu et al., 1992a,
1993). Most of the NTTs contain approximately 600
amino acids, ranging from 599 (GAT1) to 632 (SERT),
except that the two glycine transporters each contain
approximately 700 amino acids. Sequence analysis com-
bined with biochemical approaches suggested a mem-
brane topology with 12 transmembrane (TM) helices
with intracellular N- and C-termini and a large glycosy-
lated loop between transmembrane helices III and IV
(see section V) (Table 2). Except for NET, GLYT1, and
GLYT2, only single isoforms have been identified for
each NTT (Fig. 3). This membrane topology has been
experimentally verified across the monoamine (Torres et
al., 2003a), GABA (Kanner, 2006) and glycine trans-
porter subfamilies by a large number of studies, mainly

using specific antibodies (Melikian et al., 1994; Brüss et
al., 1995; Qian et al., 1995; Nirenberg et al., 1996; Chen
et al., 1997a) or site-selective biochemical labeling of Lys
and/or Cys residues (Guastella et al., 1990; Pacholczyk
et al., 1991; Giros and Caron, 1993; Nirenberg et al.,
1996; Povlock and Amara, 1996; Chen et al., 1998; Fer-
rer and Javitch 1998). Another structural feature of all
NTTs is a pair of Cys residues in extracellular loop 2
that form an intraloop disulfide bridge. The loop also
contains sites for N-linked glycosylation (Patel et al.,
1994; Olivares et al., 1995; Qian et al., 1995; Nguyen and
Amara, 1996; Chen et al., 1997a, 1998; Ramamoorthy et
al., 1998b; Cai et al., 2005) (section V) (Table 2).

2. Analyses of Functional Domains. In the decade
after the cloning of the NTTs, substantial efforts were
made to identify and characterize the regions and spe-
cific residues that contribute to core transporter func-
tions such as substrate binding and translocation, PTMs
(section IV), or interactions with intracellular proteins.
These efforts also focused on probing for secondary
structure elements as well as to establish proximity
relationships between TM domains and specific resi-

TABLE 2
The SLC6 neurotransmitter transporters

Transporter Splice Variants Size KM Turnover Rate Substrate-Ion Stoichiometry (Substrate/Na�/Cl�)

amino acids �M s�1

Monoamine transporters
SERT 630 0.2–1.0a 1.0–3.1b 1:1:1:1 K� (out)c

NET 3d 617 0.3–1.4e 1.7–2.5f 1:1:1g

DAT 620 0.3–5.2h 0.7–1.9i 1:2:1j

GABA transporters
GAT1 599 5.0–7.0k 6.0–93l,m 1:2:1n

BGT1o 614 19–120p 22m,q 1:3:(1 or 2)r

GAT2s 602 3.0–8.0t 1.7–3.8m,u 1:2:1v

GAT3w 632 2.3–12x 1.5–16
m,y

1:2:1z

Glycine transporters
GLYT1 5d 706 20–100aa 18–20bb 1:2:1cc

GLYT2 3d 797 25–94dd 20ee 1:3:1cc

a Blakely et al., 1991; Hoffman et al., 1991; Ramamoorthy et al., 1993; Gu et al., 1994; Chang et al., 1996; Kristensen et al., 2004; Andersen et al., 2009b; human, rat,
and mouse SERT.

b Gu et al., 1994; Sucic and Bryan-Lluka, 2002; Quick, 2003; Kristensen et al., 2004; human and rat SERT.
c Talvenheimo et al., 1983; porcine SERT.
d Chen et al., 2004b; NET splice variants differ in the C-terminal region. GLYT1 and GLYT2 splice variants differ in their N- and C-terminal regions.
e Pacholczyk et al., 1991; Gu et al., 1994, 1996c; Galli et al., 1995; Paczkowski et al., 1999; human, rat, and bovine NET.
f Bönisch and Harder, 1986; Galli et al., 1995; Sucic and Bryan-Lluka, 2002; human and rat NET.
g Gu et al., 1996b; human NET.
h Giros et al., 1991, 1992; Kilty et al., 1991; Shimada et al., 1991; Gu et al., 1994, 1996a; human and rat DAT.
i Gu et al., 1994; Meiergerd et al., 1994; Lin et al., 1999; Prasad and Amara, 2001; rat DAT.
j Gu et al., 1994; rat DAT.
k Guastella et al., 1990; Loo et al., 2000; human and rat GAT-1.
l Mager et al., 1993; Deken et al., 2000; Fesce et al., 2002; Gonzales et al., 2007; human and rat GAT1.
m Electrophysiological measurements; highly dependent on temperature and membrane potential.
n Loo et al., 2000; human GAT1.
o Equivalent to mouse GAT2.
p Lopez-Corcuera et al., 1992; Yamauchi et al., 1992; Borden et al., 1995; Matskevitch et al., 1999; human and canine BGT-1 and mouse GAT-2.
q Forlani et al., 2001; canine BGT1.
r Matskevitch et al., 1999; canine BGT1.
s Equivalent to mouse GAT3.
t Borden et al., 1992; Sacher et al., 2002; rat GAT-2 and mouse GAT-3.
u Sacher et al., 2002; mouse GAT3.
v Sacher et al., 2002; mouse GAT3.
w Equivalent to mouse GAT4.
x Borden et al., 1992; Clark et al., 1992; Karakossian et al., 2005; rat GAT-3 and mouse GAT-4.
y Karakossian et al., 2005; mouse GAT4.
z Karakossian et al., 2005; mouse GAT4.
aa Guastella et al., 1992; Liu et al., 1992b; Smith et al., 1992; Kim et al., 1994; Roux and Supplisson, 2000; rat GLYT1.
bb Supplisson and Bergman, 1997; Supplisson and Roux, 2002; rat GLYT1.
cc Roux and Supplisson, 2000; rat GLYT1b and GLYT2a splice variants.
dd Borowsky et al., 1993; Roux and Supplisson, 2000; rat GLYT2.
ee Supplisson and Roux, 2002; rat GLYT2.
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dues. Experimental approaches mainly relied on site-
directed mutagenesis in combination with recombinant
expression of NTTs in heterologous expression systems.
The substituted cysteine accessibility method (SCAM)
(Akabas et al., 1992) in particular has been widely used,
especially for DAT, SERT, and the GABA transporter
GAT1, to probe for residue accessibility and secondary
structure elements in TM and intra- and extracellular
loop regions, as well as to define the functional role of
individual residues for binding of substrate and inhibi-
tors (section III). In SCAM studies, native residues are
systematically replaced by cysteines and selectively de-
rivatized with thiol-modifying agents (Akabas et al.,
1992; Javitch, 1998; Karlin and Akabas, 1998). If the
cysteine side chain is modified by agents only reactive in
a hydrophilic environment, it implies that the residue is
exposed at the water-accessible surface of the protein.
Likewise, hydrophobic agents can be used to probe mem-
brane-embedded or intracellular residues when the
transporter resides in intact cells. SCAM analysis of
entire TM regions and loop regions of SERT provided
early evidence for �-helical structure of putative TM
spanning domains and identified residues important for
binding of substrates and inhibitors (Chen et al., 1997b;
Henry et al., 2003; Keller et al., 2004b; Mitchell et al.,
2004; Sato et al., 2004; Zhang and Rudnick, 2005, 2006).

DAT has also been subject to SCAM analysis, leading
to insights into substrate- and cocaine-induced confor-
mational changes in the transporter, oligomerization
domains, and residues involved in substrate binding
and/or binding of inhibitors such as cocaine (Ferrer and
Javitch, 1998; Chen et al., 2000, 2004a; Loland et al.,
2002, 2003, 2004; Hastrup et al., 2003; Uhl and Lin,
2003; Sen et al., 2005).

SCAM analysis of the GABA and glycine transporters
has been carried out to a lesser extent, although several

key residues for transporter function of GAT1 have been
identified by mutagenesis studies (Kanner et al., 1994;
Keshet et al., 1995; Mager et al., 1996; Bismuth et al.,
1997; MacAulay et al., 2001; Zomot and Kanner, 2003;
Zhou et al., 2004, 2006; Zomot et al., 2005; Rosenberg
and Kanner, 2008; Ben-Yona and Kanner, 2009). For
analysis of proximity relationships between specific res-
idues, the primary approach has been to take advantage
of the structural constraints required for construction of
binding sites for divalent cations in proteins. Engineer-
ing of His and/or Cys residues to generate artificial
binding sites for Zn2� or Cd2� in monoamine and GABA
transporters has been used to establish distances be-
tween specific residues (Loland et al., 1999, 2003; Nor-
regaard et al., 2000, 2003; MacAulay et al., 2001; Gold-
berg et al., 2003; Torres et al., 2003b; Volz and Schenk,
2005; Zomot et al., 2005; Henry et al., 2006b; Kanner,
2006; White et al., 2006; Kanner and Zomot, 2008).
Detailed accounts on the elucidation of NTT topology
and mutational analysis are provided in several reviews
(Povlock and Amara, 1996; Chen and Reith, 2000, 2002;
Lin and Uhl, 2002; Torres et al., 2003b; Uhl and Lin,
2003; Rudnick, 2006; Kanner and Zomot, 2008).

B. Prokaryotic Transporters As Structural Templates
for the Solute Carrier 6 Neurotransmitter Transporters

Attempts to determine the tertiary structures of SLC6
transporters has so far proven unsuccessful, mainly be-
cause of problems in obtaining sufficiently pure and
stable transporter protein in quantities appropriate for
protein crystallization (Tate and Blakely, 1994; Tate,
2001; Tate et al., 2003; Rasmussen and Gether, 2005). A
major step forward has been the identification of pro-
karyotic transporter proteins with remarkable sequence
homology and functional similarities to the SLC6 trans-
porters. In addition to the amino acid transporter LeuT,
these include the tyrosine transporters TnaT (Androut-
sellis-Theotokis et al., 2003; Kniazeff et al., 2005) and
Tyt1 (Quick et al., 2006) as well as multiple unexplored
transporters from prokaryotic organisms, with the ex-
ception of Escherichia coli. Like LeuT, Tyt1, and TnaT
originate from thermophile bacteria and have properties
that allow for generation of stable proteins by heterolo-
gous expression. The first and so far only transporter
among these to be crystallized was LeuT (Yamashita et
al., 2005). LeuT is a Na�-coupled amino acid transporter
with specificity for the hydrophobic amino acids glycine,
alanine, methionine, and leucine (Singh, 2008). The first
LeuT structure was in complex with Leu and of a re-
markably high resolution for a membrane protein X-ray
crystal structure (1.65 Å). The structure provided unam-
biguous insight into central aspects of the structural
biology of SLC6 transporters, including long-sought de-
tails for how SLC6 transporters accommodate substrate
and ions. Subsequently, structures of LeuT have been
solved in complex with different substrates (Singh et al.,
2008) as well as competitive and noncompetitive inhib-

FIG. 3. Membrane topology of SLC6 NTTs and splice variants. The NTTs
contain 12 TM-spanning regions connected by intra- and extracellular loops
with N and C termini located intracellularly. The extracellular loop between
TM3 and TM4 contains sites for N-linked glycosylation. The genes for NET,
GLYT1, and GLYT2 give rise to multiple splice variants. Five GLYT1 splice
variants with variations in the N-terminal (GLYT1a, -1b, and -1c) and
C-terminal (GLYT1d and -1e) and two splice variants of GLYT2 (GLYT2a
and -2b) have been reported (Supplisson and Roux, 2002). For NET, two
splice variants (NET1 and NET2) have been described with variations in the
C-terminal region (Kitayama and Dohi, 2003).
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itors (Singh et al., 2007, 2008; Zhou et al., 2009). It is
noteworthy that these LeuT structures have been estab-
lished as valid templates for molecular modeling of the
mammalian NTTs, and LeuT is emerging as an impor-
tant model protein for biophysical and computational
studies addressing the molecular dynamics underlying
NTT function and pharmacology (Jørgensen et al.,
2007a, 2008; Caplan et al., 2008; Celik et al., 2008a;
Noskov and Roux, 2008; Noskov, 2008; Shi et al., 2008;
Shaikh and Tajkhorshid, 2010; Zhao et al., 2010a,b).

1. Structure of the Leucine Transporter. The X-ray
crystal structure of LeuT showed that the protein ad-
opted a unique fold compared with the few other second-
ary active transporters for which structures were
available, such as the glycerol-3-phosphate/phosphate
antiporter GlpT (Huang et al., 2003) and the proton-
coupled lactose symporter LacY (Abramson et al., 2003).
The structure confirmed many predictions made for
SLC6 transporter architecture by revealing 12 TM re-
gions connected by short intra- and extracellular loops
with intracellular N and C termini (Fig. 4). The pre-
dicted secondary structure of the TM regions was con-
firmed, because all 12 TMs are almost exclusively �-he-
lical, except short unwound segments in TM1 and TM6.
Furthermore, several �-helical elements are also pres-
ent in the intra- and extracellular loops (Fig. 4). The
TMs pack as an intertwined helical bundle into a cylin-
drical shape that can be divided into an interior and
outer part (Fig. 4). The inner ring is formed almost
exclusively by TM1, TM3, TM6, and TM8 and holds a
central substrate binding site (S1) in which the sub-
strate (Leu) and two Na� ions are accommodated
(Figs. 4 and 5). In all substrate-bound LeuT structures,
this central substrate binding pocket is occluded from
both the external and internal medium (Yamashita et
al., 2005; Singh et al., 2007, 2008; Zhou et al., 2007,

2009; Quick et al., 2009). Access to the S1 binding pocket
from the extracellular medium is blocked by an interac-
tion network formed between side chains from TM1,
TM3, TM6, and TM10 (Fig. 5). The aromatic side chains
of Tyr108 on TM3 and Phe253 on TM6 form a hydropho-
bic lid across the top of the pocket (Figs. 5B and 8C). Just
above this external “lid,” the guanidium group of Arg30
on TM1 interacts via a pair of water molecules with the
carboxylate group of Asp404 on TM10 (Fig. 5). In later
structures of LeuT in complex with the noncompetitive
inhibitor Trp, a direct interaction between the �-sub-
stituents of the inhibitor and the side chains of Arg30
and Asp404 is observed, an observation that is poten-
tially significant for the mechanism of noncompetitive
inhibition in LeuT (Singh et al., 2007; Zhou et al., 2007,
2009) (section III). Access from the substrate binding
pocket toward the intracellular medium is blocked by a
much larger protein layer containing a network of inter-
actions formed mainly by tight packing of the intracel-
lular halves of TM1, TM6 and TM8 (Yamashita et al.,
2005; Singh et al., 2007, 2008; Zhou et al., 2007, 2009),
resulting in a layer of �20-Å ordered protein structure
being situated directly beneath the substrate binding
pocket. This structure seems to be stabilized mainly by
an interaction network formed between Arg5, Asp369,
Ser267, and Tyr268 (Fig. 8D). Adjacent to these residues
is Trp8, which has also been suggested to stabilize the
substructure. Together, these regions prevent access to
the central pocket and are proposed to constitute the
gating regions in LeuT; e.g., they act as external and
internal gates toward the extra- or intracellular medium
by undergoing structural rearrangement as the protein
shuttle through a series of conformational states during
the substrate translocation mechanism (Yamashita et
al., 2005; Kanner, 2008; Singh, 2008) (section III). This
crucial role is supported by the observation that all

FIG. 4. X-ray crystal structure and topology of LeuT, a bacterial homolog of SLC6 NTTs. A, structure of LeuT in the substrate-bound, outward-
facing occluded conformation (Protein Data Bank ID 2A65). The substrate binding site is located at the core of the transporter, and the substrate and
two Na� ions are shown as van der Waals spheres in yellow and purple, respectively. B, topology of LeuT with the inner ring (TM1, TM3, TM6, and
TM8) that forms the substrate binding site shown in blue. The red triangles highlight the 5 � 5 inverted repeats, formed by TMs 1 to 5 and TMs 6
to 10, that are related by an apparent two-fold symmetry. C, structure of LeuT with the TM domains that form the inner ring highlighted in blue seen
from the side (left; TM10 is omitted for clarity) and the top (right; EL1 and EL4 are omitted for clarity).
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residues participating in the two networks are strictly
conserved across the SLC6 NTTs except for Asp404,
which is substituted by a glutamate residue in SERT
(Beuming et al., 2006), indicating important roles for
both networks for the function of LeuT and the SLC6
NTTs. A notable feature of the “occluded” substrate-
bound structures is the presence of an extracellular
pathway, which leads from the occluded binding pocket
to the extracellular surface of LeuT (Fig. 5), whereas a
similar pathway leading from the substrate binding site
toward the intracellular medium is less obvious.

Although the overall LeuT structure is asymmetric,
two similar structural motifs are found to be arranged
by a pseudosymmetric inverted-repeat architecture: a
five-helix bundle, containing TM1 to TM5, forms a V-
shaped structural motif that is related by an apparent
2-fold rotational symmetry around an axis through the
center of the membrane plane to a similar motif formed
by TM6 to TM10 (Yamashita et al., 2005) (Fig. 4). The
fold of this structural motif, denoted the “5 � 5 inverted
repeat” fold, has subsequently been identified in several
structures of secondary active transporters from pro-
karyotes, belonging to transporter families with no se-
quence relationship to LeuT or other SLC6 transporters

and thus were not expected to be structurally or mech-
anistically related (Forrest and Rudnick, 2009; for re-
view, see Abramson and Wright, 2009). These structur-
ally related transporters include three Na�-coupled
symporters for galactose (vSGLT; Faham et al., 2008),
benzylhydantoin (Mhp1; Weyand et al., 2008), and be-
taine (BetP, Ressl et al., 2009), the arginine-agmatine
antiporter AdiC (Gao et al., 2009, 2010) as well as the
proton-coupled amino acid symporter ApcT (Shaffer et
al., 2009) and the Na�-independent carnitine-butyro-
betaine antiporter CaiT (Schulze et al., 2010). Conse-
quently, the 5 � 5 inverted repeat fold first observed in
LeuT is emerging as the structural hallmark of a large
family of secondary active transporters that potentially
operate via a conserved structural mechanisms
(Lolkema and Slotboom, 2008; Forrest and Rudnick,
2009; Krishnamurthy et al., 2009; for review, see
Abramson and Wright, 2009) (section II.C).

2. Binding Pockets in the Leucine Transporter and
Solute Carrier 6 Neurotransmitter Transporters. If suf-
ficient sequence conservation is present, structures of
bacterial proteins are often excellent templates for con-
struction of three-dimensional structural models of ho-
mologous mammalian proteins. LeuT and the SLC6

FIG. 5. Cross-sectional illustration of LeuT in an outward-facing occluded conformation. A, leucine is located in the substrate binding site in the
core of the transporter and shown as van der Waals spheres in yellow. The extracellular and intracellular gating regions are highlighted with dashed
lines, and the water-accessible pathway from the extracellular space to the substrate binding site is denoted with an orange arrow. B, close-up view
of the S1 and S2 regions. The inner ring TM domains (TM1, TM3, TM6, and TM8), in addition to TM10, which lines the extracellular vestibule, are
shown. The extracellular gate, formed by a water-mediated salt bridge between Arg30 and Asp404 in addition to the two aromatic residues Tyr108
and Phe253, separate the substrate binding site from the extracellular vestibule. Figures constructed on basis of the crystal structure of LeuT in
complex with leucine (Protein Data Bank ID 2A65).
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NTTs share a remarkably high sequence similarity (55–
67%) in the regions that are thought to constitute the
core transport machinery, especially within the four-

helix bundle, which house the central substrate binding
site (S1) as well as the Na� binding sites (Yamashita et
al., 2005; Beuming et al., 2006) (Fig. 6). Therefore, the

FIG. 6. Substrate binding pocket in LeuT and SLC6 NTTs. A, cross-sectional view of the substrate binding site in LeuT (Protein Data Bank ID
2A65), DAT (Beuming et al., 2008), GAT1 (Skovstrup et al., 2010), and GLYT1 (Beuming et al., 2006). TM domains that form the substrate binding
site (TM1, TM3, TM6, and TM8) are shown as blue helices, Na� ions as purple spheres, residue side chains as gray stick representations, and the
substrates in yellow ball-and-stick representation. SLC6 residues conserved in LeuT are indicated in green. B, alignment of amino acid sequences of
the inner ring helices (TM1, TM3, TM6, and TM8) of LeuT and human SLC6 NTTs: SERT (P31645), DAT (Q01959), NET (P23975), GAT1 (P30531),
BGT1 (P48065), GAT2 (Q9NSD5), GAT3 (P48066), GLYT1 (GLYT1c isoform; P48067-1), and GLYT2 (Q9Y345) (UniProt-SwissProt human accession
numbers are given in parentheses). Stars indicate the positions involved in substrate binding in LeuT (Yamashita et al., 2005); green and red indicate
whether LeuT residue is conserved or nonconserved, respectively, in human NTTs.

THE SLC6 NEUROTRANSMITTER TRANSPORTERS 595

 by guest on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://www.pdb.org/pdb/explore/explore.do?structureId=2A65
http://pharmrev.aspetjournals.org/


LeuT structures were predicted to provide a solid basis
for construction of homology models for NTTs (Ya-
mashita et al., 2005; Beuming et al., 2006; Henry et al.,
2006b; Rudnick, 2006), which has not previously been
possible because of the lack of appropriate template
structures (Ravna and Edvardsen, 2001; Ravna et al.,
2003; Pratuangdejkul et al., 2008). Accordingly, LeuT-
based homology modeling is emerging as a valuable tool
in studies of the NTT members, both in purely compu-
tational studies (Ravna et al., 2006; Huang and Zhan,
2007; Jørgensen et al., 2007a,b; Indarte et al., 2008;
Xhaard et al., 2008; Kardos et al., 2010; Wein and Wan-
ner, 2010) and as a complementary tool in functional
studies (Dodd and Christie, 2007; Forrest et al., 2007,
2008; Paczkowski et al., 2007; Vandenberg et al., 2007;
Zomot et al., 2007; Beuming et al., 2008; Celik et al.,
2008b; Kniazeff et al., 2008; Andersen et al., 2009b,
2010; Kaufmann et al., 2009; Tavoulari et al., 2009;
Field et al., 2010; Koldsø et al., 2010; Sinning et al.,
2010) (section III). Modeling of DAT and SERT have so
far received the most attention, which probably reflects
the important role of these transporters as drug targets
and results in generation of several three-dimensional
models of human DAT (Beuming et al., 2006, 2008;
Ravna, 2006; Indarte et al., 2008) and human SERT
(Ravna et al., 2006; Forrest et al., 2007; Jørgensen et al.,
2007a,b; Celik et al., 2008b; Forrest et al., 2008). How-
ever, models of NET (Paczkowski et al., 2007; Xhaard et
al., 2008), GABA (Meinild et al., 2009; Kardos et al.,
2010; Skovstrup et al., 2010; Wein and Wanner, 2010),
and glycine transporters (Beuming et al., 2006; Eding-
ton et al., 2009) have also been generated. In general,
the high degree of sequence similarity observed between
the core region of LeuT and the SLC6 NTTs produce
models with very similar overall structure of the inner
and outer ring regions. In contrast, the intra- and extra-
cellular loop regions are deviating more between the
SLC6 NTTs and LeuT and are therefore more difficult to
align with the LeuT template and confined with higher
inaccuracy in the models (Beuming et al., 2006). Fur-
thermore, the N- and C-termini of LeuT are much
shorter and have no sequence similarity to the corre-
sponding regions in the SLC6 NTTs counterparts (sec-
tion V) (Fig. 10), thus these cannot be modeled.

3. The S1 Binding Site in the Central Binding
Pocket. In all substrate-bound LeuT structures re-
ported so far, a single substrate molecule is accommo-
dated in a common binding site, designated S1, that is
located in the central cavity of the inner TM ring (Fig. 4).
The conformations adapted by LeuT in these substrate-
bound structures are highly similar and thought to rep-
resent the transporter in an “outward-facing occluded”
conformational state occurring early in the translocation
process. Here, the substrate and ions have triggered a
conformational change that has closed access to the
pocket from the external medium (section II.C). The S1
pocket surface is lined by polar, aromatic, and aliphatic

amino acid side chains all four TMs (TM1, TM3, TM6,
and TM8) surrounding the binding site, in addition to
backbone amide groups from the unwound regions of
TM1 and TM6 (Yamashita et al., 2005; Singh et al.,
2008) (Fig. 6). The S1 pocket can be divided into two
regions: a polar region formed exclusively by the un-
wound regions of TM1 and TM6 that accommodates the
�-amino and �-carboxylate groups of the amino acid
substrates, and a hydrophobic pocket formed by ali-
phatic side chains from TM1, TM3, and TM6 accommo-
dating the hydrophobic substrate side chains (Ya-
mashita et al., 2005; Singh et al., 2008) (Fig. 6). Within
the polar region, the �-substituents of the substrate
form hydrogen bonds with exposed backbone amide
groups of TM1 and TM6. In addition to providing hydro-
gen-bonding partners for the substrate within the back-
bone, the helical breaks have been suggested to allow
the substrate to interact directly with the ends of the
helical segments, thus maximizing �-helical dipole mo-
ments (Yamashita et al., 2005). The �-amino group of
the substrates interacts with backbone carbonyls from
Ala22 in TM1, Phe253 and Thr254 in TM6, and with a
side-chain hydroxyl from Ser256 in TM6 (Fig. 6). The
�-carboxyl group of the substrate interacts with one of
the two Na� and backbone amide nitrogen from Leu25
and Gly26 in TM1, and a phenolic hydroxyl moiety from
Tyr108 in TM3 (Yamashita et al., 2005). The hydropho-
bic region accommodating the aliphatic substrate side
chain is formed by the side chains of Val104 and Tyr108
in TM3, Phe253, Ser256 and Phe259 in TM6, and Ser355
and Ile359 in TM8 (Fig. 6). As will be discussed, this
region is a major determinant for substrate specificity of
the SLC6 NTT binding pockets. It is noteworthy that
Tyr108 and Phe253 are part of the predicted extracellu-
lar gate that separates the substrate from the extracel-
lular vestibule as their aromatic side chain moieties
align to form a barrier across at the top of the pocket
(Figs. 5, 6, and 8C) (Singh, 2008).

4. The S2 Binding Site in the Extracellular Vesti-
bule. It has been suggested that the extracellular path-
way (often referred to as the extracellular vestibule) that
forms the solvent-accessible path from the extracellular
medium toward the S1 site harbors a second substrate
binding site in LeuT, designated the S2 site (Shi et al.,
2008). The S2 site is located at the bottom of the extra-
cellular vestibule, separated from the S1 site by the
extracellular gate (Figs. 5 and 9). Substrate binding to
the S2 site was first suggested by Shi et al. (2008), who
used molecular dynamics (MD) simulations in combina-
tion with biochemical experiments on reconstituted
LeuT to propose that occupation of the S2 site is re-
quired to trigger conformational changes that releases
substrate from the S1 to intracellular side. Although the
S2 site has not been found to occupy substrates in any
structure of LeuT crystallized in presence of substrates,
other structures of LeuT crystallized in presence of cer-
tain LeuT inhibitors or detergents have found that these
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bind in the S2 site (Zhou et al., 2007, 2009; Singh et al.,
2008; Quick et al., 2009), hereby preventing conforma-
tional changes necessary for substrate translocation
(Singh et al., 2007; Quick et al., 2009; Zhou et al., 2009),
a mechanism that might be relevant for the mechanism
of action of SLC6 NTT inhibitors (Zhou et al., 2007,
2009) (section III.B).

5. Structural Basis for Substrate Recognition in Mam-
malian Neurotransmitter Transporters. Although the
overall amino acid identity between mammalian NTT
transporters and LeuT is 20 to 25%, the TM regions
forming the S1 binding site are much more conserved
with 55 to 67% sequence similarity (Fig. 6). Moreover, 7
of the 11 residues in LeuT that have direct interactions
with the substrate are conserved across all nine mam-
malian NTTs (Fig. 6). This strongly indicates that the S1
site is structurally conserved between LeuT and SLC6
NTTs, consistent with a large body of experimental ev-
idence that have identified S1 residues to control sub-
strate affinity in the SLC6 NTTs (Beuming et al., 2006;
Rudnick, 2006; Henry et al., 2007; Kanner and Zomot,
2008).

6. Structure of the S1 Pocket in Neurotransmitter
Transporters and Implications for Substrate Selectiv-
ity. For the monoamine transporters, docking 5-HT
and dopamine into models of the S1 site in SERT and
DAT, respectively, have obtained strikingly similar
poses of the substrates (Huang and Zhan, 2007; Beum-
ing et al., 2008; Celik et al., 2008b; Indarte et al., 2008).
The aromatic moieties of the substrates are accommo-
dated in a hydrophobic region of the pocket, formed by
hydrophobic and aliphatic residues in TM1, TM3, and
TM6 (Fig. 6), whereas the alkylamine side chains of
5-HT and dopamine both occupy a region equivalent to
the polar region in LeuT that accommodates the sub-
strate �-carboxyl group (Fig. 6). An important feature in
this region of SERT, DAT, and NET is the presence of an
Asp residue close to the TM1 helical break at a position
where all other NTTs contain a Gly residue (Fig. 6). The
acidic side chain in this position is strictly required for
the function of the monoamine NTTs (Kitayama et al.,
1992; Barker et al., 1999; Celik et al., 2008b; Andersen
et al., 2009b), leading to the early suggestion that this
residue is involved in a critical interaction with the
monoamine substrate, possibly by a direct interaction
with the amino group of the substrate (Kitayama et al.,
1992; Barker et al., 1999). This idea is supported by
recent models of monoamine substrates docked into
LeuT-based homology models of DAT (Beuming et al.,
2008) and SERT (Celik et al., 2008b; Kaufmann et al.,
2009) as well as mutational studies of SERT showing
that the loss of affinity observed when shortening the
alkyl-amine side chain of 5-HT derivatives by one meth-
ylene can be compensated for by extending the amino
acid side chain by one methylene via an Asp-to-Glu
mutation in this position (Barker et al., 1999; Celik et
al., 2008b). Moreover, as the monoamine substrates lack

a negatively charged carboxylate group, the unique pres-
ence of an Asp residue in this position in the monoamine
transporters is believed to compensate for the inability
of the monoamine substrates to coordinate with one of
the Na�-ions (section II.B). Sequence analysis show that
the polar S1 region in LeuT accommodating the �-amino
and �-carboxyl groups of the amino acid substrates are
highly conserved in both GLYT1 and GLYT2 transport-
ers, indicating a conserved binding mode of this sub-
strate moiety (Beuming et al., 2006). By contrast, the
residues forming the hydrophobic pocket surrounding
the substrate side chains in LeuT are substituted with
residues of larger size or different shape in GLYT1 and
GLYT2 (Fig. 6). Hereby, the volume of the S1 pocket is
reduced, so that only amino acids with no or small side
chains such as Gly and Ala can be accommodated in the
glycine transporters. In contrast, the equivalent posi-
tions in the S1 site in SERT, DAT, and NET contain
amino acids with smaller-sized side chains in accordance
with accommodation of larger substrates (Figure 6)
(Pratuangdejkul et al., 2005; Celik et al., 2008b).

For the GABA transporters, several recent studies
have employed LeuT-based homology modeling and li-
gand docking to generate models of the potential binding
mode of GABA and other ligands in the S1 site (Kardos
et al., 2010; Skovstrup et al., 2010; Wein and Wanner,
2010). The models display very similar orientations of
GABA in the S1 site and show that the GABA trans-
porter displays the highest degree of similarity with
LeuT in terms of the substrate binding mode. Accord-
ingly, when GABA is docked into models of GAT1,
GAT2, and GAT3, the substrate is predicted to adopt an
extended conformation, where the �-carboxyl group of
GABA is accommodated equivalent to the �-carboxyl
groups of the amino acid substrates in LeuT. The amino
propyl chain of GABA is accommodated similarly to the
alkyl side chain of Leu in LeuT, with formation of direct
hydrogen bonds between the �-amino group of GABA
and the side chains of Tyr60, Ser396, Thr400, and the
backbone carbonyl groups of Tyr60 and Ser396 (human
GAT1 numbering) (Kardos et al., 2010; Skovstrup et al.,
2010; Wein and Wanner, 2010) (Fig. 6). It has been
suggested that GABA can assume a “cyclic” conforma-
tion in the binding pocket where the �-amino group of
GABA form an intermolecular interaction with the
�-carboxyl group (Kanner and Zomot, 2008). This was
recently supported by MD simulations of GABA binding
in GAT1, although the majority of GABA-GAT1 interac-
tions were conserved after rearrangement of the GABA
molecule into a “cyclic” binding conformation (Skovstrup
et al., 2010; Wein and Wanner, 2010).

7. Ion Binding Sites. A fundamental feature of all
SLC6 transporters is the cotransport of Na� ions with
the substrate molecule. Because Na� is transported
along the electrochemical gradient, this provides the
energy required for the thermodynamically unfavorable
transport of substrates. In addition, binding and, in
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some cases, cotransport of Cl�, K�, and H� ions is nec-
essary for the function of most SLC6 transporters (Fig.
2; Table 2). Considering these similarities among the
NTTs, there seem to be surprisingly large differences in
terms of the transport stoichiometry between substrate
and Na� and Cl�. Even among the individual members
of the monoamine, GABA, and glycine transporter sub-
classes, different ionic stoichiometries are observed (Fig.
2; Table 2). For example, the monoamine transporters
DAT and NET are believed to translocate one substrate
molecule with two Na� and one Cl�, whereas SERT
translocate 5-HT with one Na� and one Cl�, whereas
performing antiport of one K� and maybe H� (Keyes
and Rudnick, 1982; Talvenheimo et al., 1983; Gu et al.,
1994, 1996b; Quick, 2003). Similar differences are also
observed among GABA transporters with variation in
the number of Na� and Cl� translocated per substrate
molecule (Keynan and Kanner, 1988; Kavanaugh et al.,
1992), whereas GLYT1 and GLYT2 cotransport glycine
with two and three Na�, respectively, as well as one Cl�

(López-Corcuera et al., 1998; Roux and Supplisson,
2000; Supplisson and Roux, 2002). Essentially, all
knowledge on the structural basis for ion binding to the
NTTs has been provided by studies starting from LeuT
structures, because previous mutagenesis studies had
identified only a few residues that seemed involved in
ion dependence and selectivity (Keshet et al., 1995; Ma-
ger et al., 1996; Penado et al., 1998; Ponce et al., 2000;
Kristensen et al., 2004).

a. Na� binding sites. In all LeuT structures, two
distinct sites in the S1 pocket are unambiguously being
occupied by a Na� ion, designated Na1 and Na2 (Ya-
mashita et al., 2005; Zhou et al., 2007, 2009; Singh et al.,
2008). Both Na� binding sites are believed to have a key
role in stabilizing in particular the unwound structures of
TM1 and TM6, in the presence of substrate (Figs. 6 and 7).
Furthermore, the Na� ion located in Na1 interacts di-
rectly with the substrate �-carboxyl group, thereby pro-
viding a potential structural basis for the coupled Na�

and substrate translocation. Figure 7 compares the
LeuT residues that form the Na1 and Na2 sites with the
corresponding residues in the mammalian NTTs. In the
Na1 and Na2 sites, Na� is coordinated by five and eight
backbone carbonyls or side-chain oxygens, respectively
(Fig. 7). The residues forming the Na1 site are highly
conserved across all SLC6 NTT members, strongly indi-
cating that an equivalent site is present in these trans-
porters (Rudnick, 2006; Singh, 2008; Gouaux, 2009). The
only major difference among these residues is found in
the monoamine transporters, which contain an Asp in
the position equivalent to Gly24 in LeuT. Homology
models of SERT (Henry et al., 2006b; Ravna et al., 2006;
Celik et al., 2008b; Forrest et al., 2008; Andersen et al.,
2009b) and DAT (Huang and Zhan, 2007; Beuming et
al., 2008; Jin et al., 2008b) suggest that the �-carboxyl
group of Asp compensates for the inability of the mono-
amine substrates to interact with Na� in the Na1 site

because these lack a negatively charged carboxyl group,
in contrast to GABA and glycine as mentioned previ-
ously (Figs. 5 and 7). This is supported by the observa-
tion that mutation of this Asp residue in all monoamine
transporters has detrimental effects on transport func-
tion (Kitayama et al., 1992; Barker et al., 1999; Henry et
al., 2003; Celik et al., 2008b; Andersen et al., 2010). Of
the five residues that coordinate Na2 in LeuT, one is
identical and three are highly similar to the equivalent
residues in the majority of NTTs (Fig. 7). The single
nonconserved residue is a Thr in LeuT and an Asp in the

FIG. 7. Ion-binding site in LeuT and SLC6 NTTs. Na� and putative
Cl� binding sites in LeuT (Protein Data Bank ID 2A65), GAT1 (Skovstrup
et al., 2010), and SERT (Celik et al., 2008b). Na� and Cl� ions are shown
as purple and green spheres, respectively, and the substrate is shown as
yellow stick-and-ball representation. Putative direct interactions be-
tween ions and specific residues are indicated. In contrast to SLC6
transporters, LeuT is Cl�-independent. The Cl� binding site in SLC6
transporters has been suggested to be located at a site equivalent to
negatively charged carboxylate group (highlighted with red mesh) of
Glu290 in LeuT (Forrest et al., 2007; Zomot et al., 2007). Similar to
leucine, GABA and glycine are believed to coordinate Na1 directly
through the �-carboxylate group. In the monoamine transporters, an Asp
residue located in close proximity to the Na1 has been suggested
to compensate for the lacking carboxylate group in monoamine
neurotransmitters.
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NTTs, except for GLYT1, where it is a Gly. Assuming
that the Asp �-carboxyl group could coordinate Na�

similar to the �-hydroxy group in Thr present in LeuT, it
is feasible that the Na2 site is also conserved in all SLC6
NTTs, even for those that only translocate one Na� with
the substrate (Rudnick, 2006; Singh, 2008). Although
Na� binding sites similar to Na1 and Na2 exist in the
mammalian NTTs, the precise role of occupation of these
sites by Na� for substrate binding and translocation
remains largely unknown, partly because of a lack of
functional data addressing the role of each site in the
individual NTT members. For example, it has been sug-
gested that NTTs translocating one Na� (SERT and
NET) uses only the Na1 site, whereas the transporters
that translocate at least two Na� per substrate also use
the Na2 site (Rudnick, 2006; Singh, 2008).

b. Cl� binding site. The majority of mammalian
SLC6 transporters, including all nine members of the
NTT subfamily are functionally dependent on extracel-
lular Cl�. In contrast, the function of prokaryotic SLC6
homologs, including LeuT, is Cl�-independent (Zomot et
al., 2007; Kanner and Zomot, 2008; Kanner, 2008; Zhao
et al., 2010a). Still, the LeuT structure played an impor-
tant role for the recent identification of the location of
Cl� binding sites in the mammalian NTTs (Fig. 7). In
two independent studies (Forrest et al., 2007; Zomot et
al., 2007), sequence analysis of mammalian SLC6 trans-
porters and Cl�-independent prokaryotic transporters
provided hints that eventually lead to identification of
Glu290 in TM7 of LeuT as a candidate position for the
Cl� binding site in mammalian transporters. It is note-
worthy that the negatively charged residue is conserved
in the prokaryotic transporters but not in the mamma-
lian transporters (Forrest et al., 2007; Zomot et al.,
2007). Structural analysis of LeuT-based homology mod-
els of GAT1 and SERT with Cl� docked into the equiv-
alent position of Glu290 in LeuT showed that this could
accommodate Cl� by coordination to the amide group of
Gln291 and the hydroxyl groups of Ser331, Ser295, and
Tyr86 (human GAT1 numbering; Fig. 7). Accommodated
at this site, Cl� is close to Na� in the Na1 site, thus
supporting the idea that Cl� is translocated along with
Na� and substrate during transport (Rudnick and
Clark, 1993). The essential role of Cl� in the site for
transport was further supported by the observation of
Cl�-independent transport in GAT1, GAT3, and DAT
upon introduction of a Glu or Asp residue to mimic the
negative charge provided by Cl� at this site (Zomot et
al., 2007). Furthermore, by manipulation of the intracel-
lular pH to neutralize the negative charge of the intro-
duced acidic side chain resulted in potentiation of trans-
porter turnover in the GAT1 mutant (observed as an
increase in transport Vmax), leading to the proposal that
the role of Cl� cotransport is to supply a negative charge
that is critical for the translocation of substrate, but not
for the return step (Kanner and Zomot, 2008). However,
a recent study using patch-clamp electrophysiological

measurements of currents associated with conforma-
tional changes in DAT to study the kinetics of the trans-
port mechanism found that increasing intracellular Cl�

concentration, thus saturating DAT with Cl� during the
return step, facilitated transporter turnover, suggesting
a variable functional role of Cl� among the SCL6 NTTs,
which highlights the presently poorly understood role of
Cl� for the transport function (Erreger et al., 2008).

C. Structural Mechanism of Alternating
Access Transport

Early conceptual models for a transport mechanism
for secondary active transporters was put forward by
Peter Mitchell and Walther Wilbrandt in the late 1950s;
they proposed that these transporters are allosteric pro-
teins that mediate substrate translocation by alternat-
ing between at least two conformations in which a sub-
strate binding site is accessible to either the external or
internal medium (Mitchell, 1957; Wilbrandt and Rosen-
berg, 1961). Later this model was refined by Oleg Jar-
detzky and has become widely accepted as the “alternat-
ing access” mechanism (Jardetzky, 1966; Mitchell,
1990). The model implies that transporters are capable
of sealing off access to a compartment holding the sub-
strate binding site by transient formation of imperme-
able barriers between the compartment and either side
of the membrane (Fig. 8), likely by sequential or con-
certed structural rearrangement of substructures that
act as physical “gates” for extra- or intracellular access
to the binding pocket. For ion-coupled transporters such
as the SLC6 NTTs, the conformational equilibrium be-
tween “inward”- and “outward”-facing states is deter-
mined by binding of ions and substrate. Although other
models for SLC6 NTT transport have been proposed
(Lester et al., 1996; DeFelice et al., 2001; Adams and
DeFelice, 2003), the alternating access model form the
groundwork for the majority of current efforts directed
toward establishing the structural mechanisms of trans-
port in the SLC6 NTTs.

Before the LeuT structure, several studies had iden-
tified numerous residues in extra- and intracellular
loops and TM regions to undergo rearrangement during
transport (Chen et al., 1997a, 2000; Stephan et al., 1997;
Norregaard et al., 1998; Loland et al., 1999, 2004;
Smicun et al., 1999; Androutsellis-Theotokis et al., 2001;
López-Corcuera et al., 2001; Ni et al., 2001; Androut-
sellis-Theotokis and Rudnick, 2002; Zomot and Kanner,
2003; Zhou et al., 2004). This topic is also excellently
reviewed by Chen and Reith (2000), Goldberg et al.,
(2003), Loland et al. (2003), and Torres et al. (2003b).
However, the absence of reliable transporter models im-
peded translation of these findings into mechanistic
models (Rudnick, 2006). The increasing number of struc-
tures of prokaryotic transporters sharing the LeuT 5 � 5
inverted repeat fold is emerging as a very useful plat-
form for elucidating the structural basis for NTT trans-
port. Specifically, these structures provide “snapshots”
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of different transporter conformations, captured along
what seems to be a transport cycle consistent with an
alternating access mechanism (Fig. 8). The conception
that transporters sharing the 5 � 5 internal repeat fold
also share a general transport mechanism allows the use
of these as templates for development of models of the
molecular events underlying transport in the SLC6
NTTs (Abramson and Wright, 2009; Forrest and Rud-
nick, 2009; Gouaux, 2009; Krishnamurthy et al., 2009).
Moreover, the use of prokaryotic transporters as model
proteins in biophysical, computational, and biochemical
studies is emerging as a powerful approach to study the
dynamics of the proteins (Forrest et al., 2007, 2008;
Kniazeff et al., 2008; Zhao et al., 2010a,b). In the follow-
ing section, we summarize how these recent advances

are shaping current models of the SLC6 NTT transport
mechanism.

1. Structures of Prokaryotic Transporters in Various
Conformational States. The classic alternating access
model implies that the transporter protein shuttle
through at least three principal conformational states
during the transport cycle: 1) the outward-facing confor-
mation, where the substrate binding pocket is accessible
to the extracellular medium; 2) the occluded conforma-
tion, where access to the pocket is blocked from either
side; and 3) inward-facing, where the pocket is open to
the intracellular medium. As a close SLC6 homolog,
LeuT remains the best representative structural tem-
plate for studying putative SLC6 NTT conformations;
however, the available LeuT structures represent only

FIG. 8. Alternating access mechanism and gating regions. A, schematic representation of the conformational states the transporters have to shuttle
between to move substrate from the extracellular space to the cytoplasm. B, cross-sectional illustrations of transporters with a 5 � 5 internal repeat
motif crystallized in distinct conformations corresponding to different states in the alternating access mechanism. Left, LeuT in a competitive inhibitor
bound outward-facing open conformation (Protein Data Bank ID 3F3A). Middle, LeuT in a substrate bound outward-facing occluded conformation
(Protein Data Bank ID 2A65). Right, vSGLT in a substrate bound inward-facing open conformation (Protein Data Bank ID 3DH4). C, close-up view
of the external gate in LeuT in the outward facing occluded conformation (Protein Data Bank ID 2A65). The external gate is formed by a water
mediated salt-bridge between Arg30 and Asp404 and the aromatic lid, formed by Tyr108 and Phe253. The substrate is shown as van der Waals spheres
in yellow. D, close-up view of the internal gate in LeuT (Protein Data Bank ID 2A65) formed by an ionic network among Arg5, Ser267, Tyr268, and
Asp369.
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outward-facing or outward-facing occluded conforma-
tions, whereas no inward-facing conformation is avail-
able. Nonetheless, some of the non-SLC6 transporters
sharing the 5 � 5 inverted repeat fold have been crys-
tallized in both occluded and inward-facing conforma-
tions (Fig. 8), thus offering alternative templates for
modeling of SLC6 NTTs in the occluded and inward-
facing conformations. These include structures of the
sodium-benzylhydantoin symporter Mhp1 in occluded,
outward-facing, and inward-facing conformation (Wey-
and et al., 2008; Shimamura et al., 2010), the arginine-
agmatine symporter AdiC in occluded and outward-fac-
ing conformation (Fang et al., 2009; Gao et al., 2009,
2010), and an occluded structure of the sodium-betaine
symporter BetP (Ressl et al., 2009). Furthermore, in-
ward-facing structures are available for the sodium-ga-
lactose symporter vSGLT in the occluded (Faham et al.,
2008) as well as the open form (Watanabe et al., 2010),
the H�-coupled amino acid symporter ApcT (Shaffer et
al., 2009), and the carnitine-butyrobetaine antiporter
CaiT (Schulze et al., 2010). It is noteworthy that virtu-
ally all of the key structural features of the transporter
core formed by the 5 � 5 motif are conserved across
these transporter structures (Abramson and Wright,
2009; Forrest and Rudnick, 2009; Krishnamurthy et al.,
2009). Specifically, the architecture and the apparent
structural role of the 10 TM helices in the 5 � 5 motif are
found to be strictly maintained in these seven prokary-
otic transporters, including location of substrate and ion
binding pockets. This remarkable structural homology
among seven different transporters from five unrelated
transporter families has led to the general proposal that
the core structure operates by a highly conserved mech-
anism, in which movements of the individual parts are
determined by common molecular principles. It seems
likely that this is applicable to all members of this
emerging transporter superfamily, including the NTT
members of the SCL6 family (Singh, 2008; Weyand et
al., 2008; Forrest and Rudnick, 2009; Krishnamurthy et
al., 2009).

2. Models of Alternating Access Transport. Struc-
tural analysis of the prokaryotic transporter structures
has led to construction of several models for the struc-
tural mechanism of alternating access transport by
members of the 5 � 5 inverted repeat superfamily. The
initial step involves binding of substrate and ions to an
outward-open apo state in which the S1 site is accessible
through an open extracellular permeation pathway (Fig.
8). Representative conformations for this state are pro-
vided by structures of LeuT bound with a competitive
inhibitor (Singh et al., 2008) and of substrate-free Mhp1
(Weyand et al., 2008) and AdiC (Fang et al., 2009; Gao et
al., 2009). Occupation of the S1 site triggers transition
into the outward-occluded state where the substrate is
trapped in S1 site, exemplified by structures of sub-
strate-bound LeuT (Yamashita et al., 2005; Singh et al.,
2008), Mhp1 (Weyand et al., 2008), and AdiC (Gao et al.,

2010) (Fig. 8). Comparative analysis of the outward-
open and outward-occluded structures show that the
occlusion is achieved mainly by rearrangement of the
extracellular parts of the TM regions that contribute to
formation of the extracellular pathway [i.e., inner ring
helices TM1, TM3, TM6, and TM8 as well as TM2 and
TM10 from the outer ring (LeuT numbering)]. This is
achieved either by formation of interaction networks
between side chains across the extracellular pathway
that act as an extracellular gate (as observed for LeuT,
vSGLT, and AdiC) or by steric occlusion of the extracel-
lular pathway (as observed for Mhp1 and BetP). In con-
trast, the subsequent transitions leading to the inward-
facing states seem, not surprisingly, to require far more
substantial conformational changes. Comparison of the
inward- and outward-facing structures show that the
extracellular pathway retained in the outward-facing
occluded structures have collapsed into a compact layer,
whereas a pathway that exposes the S1 site to intracel-
lular side has formed between the intracellular halves of
TM1, TM6, and TM8 of the inner ring (LeuT numbering)
as observed for the inward-facing structures of ApcT,
Mhp1, and vSGLT (Faham et al., 2008; Shaffer et al.,
2009; Shimamura et al., 2010). After the transition into
the inward-facing conformation, ions and the substrate
are then released from the S1 site by diffusion through
the intracellular pathway.

Several proposals have been made for the principal
movements of individual elements in the transporter
core during the outward-to-inward transition. Major dis-
crepancies in these models include the type of motions of
the inner ring TM1 and TM6 helices. In one model, the
unwound segments in the middle of TM1 and TM6 act as
flexible “hinges” around which the extra- and intracel-
lular halves of TM1 and TM6 can move independently in
sequential transitions to open and close the intra- and
extracellular pathways (Yamashita et al., 2005; Singh et
al., 2008; Krishnamurthy et al., 2009). In contrast, For-
rest et al. (2008) and Forrest and Rudnick (2009) have
proposed that the helical bundle formed by TM1 and
TM6 together with TM2 and TM7 constitutes a rigid
body that by a single “rocking” motion can account for
the transition between the outward- and inward-facing
conformations. On the basis of the structure of BetP,
Ressl et al. (2009) have proposed a third type of motion
for the inner ring helices during a set of sequential
transitions into the inward-facing conformation via an
intermediate fully occluded conformation (exemplified
by the unique conformation observed for BetP), stating
that TM1 and TM6 together with TM8 carry out a step-
wise, iris-like rearrangement by performing concerted
anticlockwise rotations.

3. Structural Correlates of Alternating Access Trans-
port in Solute Carrier 6 Neurotransmitter Transport-
ers. The above-mentioned models constitute a quantum
leap forward in our understanding of the alternating ac-
cess transport mechanism. However, many functional as-
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pects of the transporters will remain difficult to correlate
with the proposed structural mechanisms, because exper-
imental data describing the protein dynamics of the trans-
porters are lacking. In this respect, it is encouraging that
1) an increasing number of studies on transporter dynam-
ics are emerging with focus on the fundamental ideas and
concepts regarding transporter structure-function rela-
tionships proposed by these models and 2) many of these
studies have focused on the SLC6 NTTs and their bacterial
homolog LeuT (Beuming et al., 2008; Kniazeff et al., 2008;
Shi et al., 2008; Zhao et al., 2010a,b).

A burst of activity within the SLC6 NTT research field
has followed the growing number of bacterial trans-
porter structures, many studies focusing on testing pre-
dictions made from the models described above, thereby
often uncovering new details regarding key aspects of
SLC6 NTT structure-function relationships. MD simu-
lations in combination with biochemical and biophysical
experiments have been used to study conformational
changes taking place during substrate and ion binding,
and the subsequent translocation processes in both
LeuT and SLC6 (Forrest et al., 2007, 2008; Jørgensen et
al., 2007a; Beuming et al., 2008; Caplan et al., 2008;
Celik et al., 2008a; Kniazeff et al., 2008; Noskov and
Roux, 2008; Noskov, 2008; Shi et al., 2008; Tavoulari et
al., 2009; Zhao et al., 2010a,b). However, the time scale
of typical MD simulations (10–100 ns) is far from the
turnover rates of membrane transporters (0.1–10 s), and
MD simulations are unlikely to be able to simulate the
structural rearrangements during a complete transloca-
tion cycle. Still, MD simulations have played a pivotal
role in studying the proposed changes of the interaction
networks that form the extra- and intracellular gates
(Fig. 5 and 8). Celik et al. (2008) followed the formation
of the proposed extracellular gate in LeuT during a
100-ns MD simulation of LeuT in the outward-facing
conformation (Fig. 5B), which is proposed to be a key
event during the transition from the outward-facing
open to the outward-facing occluded conformation (Fig.
8). As mentioned previously, the residues in LeuT that
form the extracellular gate are conserved across all
SLC6 NTTs and have been shown to be critical for the
function of several of the SLC6 NTTs (Pantanowitz et
al., 1993; Bismuth et al., 1997; Cao et al., 1998; Barker
et al., 1999; Chen and Rudnick, 2000; Ponce et al., 2000;
Beuming et al., 2008). In addition, MD simulation was
used by Kniazeff et al. (2008) to study the effect of
disrupting the interaction network that is thought to
stabilize the tight packing of the intracellular halves of
the inner ring helices TM1, TM6, and TM8 when the
transporters reside in outward-facing states. Disruption
of this tight network of interactions is predicted to be a
major determinant for the transition into the inward-
facing state (Yamashita et al., 2005; Singh, 2008). In the
structures of LeuT, this network includes interactions
between Arg5, Ser267, Tyr268, and Asp369 (Fig. 8D), all
of which are strictly conserved in the SLC6 NTTs. Spe-

cifically, Arg5 forms a salt bridge with Asp369 that is
stabilized by a cation-� interaction between Tyr268 and
Arg5 (Yamashita et al., 2005; Singh, 2008). The role of
this network in determining the conformational equilib-
rium of the transporter was demonstrated in DAT by
mutation of key residues in the network, which shifted
the transporter into an inward-facing conformation (Lo-
land et al., 2002; Kniazeff et al., 2008). The conclusion
was supported by rescue in the mutants of transport by
Zn2�, which stabilizes the outward-facing conformation
of DAT (Norregaard et al., 1998; Loland et al., 1999
2004; Norgaard-Nielsen and Gether, 2006). Further-
more, the mutants displayed dramatically decreased af-
finity for cocaine, which preferentially binds the out-
ward-facing conformation (section III) and an increased
accessibility of conformationally sensitive cysteine in-
serted in TM3 (Kniazeff et al., 2008). MD simulations of
homology models of the DAT mutants corroborated the
experimental findings by showing increased flexibility
in the intracellular gating region and, moreover, that
disruption of the network propagated toward the extra-
cellular region and affected the global dynamics in-
volved in transition of the transporter between the out-
ward- and inward-facing conformations (Kniazeff et al.,
2008). All together, these results demonstrated principal
conformational changes in DAT predicted from the re-
cent alternating access models.

Several other studies have demonstrated that trans-
port-associated conformational changes in SLC6 NTTs
are consistent with predictions from alternating access
models. These include the use of voltage-clamp fluorom-
etry to show movement of TM1 during transport
(Meinild et al., 2009) and SCAM analysis to confirm that
TM8 lines the intracellular pathway of GAT1 (Ben-Yona
and Kanner, 2009). Furthermore, SCAM analysis of
TM5 in SERT shows that the intracellular region of this
domain becomes exposed to the intracellular side when
SERT is locked in an inward-facing conformation; con-
sistent with predictions that this region lines the intra-
cellular pathway that becomes accessible in the pre-
dicted inward-facing state (Zhang and Rudnick, 2006). It
is noteworthy that Forrest et al. (2008) used SERT as a
model protein for SCAM experiments to validate the
principle motions of the “rocking bundle” model.

A milestone study achieving real-time monitoring of
protein dynamics of specific structural elements within
LeuT has been reported (Zhao et al., 2010b). Single-
molecule fluorescence resonance energy transfer (FRET)
(Roy et al., 2008) was used to measure time-resolved
dynamic behavior of the intracellular gating region in
single LeuT molecules during the application of sub-
strates and inhibitors. The study showed molecular de-
tails of intracellular gating of LeuT that might be
masked by ensemble averaging or suppressed under
crystallographic conditions. The data were interpreted
in the context of an allosteric model for LeuT transport
developed by the same group (Shi et al., 2008). This
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model incorporates the role of the S2 site into the orig-
inal model proposed for alternating access transport in
LeuT (Yamashita et al., 2005; Singh, 2008) (Fig. 8) and
proposes that binding of a second substrate molecule to
the S2 site is required to trigger the transition from the
outward-facing occluded state into the inward-facing
state (Shi et al., 2008).

In summary, mechanistic models based on the pool of
structures obtained for prokaryotic transporters have
provided a new framework for establishing hypotheses
for structural dynamics of the SLC6 NTTs. The results
obtained so far have largely validated several of the
proposed mechanistic principles for alternating access to
be valid for the SLC6 NTTs. Given the short time period
over which these advances have been made, it must be
expected that this progress will accelerate in the future
years and will probably continue to be fuelled by increas-
ingly detailed transport models for transporters of 5 � 5
structural repeat fold. However, requirements for con-
tinued progress will probably include not only develop-
ment of new types of functional experiments but also
structures of higher resolution, further snapshots of al-
ternative conformations, and structures of other mem-

bers of the transporter family, preferably the first struc-
ture of a SLC6 NTT protein.

III. Pharmacology

The central role of the SLC6 NTTs in regulation of
neurotransmission makes these proteins attractive targets
for pharmacological manipulation of neural activity, both
in studies of basal neurophysiology and in the treatment of
CNS diseases (Tables 3–5). A wide range of synthetic sub-
strates and nontransportable inhibitors of SLC6 NTTs
have been developed, including more than 30 compounds
that are currently used as drugs. In addition, a number of
naturally occurring neurotoxins and psychostimulants
have SLC6 NTTs as their primary molecular targets, par-
ticularly the monoamine transporters. This section pro-
vides a summary of the pharmacology of SLC6 NTTs with
emphasis on the recent advances in deciphering the mo-
lecular mechanisms by which different SLC6 NTT drug
classes modulate transporter function. Aspects of these
developments has been covered in several recent reviews
that complement this section (Beuming et al., 2006; Gether

TABLE 3
Inhibitors of monoamine transporters

Inhibitor
Ki

Application Binding Site Model
SERT DAT NET

nM

SERT inhibitors
DASBa 1 1423 1350 PET ligand
Sertralineb 0.1 420 25 Therapeutic drug
Escitalopramc 3 �100,000 6514 Therapeutic drug Andersen et al., 2010; Koldsø et al., 2010
Paroxetined 0.1 490 40 Therapeutic drug Tavoulari et al., 2009
Fluoxetined 7 19,500 1020 Therapeutic drug Tavoulari et al., 2009
Fluvoxamineb 2 1300 9200 Therapeutic drug

DAT inhibitors
GBR12935d 6800 22 235 Pharmacological tool
RTI-55e 4 1 36 Pharmacological tool
Cocained 410 278 910 Drug of abuse Beuming et al., 2008
CFT WIN 35,428d 133 27 33 Pharmacological tool Beuming et al., 2008
Benztropined 47,000 42 292 Pharmacological tool
JHW 007f 1730 25 1330 Pharmacological tool Beuming et al., 2008

NET inhibitors
Nisoxetined 400 497 5 Pharmacological tool
Talopramg 1400 44000 3 Pharmacological tool
Talsupramh 430 3900 3 Pharmacological tool
Reboxetinei 242 �10,000 3 Therapeutic drug
Atomoxetinei 152 685 5 Therapeutic drug
�-Conotoxin MrIAj �100,000 �100,000 1260 Pharmacological tool Paczkowski et al., 2007
Nomifensineb 1010 56 16 Therapeutic drug
Mazindold 160 29 3 Therapeutic drug
Amphetaminek,l 38,460 640 70 Drug of abuse Beuming et al., 2008
MDMAl 2410 8290 1190 Drug of abuse

DASB, 3-amino-4-(2-dimethylaminomethyl-phenylsulfanyl)benzonitrile; GBR12935, 1-(2(diphenylmethoxy)ethyl)-4-(3-phenylpropyl)piperazine; WIN 35,428, 2�-carbo-
methoxy-3�-(4-fluorophenyl)tropane.

a Wilson et al., 2000.
b Tatsumi et al., 1997.
c Owens et al., 2001.
d Eshleman et al., 1999.
e Carroll et al., 1995.
f Agoston et al., 1997.
g Bøgesø et al., 1985.
h McConathy et al., 2004.
i Andersen et al., 2009a.
j Sharpe et al., 2001.
k Synthetic substrates.
l Han and Gu, 2006.
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et al., 2006; Henry et al., 2006a; Kanner and Zomot, 2008;
Andersen et al., 2009a; Gouaux, 2009).

A. Solute Carrier 6 Neurotransmitter Transporter
Drug Classes

1. Ligands for the Monoamine Transporters. The rec-
ognition, now decades ago, of monoamine transporters
as important drug targets for treatment of mood disor-
ders initiated extensive drug discovery efforts in the
pharmaceutical industry, focusing on design and synthe-
sis of compounds targeting SERT, NET, and DAT. These
endeavors have provided a plethora of ligands for these
transporters, including compounds with high affinity
and selectivity for each of the three transporters (Table
3). The tricyclic antidepressants (TCAs), including imip-
ramine and clomipramine, were developed in the 1950s

as the first generation of monoamine transporter drugs
(Moltzen and Bang-Andersen, 2006; Andersen et al.,
2009a). However, the TCAs display activity across a
variety of different receptors (Gillman, 2007), and new
generations of monoamine transporter inhibitors with
little or no affinity for other proteins have subsequently
been developed. According to their selectivity profile,
these inhibitors are classified as selective serotonin-
reuptake inhibitors (SSRIs), such as fluoxetine and
paroxetine; selective norepinephrine-reuptake inhibi-
tors (NRIs), such as reboxetine and atomoxetine; and
selective dopamine-reuptake inhibitors, such as bupro-
pion (Table 3). Dual-acting inhibitors with affinity for
two of the three monoamine transporters include the
classes of serotonin- and norepinephrine-reuptake inhibitors
(SNRIs), such as duloxetine and desvenlafaxine, and NET/

TABLE 5
Inhibitors of glycine transporters

Inhibitor
Ki

Application Binding Site Model
GLYT1 GLYT2

nM

GLYT1 inhibitors
Sarcosinea,b 55,000 �100,000 Pharmacological tool
NFPS (ALX 5407)c 3 �1000 Pharmacological tool
ORG 24598b 32 �100,000 Pharmacological tool
LY2365109d 15.8 �30,000 Pharmacological tool

GLY2 inhibitors
ORG 25543e �100 16 Pharmacological tool
N-Arachidonylglycinef �100,000 3000 Pharmacological tool Edington et al., 2009

NFPS, N-�3-(4�-fluorophenyl)-3-(4�-phenylphenoxy)propyl�sarcosine.
a Synthetic substrate.
b Mallorga et al., 2003; rat GLYTs.
c Atkinson et al., 2001.
d Perry et al., 2008a.
e Caulfield et al., 2001.
f Wiles et al., 2006.

TABLE 4
Inhibitors of GABA transporters

Inhibitor
Ki

Application Binding Site Model
GAT-1 BGT-1a GAT-2b GAT-3c

�M

GAT-1 inhibitors
Tiagabined 0.11 �100 �100 �100 Therapeutic drug Skovstrup et al., 2010
NNC-711d 1.4 1500 1200 �1600 Pharmacological tool
SKF89976Ae 0.13 7210 550 1990 Pharmacological tool
CI-966e 0.26 300 1280 333 Pharmacological tool

Nonselective inhibitors
Nipecotic acidd,f 19 3000 530 94 Pharmacological tool
Guvacined,f 15 2300 1000 120 Pharmacological tool
�-Alanined,f 5000 660 42 36 Pharmacological tool
Betained,f �10,000 590 �3000 �10,000 Pharmacological tool
(S)-SNAP-5114d �500 250 130 50 Pharmacological tool
(R)-EF1502d 8.9 180 170 �250 Pharmacological tool
THPOd 1300 2100 1500 2200 Pharmacological tool
Exo-THPOg 1000 3000 �3000 �3000 Pharmacological tool
NNC 05-2090h 19 1.4 41 15 Pharmacological tool

THPO, 4,5,6,7-tetrahydroisoxazolo(4,5-c)pyridin-3-ol; exo-THPO, 3-hydroxy-4-amino-4,5,6,7-tetrahydro-1,2-benzisoxazol; NNC 05-2090, 1-�3-(9H-carbazol-9-yl)propyl�-4-
(2-methoxyphenyl)-4-piperidinol hydrochloride.

a Equivalent to mouse GAT-2.
b Equivalent to mouse GAT-3.
c Equivalent to mouse GAT-4.
d Kvist et al., 2009.
e Dhar et al., 1994; human GAT-1, human BGT-1, rat GAT-2, human GAT-3.
f Synthetic substrates.
g White et al., 2002; mouse GATs.
h Thomsen et al., 1997; mouse GATs.
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DAT inhibitors, such as nomifensine. Finally, compounds
inhibiting all three monoamine transporters have also been
identified, exemplified by the novel triple reuptake inhibitor
tesofensine (Astrup et al., 2008).

Reflecting the central role of monoamine transporters
in cocaine abuse and addiction, the tropane class of
competitive inhibitors, including cocaine, has been ex-
tensively studied as monoamine transporter inhibitors.
Cocaine itself is a potent and nonselective inhibitor of
SERT, NET, and DAT, but several closely related ana-
logs have been developed with improved affinity and
selectivity across the monoamine transporters (Carroll,
2003; Jin et al., 2008a). Important examples include
2�-carbomethoxy-3�-(4-fluorophenyl)tropane (WIN
35,428), which has selectivity for DAT over NET and
SERT and (�)-2�-carbomethoxy-3�-(4-iodophenyl)tro-
pane (RTI-55), which has selectivity for SERT and DAT
over NET (Table 3). Substantial evidence suggests that
DAT is the primary target for the rewarding properties
of cocaine (Giros et al., 1996b; Chen et al., 2006). This
has increased the focus on development of DAT inhibi-
tors as potential medications for cocaine addiction, and
analogs of benztropine (BZT), which generally have
higher affinity and selectivity for DAT compared with
cocaine, have received most attention (Newman and
Kulkarni, 2002; Dutta et al., 2003; Loland et al., 2008).
It is noteworthy that some of these compounds do not
possess the rewarding properties associated with co-
caine. Indeed, the BZT derivative N-(n-butyl)-(bis-
fluorophenyl)methoxytropane (JHW 007) has been
found to efficiently antagonize the behavioral effects of
cocaine (Newman et al., 1995; Katz et al., 2004; Desai et
al., 2005).

The use of monoamine transporters as biomarkers for im-
aging of monoaminergic circuits (Fowler et al., 1999; Laakso
and Hietala, 2000; Huang et al., 2002; Meyer, 2007) has
prompted development of several highly selective compounds
for use as radiolabeled tracers in in vivo imaging techniques,
such as positron emission tomography and single photon
emission computed tomography (Houle et al., 2000; Wilson et
al., 2000). These ligands include some of the most potent and
selective compounds targeting the monoamine transporters,
such as 2-(2-dimethylaminomethylphenylsulfanyl)-5-methyl-
phenylamine (MADAM) and 3-amino-4-(2-dimethylaminom-
ethyl-phenylsulfanyl)benzonitrile (DASB) for SERT (Houle et
al., 2000; Tarkiainen et al., 2001; Meyer et al., 2004), 2�-
carbomethoxy-3�-(4-chlorophenyl)-8-(2-fluoroethyl)nortro-
pane (FECNT) for DAT (Goodman et al., 2000), and 2-[(2-
methoxyphenoxy)phenylmethyl]morpholine (MeNER) and
methylreboxetine for NET (Ding et al., 2003; Schou et al.,
2003, 2004; Wilson et al., 2003) (Table 3).

Several synthetic substrates of pharmacological inter-
est are available for all three monoamine transporters.
Prominent examples are amphetamine and amphet-
amine derivates such as methamphetamine and meth-
ylphenidate, which are being used as therapeutics
against attention deficit hyperactivity disorder (ADHD),

in addition to the widely used drug of abuse, 3,4-
methylenedioxymethamphetamine (also known as “ec-
stasy”) (Green et al., 2003; Sulzer et al., 2005; Rothman
and Baumann, 2006; Rothman et al., 2006). 1-Methyl-4-
phenylpyridinium, the neurotoxic metabolite of 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine, is a substrate
for all three monoamine transporters and has been used
as tracer in functional studies of SERT, NET, and DAT
(Buck and Amara, 1994; Wall et al., 1995; Scholze et al.,
2000; Sitte et al., 2000, 2001). MPP� has been further
developed into the fluorescent analog 4-(4-(dimethyl-
amino)-styryl)-N-methylpyridinium (ASP�), which has
enabled real-time kinetic analysis of transport mediated
by SERT (Oz et al., 2010), NET (Schwartz et al., 2003,
2005), and DAT (Bolan et al., 2007; Zapata et al., 2007)
in addition to high-throughput assays for the measure-
ment of monoamine transport uptake activity (Fowler et
al., 2006; Jørgensen et al., 2008). A fluorescent cocaine
analog has been developed with binding properties that
enabled specific labeling of DAT in living neurons for
real-time monitoring of DAT trafficking by confocal mi-
croscopy imaging (Eriksen et al., 2009).

2. Ligands for the GABA Transporters. Inhibition of
GABA reuptake has been recognized as a therapeutic
strategy for the treatment of epileptic disorders for
many years (Krogsgaard-Larsen et al., 1987, 2000). Ex-
tensive medicinal chemistry efforts have been devoted to
the synthesis of GAT inhibitors with emphasis on devel-
opment of compounds that discriminate between the
different GAT subtypes (Høg et al., 2006). However,
truly selective compounds have not yet been achieved,
and only GAT1-selective inhibitors, including the anti-
epileptic drug tiagabine, have been identified so far (Ta-
ble 4). Hence, there is a considerable lack of selective
pharmacological tool compounds targeting the three re-
maining GAT subtypes (BGT-1, GAT2, and GAT3), and
the functional role and the therapeutic potential of these
subtypes remains to be established.

Pioneering work in the 1970s led to the discovery of
guvacine and nipecotic acid as substrates for GABA trans-
porters (Johnston et al., 1975; Krogsgaard-Larsen and
Johnston, 1975; Krogsgaard-Larsen et al., 1975). After the
cloning of the four GAT subtypes, it was realized that
guvacine and nipecotic acid have selectivity for GAT1 over
GAT3 with little or no affinity for BGT-1 and GAT2 (Thom-
sen et al., 1997; Liu et al., 2003; Kragler et al., 2005; Kvist
et al., 2009). Although guvacine and nipecotic acid do not
readily cross the blood-brain barrier (Krogsgaard-Larsen
et al., 1987), lipophilic derivatives of these substrates rep-
resent the most important biologically active GAT inhibi-
tors developed. Important examples include tiagabine and
1-(4,4-diphenyl-3-butenyl)-3-piperidinecarboxylic acid
(SKF89976A), which are derivatives of nipecotic acid, and
1-(2-(((diphenylmethylene)amino)oxy)ethyl)-1,2,5,6-
tetrahydro-3-pyridinecarboxylic acid (NNC-711) and 1-(2-
(bis(4-(trifluoromethyl)phenyl)methox)ethyl)-1,2,5,6-
tetrahydro-3-pyridinecarboxylic acid (CI-966), which are
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derivatives of guvacine. Still, these compounds are some of
the most potent and selective GAT1 inhibitors identified
(Nielsen et al., 1991; Andersen et al., 1993; Borden et al.,
1994; Dhar et al., 1996; White et al., 2002; Kragler et al.,
2005; Kvist et al., 2009) (Table 4).

GAT inhibitors with activity on GAT2, GAT3, and/or
BGT1 include (S)-1-(2-(tris(4-methoxyphenyl)methoxy)
ethyl)-3-piperidinecarboxylic acid (SNAP-5114), which has
selectivity for GAT2 and GAT3 over BGT-1 but little or no
activity at GAT1 (Dhar et al., 1994; Borden, 1996; Kvist et
al., 2009), and (R)-N-(4,4-bis(3-methyl-2-thienyl)-3-
butenyl)-3-hydroxy-4-(methylamino)-4,5,6,7-tetrahydro-
benzo(d)isoxazol-3-ol (EF1502), which possesses dual-
acting noncompetitive inhibitory activity at the BGT-1 and
GAT1 (Clausen et al., 2005; White et al., 2005) (Table 4).
Assessment of these compounds in animal models of par-
tial and generalized epilepsy indicates that BGT-1 is a
potential antiepileptic drug target (White et al., 2005;
Madsen et al., 2009). However, selective BGT-1 inhibitors
are needed to support this hypothesis, which clearly illus-
trates the unmet need for subtype-selective pharmacolog-
ical tool compounds.

3. Ligands for the Glycine Transporters. Several li-
gands are available for the two glycine transporters
GLYT1 and GLYT2, including competitive inhibitors and
synthetic substrates (Table 5). Their identification has
been driven by their potential use in the treatment of
psychotic diseases and, besides being candidates for clini-
cal studies, the ligands have excellent properties as phar-
macological tools (Lechner, 2006; for review, see Dohi et
al., 2009). The prototypic GLYT1-selective substrate N-
methyl glycine (sarcosine) has formed the basis for gener-
ations of highly potent and selective derivatives, including
N-[3-(4�-fluorophenyl)-3-(4�-phenylphenoxy)propyl]sar-
cosine (NFPS), (R)-N[3-phenyl-3-(4�-(4-toluoyl)phenoxy)-
propyl]sarcosine [(R)-NPTS], and (R)-(�)-N-[3-[(4-triflou-
romethyl)phenoxy]-3-phenyl-propyl]glycine (ORG 24598)
(Bergeron et al., 1998; Atkinson et al., 2001; Aubrey and
Vandenberg, 2001; Brown et al., 2001; Lowe et al., 2003;
Mezler et al., 2008; Perry et al., 2008) (Table 5). For non-
sarcosine GLYT1 inhibitors, several structurally diverse
compounds have emerged from drug discovery programs,
such as ((2-(4-benzo(1,3)dioxol-5-yl-2-tert-butylphenoxy)
ethyl)methylamino)acetic acid (LY2365109) (Perry et al.,
2008), 2-chloro-N-((S)-phenyl((2S)-piperidin-2-yl)methyl)-
3-trifluoromethyl benzamide (SSR504734) (Depoortère et
al., 2005), SSR130800 (Boulay et al., 2008), N-[3-(4-
chlorophenyl)-3-[4-(2-thiazolylcarbonyl)phenoxy]propyl]-
N-methyl-glycine (CP-802,079) (Martina et al., 2004), and
(R)-4-[5-chloro-2-(4-methoxy-phenylsulfanyl)-phenyl]-2-
methyl-piperazin-1-yl-acetic acid (Lu AA20465) (Smith et
al., 2004), in addition to a series of cyclic tetrapeptides that
was recently isolated from a soil bacteria (Terui et al.,
2008). These compounds are excellent tools for studying
the modulatory role of GLYT1 in neurotransmission [for
example, in N-methyl-D-aspartate (NMDA) receptor-
mediated signaling and plasticity at excitatory synapses

(Bergeron et al., 1998; Kinney et al., 2003) as well as
glycinergic signaling at inhibitory synapses (Bradaïa et al.,
2004)].

The first GLYT2-selective inhibitor was the competi-
tive inhibitor 4-benzyloxy-3,5-dimethoxy-N-[(1-dimeth-
ylaminocyclopentyl)methyl]benzamide (ORG 25543)
(Caulfield et al., 2001), and other GLYT2-selective in-
hibitors belonging to different chemical classes have
subsequently been developed (Isaac et al., 2001). GLYT1
and GLYT2 have several isoforms, thus increasing Gly
transporter heterogeneity in the CNS (Aragón and
López-Corcuera, 2003). However, because the isoforms
exclusively involve changes in the intracellular N- and
C-terminal domains, which have limited contribution to
transporter function, it appears unlikely that differen-
tial targeting of individual isoforms by ligands will be
possible; accordingly, all Gly transporter ligands exam-
ined across isoforms show identical pharmacological
properties (Mezler et al., 2008).

B. Structural Mechanisms of Drug Action

The SLC6 NTTs are important drug targets, and
much research over the past decades has therefore fo-
cused on the molecular pharmacology of these transport-
ers. However, before the arrival of the LeuT structures,
the absence of structural data on SLC6 NTTs had
slowed progress in understanding the structural and
mechanistic details underlying drug modulation. Within
the framework of the emerging structural models of
SLC6 NTTs, the location and the structure of drug bind-
ing sites as well as the effect of drug binding on trans-
porter structure is now being revealed for many of the
most important SLC6 NTT drugs. In addition, studies of
drug modulation of LeuT have established several im-
portant principles regarding competitive and noncom-
petitive inhibition that can be extended to the SLC6
NTTs (Singh et al., 2007, 2008; Zhou et al., 2007, 2009;
Quick et al., 2009). These developments have provided
an indispensable basis for a range of recent studies on
the structural basis and mechanism of action of several
SLC6 NTT drugs (Paczkowski et al., 2007; Beuming et
al., 2008; Andersen et al., 2009b, 2010; Koldsø et al.,
2010; Sinning et al., 2010; Skovstrup et al., 2010). Fur-
thermore, understanding seemingly subtle molecular
differences between different drug-induced conforma-
tions of the transporters offers new insights into the
principles that determine whether a ligand becomes a
substrate or a competitive- or noncompetitive inhibitor
(Singh et al., 2007, 2008; Zhou et al., 2007, 2009; Quick
et al., 2009).

The advances in understanding the structural mech-
anism of transporter function and inhibition now pro-
vides a new starting point for elucidating the molecular
pharmacology and mechanism-of-action of SLC6 NTT
drugs. Moreover, homology models of SLC6 NTT pro-
teins derived from LeuT crystal structures allow struc-
tural interpretation of functional data on drug modula-
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tion and provide important opportunities of using
computational chemistry techniques to model transporter-
drug interactions.

1. Location of Inhibitor Binding Pockets. So far, two
binding sites have been identified in the crystal struc-
tures of inhibitor-bound LeuT: the centrally located sub-
strate S1 binding pocket and the extracellular vestibule,
which contains the putative S2 binding site (Singh et al.,
2007, 2008; Zhou et al., 2007, 2009) (Fig. 9). The equiv-
alent regions in the SLC6 NTTs are natural candidates
for harboring ligand binding sites. Indeed, re-evaluation
of extensive mutational analysis shows that the majority
of residues that are critical for recognition of inhibitors
are located in the TM and loop regions that contribute to
the formation of the extracellular permeation pathway
and the substrate binding pocket (Chen and Reith, 2000,
2002; Norregaard et al., 2000; Mortensen et al., 2001;
Norregaard and Gether, 2001; Goldberg et al., 2003; Gu
et al., 2006; Henry et al., 2006b; Neubauer et al., 2006;
Andersen et al., 2009b, 2010; Koldsø et al., 2010; Sinning
et al., 2010).

2. Structural Basis for Competitive Inhibition. The
central substrate binding pocket is an obvious candidate

site for binding of competitive inhibitors, because inhib-
itor binding sites overlapping with the S1 substrate site
offer a straightforward structural mechanism for com-
petitive inhibition and are in agreement with pharma-
cological data showing that competitive inhibitors can be
displaced in a concentration-dependent manner by sub-
strates (Talvenheimo et al., 1979; Humphreys et al.,
1988; Marcusson and Tiger, 1988; Graham et al., 1989;
Apparsundaram et al., 2008). Although mutational stud-
ies on the SLC6 NTTs have identified residues in virtu-
ally all TM domains to be important for recognition of
competitive inhibitors, the majority of the most sensitive
residues reside within the regions that form the extra-
cellular permeation pathway and the S1 substrate bind-
ing pocket (Barker et al., 1994, 1998; Barker and
Blakely, 1996; Mortensen et al., 1999; Adkins et al.,
2001; Larsen et al., 2004; Henry et al., 2006b; Beuming
et al., 2008; Severinsen et al., 2008; Walline et al., 2008;
Andersen et al., 2009b, 2010; Field et al., 2010). For
example, in the monoamine transporters, sensitivity to-
ward a wide range of competitive inhibitors, including
fluoxetine, paroxetine, citalopram, and imipramine, as
well as psychostimulants such as cocaine and amphet-

FIG. 9. Small-molecule inhibition of LeuT and SLC6 NTTs. A, cross-sectional view of crystal structures of LeuT in complex with competitive (left,
Trp; Protein Data Bank ID 3F3A) and noncompetitive (right, imipramine; Protein Data Bank ID 2Q72) inhibitors. Trp binds in the S1 site and
stabilizes LeuT in an outward-facing open conformation, whereas imipramine binds in the S2 site in the extracellular vestibule and stabilizes LeuT
in an outward-facing occluded conformation. B, schematic illustration of putative transporter conformations stabilized by inhibitors. C, cross-sectional
illustrations of ligand-docking models of competitive inhibitor binding in SLC6 transporters. TM domains forming the binding site (TM1, TM3, TM6,
and TM8) are shown as blue helices, Na� ions as purple spheres, residue side chains as gray stick representations, and the inhibitors in yellow
ball-and-stick representation. Conserved residues are highlighted with green labels. Left, cocaine binding in DAT (Beuming et al., 2008). Middle,
imipramine binding in SERT (Sinning et al., 2010). Right, tiagabine binding in GAT1 (Skovstrup et al., 2010).
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amines, can be decreased by several orders of magnitude
by mutation of S1 residues (Barker et al., 1999; Henry et
al., 2006b; Beuming et al., 2008; Walline et al., 2008;
Andersen et al., 2009b, 2010; Koldsø et al., 2010; Sinning
et al., 2010).

LeuT structures have been used as templates for con-
struction of monoamine transporter models in complex
with several competitive inhibitors, including the proto-
typical antidepressants imipramine (Sinning et al.,
2010), escitalopram (Andersen et al., 2010; Koldsø et al.,
2010), and fluoxetine (Tavoulari et al., 2009) in SERT
and cocaine in DAT (Beuming et al., 2008) (Fig. 9). These
experimentally validated models have revealed a com-
mon structural model for competitive inhibition of mono-
amine NTTs: Inhibitors compete with substrate for bind-
ing in the S1 site and thereby trap the transporter in an
outward-facing occluded or outward-facing open confor-
mational state with local structural differences in the
binding site. The inhibitors are accommodated within
the inner ring helices TM1, TM3, TM6, and TM8, and
the essential amino group found in virtually all SERT,
NET, and DAT inhibitors is coordinated by an Asp
(Asp79 in DAT and Asp98 in SERT) located in the heli-
cal break of TM1 (Fig. 9). In SERT, imipramine was
found to stabilize a conformation with a slightly more
open external gate region compared with fluoxetine and
escitalopram, probably because of the more bulky nature
of the inhibitor molecule (Tavoulari et al., 2009; Ander-
sen et al., 2010; Koldsø et al., 2010; Sinning et al., 2010).
Beuming et al. (2008) have constructed experimentally
validated models of the binding sites for cocaine, am-
phetamines, and BZTs in DAT. It is noteworthy that
direct support for a binding site overlapping with that of
dopamine was obtained by trapping the radiolabeled
cocaine analog [3H]WIN 35,428 in the transporter
through cross-linking of engineered cysteines or by en-
gineering of a Zn2� binding site that was extracellular to
the predicted common binding pocket within the vesti-
bule corresponding to S2 (Beuming et al., 2008). In the
same study, evidence was obtained that cocaine stabi-
lizes a more outward-facing open conformation of DAT
compared with amphetamine, MDMA, BZT, and BZT
analogs, which were suggested to stabilize the trans-
porter in an outward-facing occluded conformation
(Beuming et al., 2008; Bisgaard et al., 2011). It is note-
worthy that this has been linked to the reduced stimu-
lant effect in vivo of the BZT analogs compared with
cocaine (Reith et al., 2001; Katz et al., 2004; Loland et
al., 2008). The precise orientation and binding mode of
BZT and BZT analogs in S1 was demonstrated in a later
study (Bisgaard et al., 2011).

Only a few LeuT-based homology models of GABA and
glycine transporters have emerged, and the structural
details underlying inhibition of GATs and GLYTs are
therefore not as well characterized. However, the first
model of inhibitor binding to GAT was recently con-
structed, thereby providing insight into the structural

details of the tiagabine binding site in GAT1 (Skovstrup
et al., 2010). The hydrophilic moiety of tiagabine was
found to bind in the S1 substrate site, whereas the
lipophilic “anchor” of tiagabine protrudes out of the ex-
tracellular lid and partially binds in the extracellular
vestibule site and thereby stabilizes an outward-open
conformation of GAT1 (Skovstrup et al., 2010) (Fig. 9).
Hence, the tiagabine binding site overlaps with both
the S1 and S2 sites, which might clarify the mixed-
type mechanism of GABA uptake inhibition found in
early pharmacological characterization of tiagabine
(Braestrup et al., 1990). The binding site for the compet-
itive GAT1 inhibitor SKF89976A was recently suggested
to overlap the substrate binding site in GAT1, thereby
stabilizing an outward-facing conformation of the trans-
porter (Zhou et al., 2004; Dodd and Christie, 2007;
Rosenberg and Kanner, 2008; Ben-Yona and Kanner,
2009), substantiating that the competitive inhibitor
binding site in GATs overlaps the S1 substrate binding
site as found for SLC6 monoamine transporters.

3. Structural Basis for Noncompetitive Inhibition. LeuT
has been cocrystallized with a set of noncompetitive inhib-
itors, including TCAs and SSRIs (Singh et al., 2007; Zhou
et al., 2007, 2009). Although these compounds have very
low affinity for LeuT, they are capable of inhibiting trans-
port at high micromolar concentrations. Cocrystallization
of LeuT with both TCAs and SSRIs revealed that these
compounds bind in the extracellular vestibule (Fig. 9), sug-
gesting that the equivalent vestibule in the SLC6 NTTs
have a similar function for accommodation of noncompet-
itive inhibitors (Zhou et al., 2007, 2009). However, it
should be noted that a large body of evidence indicates that
the primary high-affinity binding site for TCAs and SSRIs,
including those cocrystallized with LeuT, likely occurs in
the S1 site in monoamine transporters (for review, see
Henry et al., 2006a; Rudnick, 2007; Singh, 2008; Gouaux,
2009). Several studies have found that TCAs and SSRIs, in
addition to binding to a high-affinity binding site, also bind
to a low-affinity allosteric site in SERT (Sette et al., 1983;
Wennogle and Meyerson, 1983, 1985; Plenge and Melle-
rup, 1985; Segonzac et al., 1985; O’Riordan et al., 1990;
Plenge et al., 1991; Chen et al., 2005a,b). Binding to this
allosteric site markedly increases the off-rate of the inhib-
itor bound to the high-affinity binding site. It has been
suggested that the allosteric site is situated corresponding
to a suggested oligomeric interface in the transporter (Neu-
bauer et al., 2006); however, it is tempting to speculate
that the allosteric site could be situated in the S2 vestibule
outside the primary S1 binding pocket. Further experi-
mental efforts are required to investigate this possibility.

Compared with the large number of competitive in-
hibitors available for SLC6 NTTs, very few inhibitors
exhibit a noncompetitive mode of inhibition, in which
inhibition is entirely independent of substrate concen-
trations. In a structural context, noncompetitive inhibi-
tors must bind to a site whose occupation is mutually
exclusive with substrate site occupation, which may be
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achieved by stabilizing a distinct conformational state of
the transporter in which the substrate cannot bind. An
example of such a mechanism is provided by the SERT
inhibitor ibogaine, which has been suggested to trap
SERT in an inward-facing conformation (Zhang and
Rudnick, 2006; Jacobs et al., 2007). When ibogaine pro-
motes the inward-facing conformation, the substrate
site becomes mutually exclusive with the ibogaine bind-
ing site, thereby providing an explanation for the non-
competitive mechanism of action in a structural context
(Jacobs et al., 2007). Another structural mechanism un-
derlying noncompetitive mode of inhibition has been
suggested for the �-conotoxin MrIA. The 13-amino acid
�-conotoxin acts as a noncompetitive inhibitor of NET
(Sharpe et al., 2001, 2003), presumably by binding in the
external permeation pathway and stabilizing the trans-
porter in an outward-facing conformation in which ac-
cess of substrate to the S1 site is efficiently blocked
(Paczkowski et al., 2007). Although several noncompet-
itive GLYT1 inhibitors have been reported, including
NFPS and Org 24598 (Aubrey and Vandenberg, 2001;
Mallorga et al., 2003; Mezler et al., 2008), the structural
details underlying noncompetitive inhibition of GLYTs
remains elusive. However, a recent study identified EL2
and EL4 in GLYT2 to be important for recognition of the
noncompetitive GLYT2 inhibitor, N-arachidonylglycine
(Edington et al., 2009). These extracellular loop regions
contribute to formation of the vestibule region, including
the S2 binding site, suggesting that N-arachidonylgly-
cine binds in the S2 site of GLYT2. Residues in EL2 and
EL4 have previously been shown to be critical for bind-
ing of Zn2�, which acts as a noncompetitive inhibitor of
GLYT1 (Ju et al., 2004), suggesting that the S2 site in
GLYTs forms a common noncompetitive binding site
equivalent to the S2 site found in LeuT.

IV. Physiology and Pathophysiology

The use of selective SLC6 NTT inhibitors in animal
and human studies has provided comprehensive insight
to the physiological and pathophysiological significance
of the SLC6 NTTs. However, more definitive insights
have awaited the analyses of mice with targeted deletion
(knockouts) of the individual SLC6 NTT genes. As out-
lined below, several SLC6 NTT knockout mice display
distinct phenotypes that have confirmed and clarified
the role of individual SLC6 NTTs as key regulators of
neurotransmitter homeostasis and provided an in-
creased understanding of diseases related to dysfunction
of their cognate neurotransmitter systems. Further-
more, an increasing number of human SLC6 NTT poly-
morphisms have been identified that lead to alteration
in transporter expression, function, and regulation and
are associated with a wide spectrum of neurological and
neuropsychiatric disorders, hereby providing further
understanding of the role of SLC6 NTTs in pathophysi-
ological processes. Here, we will discuss in vivo genetic

studies involving the SLC6 NTTs to provide a brief
overview of their impact on the understanding of corre-
lation between genetic perturbation of SLC6 NTTs and
phenotypes in physiology and pathophysiology.

A. The Dopamine Transporter

The extensive characterization of the behavioral and
neurochemical phenotypes of the DAT knockout (DAT-
KO) mice (Giros et al., 1996b) has substantiated the
indispensable role of DAT in regulating dopamine ho-
meostasis (for reviews, see (Gainetdinov and Caron,
2003; Sotnikova et al., 2006; Gainetdinov, 2008). The
extracellular levels of dopamine in the striatum of the
mice were markedly increased (5-fold), as assessed by in
vivo quantitative microdialysis (Giros et al., 1996a) and
real-time measurements of dopamine clearance, and re-
lease by cyclic voltammetry in striatal slices revealed
that dopamine persists up to 300-fold longer in the ex-
tracellular space (Giros et al., 1996a; Jones et al., 1998).
Without DAT, the rate of dopamine clearance was sim-
ilar to a clearance rate mediated by diffusion alone,
which emphasizes that DAT is the main mediator of
dopamine uptake (Giros et al., 1996a). It is noteworthy
that with a predominant extrasynaptic localization of
DAT and dopamine receptors (Nirenberg et al., 1996;
Hersch et al., 1997; Sesack et al., 1998; Eriksen et al.,
2009), it is being increasingly appreciated that dopa-
mine transmission is diffusion-based “volume transmis-
sion” rather than synaptic transmission and thus that
DAT rather operates to regulate dopamine’s action at
extrasynaptic receptors than solely removing it from the
synapse (Rice and Cragg, 2008; Schmitt and Reith,
2010).

The DAT-KO mice also displayed a 95% reduction in
total brain tissue content of dopamine and a 75% de-
crease in release of dopamine (Jones et al., 1998), con-
sistent with deficient storage of dopamine in synaptic
vesicles. Although levels of tyrosine hydroxylase were
dramatically decreased in the DAT-KO mice, the syn-
thesis of dopamine was increased by 2-fold and can
therefore not account for the decrease in neuronal dopa-
mine storage (Jones et al., 1998). This implies that re-
uptake of dopamine through DAT is critical for refilling
of synaptic vesicles and subsequent dopamine release.
In addition to DAT-KO mice, mice with reduced (Zhuang
et al., 2001) or increased (Salahpour et al., 2008) DAT
expression have been generated. The analyses of these
mouse models have provided further support for the
essential of role of DAT in dopamine homeostasis by
revealing a clear gene-dose effect for the neurochemical
alterations (Sotnikova et al., 2006).

The neurochemical phenotype of DAT-KO mice corre-
lates with major behavioral phenotype usually associ-
ated with hyperdopaminergic states (Gainetdinov and
Caron, 2003; Sotnikova et al., 2006; for review, see
Gainetdinov, 2008) and includes locomotor hyperactiv-
ity, stereotypy, and a marked decrease in habituation
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upon exposure a novel environment (Giros et al., 1996a;
Jones et al., 1998; Mead et al., 2002). Moreover, DAT-KO
mice display deficits in other behavioral models consis-
tent with cognitive abnormalities (Gainetdinov, 2008).
The hyperactivity of DAT-KO mice can be reversed upon
treatment with amphetamine (Gainetdinov et al., 1999),
which is in direct contrast to wild-type animals, in which
amphetamine induces hyperactivity. Thus, certain as-
pects of the behavioral phenotype of the DAT-KO mouse
resemble the behavioral symptoms observed in patients
with ADHD (Gainetdinov et al., 1999; Gainetdinov and
Caron, 2000; Spielewoy et al., 2001). It is noteworthy
that the DAT gene has been implicated in ADHD genet-
ics by both linkage and association studies (reviewed by
Sharp et al., 2009). Specifically, mutation A559V in
TM12 of DAT has been identified in two male siblings
with ADHD (Mazei-Robison et al., 2005; Mazei-Robison
et al., 2008) as well as in a patient with bipolar disorder
(Grünhage et al., 2000). This mutation was found to
decrease DAT-mediated dopamine efflux induced by am-
phetamine without affecting the normal uptake function
of DAT (Mazei-Robison et al., 2005). Furthermore, it was
observed that the efflux properties of the DAT A559V
mutant might be regulated via the dopamine D2 autore-
ceptor (Bowton et al., 2010). These data demonstrate
how irregular DAT-mediated dopamine efflux poten-
tially plays a hitherto-unappreciated role in diseases
such as ADHD that are thought to be caused by dopa-
minergic dysfunction.

DAT mutations have also recently been linked to the
rare autosomal recessive disease infantile parkinson-
ism-dystonia; i.e., two mutations (L368Q and P395L)
were identified in two unrelated families suffering from
this disease (Blackstone, 2009; Kurian et al., 2009). The
disease develops during infancy with Parkinson-like
symptoms (slowness of movement, muscle rigidity, rest
tremor) and dystonia (sustained, abnormal muscle con-
tractions often resulting in twisting movements). The
mutants, which are situated in the outer part of TM8
(L368Q) and in the extracellular loop connecting TM7
and TM8 (P395L), were identified as loss-of function
mutations that severely reduced the expression levels of
mature DAT and, in the case of the Leu368Gln muta-
tion, displayed a significant loss of dopamine binding
affinity to DAT (Kurian et al., 2009). Loss of DAT func-
tion would be predicted to result in an excess of extra-
cellular dopamine, and thus the hypodopaminergic char-
acter of the phenotype might seem surprising. However,
it is possible that loss of DAT function also might lead to
dopamine depletion because of impaired replenishment
of the synaptic pool of dopamine. Indeed, dopamine de-
pletion is an essential component of the disease because
it has also been associated with inactivating mutations
of tyrosine hydroxylase (Diepold et al., 2005).

Thus, genetic DAT models, together with DAT muta-
tions identified in humans, represent critical tools for
investigating and understanding how alteration in do-

pamine neurotransmission contributes to severe human
disorders, ranging from rare genetic diseases to common
neurological and neuropsychiatric disorders such as
schizophrenia, Parkinsons’ disease, and ADHD (for re-
view, see Gainetdinov, 2008). In addition, the mice have
been instrumental in delineating the mechanisms of
action of psychostimulants such as cocaine and amphet-
amine (section VI.D).

B. The Serotonin Transporter

The SERT-KO mice, similar to DAT-KO mice, have
been extensively characterized (Murphy and Lesch,
2008; reviewed by Gardier, 2009). In parallel to the
observations for DAT-KO mice, SERT-KO mice display
an increase in extracellular 5-HT concentration in com-
bination with a decrease in total tissue content of 5-HT
despite increased or unaltered 5-HT biosynthesis (Ben-
gel et al., 1998). This confirms the role of SERT-
mediated reuptake as the primary extracellular mecha-
nism for clearing of released 5-HT and indicates that
SERT-mediated reuptake is critical for maintaining a
high intracellular 5-HT pool. At the behavioral level,
SERT-KO mice are characterized by increased anxiety-
and stress-related behaviors, as supported, for example,
by reduced exploratory behavior in the elevated-plus
maze test (Holmes et al., 2003a,b; Ansorge et al., 2004).
A similar phenotype characterized by abnormal emo-
tional behavior is observed by transient inhibition of
SERT with the SSRIs during early development (An-
sorge et al., 2004, 2008). Furthermore, mice overex-
pressing SERT display reduced extracellular 5-HT con-
centrations and exhibit reduced anxiety-like behaviors
(Jennings et al., 2006). This suggests that a link exist
between abnormal 5-HT homeostasis during develop-
ment and SERT expression and adult anxiety-related
behavior.

Polymorphisms in the human SLC6A4 gene encoding
SERT have also supported a central role of SERT in
diseases linked to abnormalities in 5-HT homeostasis. In
humans, SERT expression is modulated by variation
in the length of the promoter region (5-HTTLPR). A
common 44-base pair insertion/deletion polymorphism
approximately 1 kilobase upstream of the transcription
initiation generates two common alleles, the long (l) and
the short (s) allele, the s allele being associated with
lower transcriptional activity compared with the l allele
(Heils et al., 1996; Lesch et al., 1996). Furthermore,
two single-nucleotide polymorphisms (SNPs) within 5-
HTTLPR, rs25531 and rs25532, have been found to af-
fect transcriptional activity (Murphy and Lesch, 2008).
In accordance with findings in the SERT-KO mice, the
low-expressing s allele of the 5-HTTLPR has been asso-
ciated with anxiety-related personality traits (Lesch et
al., 1996; Holmes et al., 2003b) and neuropsychiatric
conditions such as bipolar disorder (Cho et al., 2005;
Lasky-Su et al., 2005), autism (Huang and Santangelo,
2008), obsessive-compulsive disorder (OCD) (Lin, 2007),
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eating disorders (Calati et al., 2011), major depressive
disorder (Clarke et al., 2010; Kiyohara and Yoshimasu,
2010), and predisposition to develop depression in re-
sponse to stressful life events (Caspi et al., 2003). How-
ever, two recent meta-analyses have failed to support a
correlation among 5-HTTLPR, stress, and depression
(Munafò et al., 2009; Risch et al., 2009), and this gene-
by-environment interaction is still the subject of debate
(Risch et al., 2009; Wankerl et al., 2010). Furthermore,
the 5-HTTLPR s allele has been suggested to predispose
for poor response to SSRI treatment in depressive pa-
tients (Serretti et al., 2007). Moreover, activity of SERT
as a consequence of the 5-HTTPLR l allele was found to
be more prevalent in a group of patients with pulmonary
hypertension (Eddahibi et al., 2001). However, subse-
quent studies in larger cohorts found only an association
of the l allele with an earlier age at diagnosis (Willers et
al., 2006) or found no significant association between the
5-HTTLPR and pulmonary hypertension (Machado et
al., 2006).

Several nonsynonymous rare genetic variants have
also been identified in the SERT gene. The I425V mu-
tation was initially identified in a screen of the complete
coding sequence of the SERT gene in 450 persons (Glatt
et al., 2001). Later, this mutation was found in two
families with OCD in which six of seven family members
that were heterozygous carriers for the I425V mutation
were diagnosed with OCD or obsessive-compulsive per-
sonality disorder (Ozaki et al., 2003). Expression of the
I425V mutant of SERT in heterologous cell lines showed
increased 5-HT uptake compared with wild-type (Kilic et
al., 2003; Prasad et al., 2005), suggested to occur as
result of either enhanced intrinsic transport capacity of
the transporter (Kilic et al., 2003) or from altered sur-
face expression (Prasad et al., 2005).

Genetic association studies of 120 families with a his-
tory of autism found genetic linkage at the chromosome
region containing the SLC6A4 gene, leading to identifi-
cation of five SNPs that result in mutations within the
coding region of SERT (G56A, I425L, F465L, L550V and
K605N) (Sutcliffe et al., 2005), which all displayed gain-
of-function relative to wild-type SERT (Prasad et al.,
2005, 2009; Sutcliffe et al., 2005), suggesting a link
between a gain-of-function SERT phenotype reuptake
and autism. A G56A knock-in mouse was generated to
explore the importance of this SERT phenotype in vivo,
but a detailed characterization of the phenotype has not
yet been reported (Veenstra-Vanderweele et al., 2009).
Another recently described rare SERT variant (K201N)
introduces a third glycosylation site in ECL3 of SERT
(Rasmussen et al., 2009), which, according to in vitro
studies, leads to enhanced glycosylation of the K201N
mutant and 30% increase in SERT expression levels,
suggesting that the K201N variant potentially can affect
serotonergic neurotransmission in human carriers (Ras-
mussen et al., 2009).

C. The Norepinephrine Transporter

The NET-KO mice are similar to the DAT- and
SERT-KO mice characterized by increased extracellular
levels and decreased intracellular levels of norepineph-
rine despite increased or unaltered neurotransmitter
synthesis (Xu et al., 2000; for review, see Gainetdinov
and Caron, 2003). The NET-KO mice also display
marked behavioral alterations, including reduced loco-
motor activity upon exposure to a novel environment
and elevated locomotor responses to psychostimulants
(Xu et al., 2000). In addition, the NET-KO mice behave
like antidepressant-treated wild-type animals in the tail
suspension test with no additional effects of antidepres-
sants such as desipramine, reboxetine, and imipramine
(Gainetdinov et al., 2002; for review, see Gainetdinov
and Caron, 2003; Dziedzicka-Wasylewska et al., 2006).
Moreover, the NET-KO mice show characteristic hemo-
dynamic changes, such as excessive tachycardia and
increased blood pressure during sympathetic activation
with wakefulness and activity, whereas resting mean
arterial pressure and heart rate are maintained at
nearly normal levels, most likely because of increased
central sympathoinhibition (Keller et al., 2004a).

Inactivation of NET in humans also results in marked
hemodynamic changes. In a patient with orthostatic in-
tolerance, sequencing of the NET gene revealed a
heterozygous coding mutation converting a highly con-
served Ala in TM9 into a Pro (A457P). When the patient
was standing, an excessive increase in the heart rate
and an abnormal high level of plasma norepinephrine
was measured, which is characteristic of orthostatic in-
tolerance. These symptoms together with A457P muta-
tion were also observed in the mother and four of the
probands siblings, including her identical twin (Shan-
non et al., 2000). When expressed in a heterologous cell
line, the mutation resulted in a 98% loss of NET function
compared with the wild-type transporter (Shannon et
al., 2000). Further studies revealed that the A457P NET
mutant is not expressed in the mature, fully glycosy-
lated form and, consequently, NET surface expression is
greatly reduced. Furthermore, when coexpressed with
wild-type NET, the A457P mutant exerts a dominant-
negative effect on wild-type NET uptake activity, prob-
ably because of transporter oligomerization (Hahn et al.,
2003), providing an explanation to the striking pheno-
type observed in heterozygous carriers.

Another human variant of NET, a Phe528Cys muta-
tion, was identified in a systematic SNP analysis on a
set of candidate genes for blood pressure homeostasis
(Halushka et al., 1999). This mutant displayed in-
creased membrane expression of NET associated with
increased norepinephrine uptake compared with the
wild-type NET (Hahn et al., 2005). A recent study de-
termined the allele frequency of F528C in a group of
patients with major depression compared with healthy
control subjects (Haenisch et al., 2008). Nine of 426
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patients were heterozygotic for F528C, whereas only
three of 642 control subjects were carriers, suggesting
an association of a rare functional variant of NET with
major depression (Haenisch et al., 2008).

D. Glycine Transporters

Removal of Gly from the synaptic cleft and refilling of
synaptic vesicles are mediated by the glial GLYT1 and
the neuronal GLYT2, respectively. The GLYT1-KO mice
demonstrated that the increase in extracellular Gly lev-
els leads to a sustained activity of the strychnine-
sensitive Gly receptor (GlyR) (Gomeza et al., 2003a). The
mice show severe respiratory deficits and die within the
first day. Measuring respiratory activity in slices from
the brain stem of the GLYT1-KO mice showed that the
respiratory frequency was restored upon treatment with
the GlyR antagonist strychnine. This suggests that the
phenotype is due to an increased level of Gly that leads
to increased activity of GlyRs (Gomeza et al., 2003a).
The GLYT1-KO phenotype resembles human Gly en-
cephalopathy (nonketotic hyperglycinemia), which is
characterized by elevated levels of Gly. On the other
hand, the vesicular Gly content and therefore the am-
plitude of GlyR-mediated miniature inhibitory postsyn-
aptic currents was reduced in mice deficient of GLYT2
(Gomeza et al., 2003b). GLYT2-KO mice also die shortly
after birth, which adds to the finding that the two GLYT
transporters serve different functions and hence cannot
substitute for each other in the neonatal mice. In the
adult mice, however, both GLYT1 and GLYT2 contrib-
ute to the fast removal of Gly from the synapse (Eulen-
burg and Gomeza, 2010; Eulenburg et al., 2010). The
phenotype of GLYT2-KO resembles human hyperek-
plexia (startle disease), a disorder that has previously
been attributed to mutations in the GlyR genes. It is
noteworthy that several nonsense, mis-sense, and
frameshift mutations in the gene encoding human
GLYT2 were recently identified in patients with hered-
itary hyperekplexia. Most of these mutations result in a
complete loss of Gly transport function (Eulenburg et al.,
2006; Rees et al., 2006).

E. GABA Transporters

GAT1 is so far the only GABA transporter that has
been studied in genetic mouse models, and a mouse
strain with functional knockout of GAT1 displayed ele-
vated extracellular GABA levels in support of a key role
of GAT1 in regulating GABA homeostasis in the brain
(Jensen et al., 2003; Bragina et al., 2008). As would be
expected from elevated GABA levels, a GAT1-KO mice,
generated by homologous recombination (Cai et al.,
2006), showed a marked reduction in anxiety and de-
pression-like behaviors (Liu et al., 2007). Moreover,
GAT1 deficiency was associated with reduced aggression
(Liu et al., 2007) and hypoalgesia (Xu et al., 2008). In
light of these phenotypic characteristics, the GAT1 gene
has recently been explored as a candidate gene for anx-

iety disorder. Indeed an association between GAT1 poly-
morphisms and anxiety disorders was observed with a
constant increase in the odds ratio for disease suscepti-
bility with an increase in panic attack severity (Tho-
eringer et al., 2009).

V. Cellular Regulation

The multitude of abnormal phenotypes observed in
SLC6 NTT transgenic mice and the association of hu-
man polymorphisms altering SLC6 NTT expression and
function with neurological diseases has demonstrated
the importance of SLC6 NTT regulation for normal
brain function. Indeed, numerous studies have sup-
ported the idea that the activity of all of the SLC6 NTTs
are subject to dynamic modulation by a range of cellular
processes. Analysis of SLC6 NTT amino acid sequences
show that their cytoplasmic domains contain numerous
consensus sites for PTMs as well as protein-protein in-
teraction motifs, suggesting that protein kinases, phos-
phatases, and other interacting proteins might act to
modify transporter function and cellular distribution
(Zahniser and Doolen, 2001; Ramamoorthy, 2002;
Vaughan, 2004; for review, see Eriksen et al., 2010b).
Although the SLC6 NTTs in general have highly con-
served primary structures within the TM and intracel-
lular regions, the N- and C-terminal domains are much
more diverse, with variations in both amino acid se-
quence and length (Fig. 10). These differences suggest a
high degree of transporter-specific regulation and indi-
cate that observations in one transporter cannot readily
be extrapolated to other members of the family.

A. Post-Translational Modifications

1. Glycosylation. The SLC6 NTTs each possess two
to four consensus sites for N-linked glycosylation (N-X-
S/T) within EL2 that are subject to N-linked glycosyla-
tion (Table 6) (Tate and Blakely, 1994; Olivares et al.,
1995; Bennett and Kanner, 1997; Torres et al., 2003a; Li
et al., 2004; Rasmussen et al., 2009). Differences in the
degree of glycosylation are observed among different
tissue, brain regions, and cell types and during develop-
ment (Lew et al., 1991; Patel et al., 1994; Qian et al.,
1995; Nguyen and Amara, 1996). Furthermore, glycosyl-
ation patterns also differ between species (Patel et al.,
1993). In general, removal of the glycosylation sites by
mutagenesis or by enzymatic deglycosylation leads to
markedly reduced uptake activity as a consequence of a
reduced number of transporters at the cell surface. This
has been attributed to instability of the nonglycosylated
transporter (DAT and NET) (Melikian et al., 1996; Li et al.,
2004), disruption of proper trafficking to the plasma mem-
brane (GLYT1 and GLYT2) (Olivares et al., 1995; Mar-
tínez-Maza et al., 2001), or a combination of both (GAT1)
(Cai et al., 2005). In general, removal of glycosylation sites
did not affect ligand binding affinities or intrinsic trans-
porter function (Tate and Blakely, 1994; Nguyen and Am-
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ara, 1996; Torres et al., 2003a), although reduced turnover
rates have been suggested in some studies (Melikian et al.,
1996; Li et al., 2004; Cai et al., 2005). For GAT1, a mech-
anism involving a reduced apparent affinity of the trans-
porter for extracellular Na� were proposed to contribute to
the reduced transport activity observed in glycosylation
deficient mutants (Cai et al., 2005).

2. Phosphorylation
a. Protein kinase C-mediated phosphorylation. Nu-

merous studies have demonstrated that the SLC6 NTTs
are phosphoproteins amenable to regulation by a num-
ber of different of kinases. However, the number of iden-
tified specific phosphorylation sites is still limited
(Table 7). Protein kinase C (PKC) is the most extensively
studied kinase and has a profound role in regulating the
phosphorylation state of SLC6 NTTs. Treatment of
transfected cells as well as native cells or tissue express-
ing NTTs with PKC activators, such as the phorbol
ester, phorbol 12-myristate 13-acetate (PMA), increases

phosphorylation levels of DAT (Huff et al., 1997;
Vaughan et al., 1997; Cowell et al., 2000; Chang et al.,
2001; Foster et al., 2002; Granas et al., 2003; Lin et al.,
2003; Gorentla and Vaughan, 2005), SERT (Ramamoor-
thy et al., 1998a; Ramamoorthy and Blakely, 1999; Jay-
anthi et al., 2005; Samuvel et al., 2005), NET (Jayanthi
et al., 2004, 2005), GAT1 (Quick et al., 2004) and BGT1
(Massari et al., 2005). The general consequence of PKC
activation is decreased transport (reduced Vmax) as a
result of redistribution of the transporter from the sur-
face to an intracellular compartment. However, an ini-
tial rapid trafficking-independent inactivation of the
transporters might occur at the plasma membrane as
suggested for DAT (Mazei-Robison and Blakely, 2005) as
well as SERT (Jayanthi et al., 2005).

In DAT, the N-terminal domain, which contains a
cluster of five closely spaced Ser within the initial 21
N-terminal residues (Fig. 10), has been identified as a
region for the majority of both basal and PKC-

FIG. 10. N- and C-terminal sequences for the human SLC6 NTTs. Numbering indicates the last amino acid in the N-terminal domain and the first
amino acid in the C-terminal domain, respectively. Boxes indicate sites for protein-protein interaction partners. See legend to Fig. 6 for UniProt-
SwissProt human accession numbers of the amino acid sequences. a Quick, 2003; b Lee et al., 2007; c Deken et al., 2000; d Chanrion et al., 2007;
e Carneiro et al., 2002; f Fog et al., 2006; g Torres et al., 2001; h Farhan et al., 2007; i McHugh et al., 2004; j Cubelos et al., 2005a;k Cubelos et al., 2005b.
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stimulated phosphorylation in native and recombinant
cells (Granas et al., 2003; Cervinski et al., 2005). Fur-
thermore, in vitro phosphorylation experiments using
purified PKC� to phosphorylate purified glutathione
transferase (GST) fusion proteins containing the DAT N
terminus have shown that this domain is a PKC sub-
strate (Fog et al., 2006; Gorentla et al., 2009). However,
additional PKC phosphorylation sites outside the N-terminal
domain might exist in DAT. Although one study indicated
loss of PKC-stimulated phosphorylation after mutation of
only Ser7 in the N-terminal domain of DAT (Lin et al., 2003),
other studies have found residual basal and PKC-stimulated
phosphorylation after mutation of the distal Ser cluster (Fos-
ter et al., 2003; Gorentla et al., 2009).

Despite the fact that PKC stimulation markedly in-
creases DAT N-terminal phosphorylation, this seems not
to be involved in the PKC-mediated endocytosis of DAT,
because truncation of the DAT N terminus almost abol-
ished detectable phosphorylation without blunting PKC-
mediated down-regulation (Granas et al., 2003; Cervinski
et al., 2005). These findings suggest that PKC-mediated
down-regulation of DAT does not involve direct trans-
porter phosphorylation. The N-terminal phosphorylation
instead seems to be involved in amphetamine-induced re-
verse transport (efflux) of dopamine. Whereas N-terminal
truncation as well as mutation of the five N-terminal Ser to
Ala did not affect DAT trafficking, it essentially abolished
amphetamine-induced efflux (Khoshbouei et al., 2004). Ef-

flux was restored by replacing Ser7 and Ser12 with phosphor-
mimicking Asp residues (Khoshbouei et al., 2004), leading to
the suggestion that N-terminal phosphorylation transforms
DAT from a “reluctant” to a “willing” state for dopamine
efflux without affecting uptake (Khoshbouei et al., 2004).

It has been reported that Ser262 in IL2 and Ser586
and Thr616 in the C terminus of DAT are also PKC
phosphor-acceptor sites, because mutation of these res-
idues decreases PKC-stimulated DAT phosphorylation
(Chang et al., 2001). Ser262 is conserved across all SLC6
NTTs, and the corresponding residue in NET has been
identified as a phosphor-acceptor site for PKC-mediated
phosphorylation (Jayanthi et al., 2006). Using rat pla-
cental trophoblasts natively expressing NET, PMA-
induced phosphorylation of NET has been demonstrated
to occur on Ser and Thr residues (Jayanthi et al., 2006).
Mutation of Thr258 and Ser259 to Ala significantly re-
duced transporter phosphorylation and prevented PMA-
induced decrease in norepinephrine uptake and NET
internalization, an effect that was not observed upon
substitution of all other potential phosphorylation sites
in the transporter (Jayanthi et al., 2006). In vitro phos-
phorylation with purified PKC� on membrane prepara-
tions containing recombinant expressed NET suggested
Ser259 as the direct site of PKC phosphorylation; how-
ever, mutation of both Thr258 and Ser259 was required
to impair functional down-regulation by the kinase (Jay-
anthi et al., 2006).

TABLE 6
Post-translational modifications of SLC6 neurotransmitter transporters

Transporter Kinase Site References

Phosphorylation
SERT PKAa N- and C-terminal domains Ramamoorthy et al., 1998a

PKCa N- and C-terminal domains Ramamoorthy et al., 1998a
PKGb Thr276 (IL2) Ramamoorthy et al., 2007

NET PKCa Thr258-Ser259 (IL2) Jayanthi et al., 2006
CamKIIc C-terminal domain Uchida et al., 1998

DAT PKCa N-terminal Ser cluster
(Ser2, Ser4, Ser7, Ser12, Ser13)

Foster et al., 2002; Lin et al., 2003; Granas
et al., 2003; Cervinski et al., 2005;
Gorentla et al., 2009

CamKIIc N-terminal domain Fog et al., 2006; Gorentla et al., 2009
ERK1/2a Thr53 (N-terminal domain) Gorentla et al., 2009
JNKa Thr53 (N-terminal domain) Gorentla et al., 2009
p38 MAPKa Thr53 (N-terminal domain) Gorentla et al., 2009
PKAc N-terminal domain Gorentla et al., 2009
PKGc N-terminal domain Gorentla et al., 2009
CKIIc N-terminal domain Gorentla et al., 2009
Cdk5c N-terminal domain Gorentla et al., 2009
Aktc N-terminal domain Gorentla et al., 2009

GAT1 Tyr kinasee Tyr107 (IL1), Tyr317 (IL3) Whitworth and Quick, 2001
N-Linked glycosylation

SERT Asn208, Asn217 Rasmussen et al., 2009; Tate and Blakely,
1994

NET Asn184, Asn192, Asn198 Melikian et al., 1996; Nguyen and Amara,
1996

DAT Asn181, Asn188, Asn205 Li et al., 2004; Torres et al., 2003a
GAT1 Asn176, Asn181, Asn184 Bennett and Kanner, 1997; Cai et al., 2005
GLYT1 Asn169, Asn172, Asn182, Asn188 Olivares et al., 1995
GLYT2 Asn345, Asn355, Asn360, Asn366 Martínez-Maza et al., 2001

JNK, c-Jun NH2-terminal kinase; CKII, casein kinase II; Cdk5, cyclin-dependent kinase 5.
a Phosphorylation of functional transporter, confirmed by in vitro phosphorylation.
b Putative. Direct transporter phosphorylation not confirmed.
c In vitro phosphorylation only.
d The corresponding residue in human DAT is a Ser.
e Phosphorylation of functional transporter, not confirmed by in vitro phosphorylation.
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The specific PKC phosphorylation sites in SERT are
less well characterized. In vitro phosphorylation by PKC
has been reported on both N- and C-terminal SERT
fusion proteins (Blakely et al., 1998), but no specific
residues were identified. A study in platelets demon-
strated that PKC-stimulated phosphorylation occurred
at both Ser and Thr residues and suggested a biphasic
effect on SERT with an initial phase in which decrease
in 5-HT transport is accompanied by Ser phosphoryla-
tion and a subsequent phase in which SERT internal-
ization is accompanied by Thr phosphorylation (Jayan-
thi et al., 2005). PKC-mediated phosphorylation of

SERT seems to be attenuated by substrates, which has
been suggested to provide an adaptive feedback mecha-
nism for maintaining the transporter at the cell surface
during periods of high transport demand (Ramamoorthy
and Blakely, 1999).

GAT1 is also down-regulated after activation of PKC
(Osawa et al., 1994; Sato et al., 1995b; Beckman et al.,
1998, 1999; Bahena-Trujillo and Arias-Montaño, 1999;
Quick et al., 2004; Wang and Quick, 2005; Cristóvão-
Ferreira et al., 2009), but only one study has demon-
strated increased transporter phosphorylation upon
PKC stimulation (Quick et al., 2004). PKC-mediated

TABLE 7
Protein interaction partners for the SLC6 neurotransmitter transporters

Transporter & Interaction Partner Site of Interaction (Terminus) References

Monoamine transporters
SERT

SCAMP2 N Müller et al., 2006
Syntaxin1A N Haase et al., 2001; Quick, 2003
Integrin �IIb�3 C Carneiro et al., 2008
Hic-5 C Carneiro and Blakely, 2006; Carneiro et al., 2002
MacMARKS C Jess et al., 2002
nNOS C Chanrion et al., 2007
Sec23A C Chanrion et al., 2007
Sec24C C Chanrion et al., 2007
CIPP C Chanrion et al., 2007
�-Synuclein N.I. Wersinger et al., 2006b
Myosin2A N.I. Ozaslan et al., 2003
PP2A N.I. Bauman et al., 2000

NET
14-3-3 proteins N Sung et al., 2005
PP2A N Bauman et al., 2000; Sung et al., 2005
Syntaxin1A N Sung et al., 2003
HIC-5 C Carneiro et al., 2002
PICK1 C Torres et al., 2001
�-Synuclein N.I. Wersinger et al., 2006a
SNAP-25 N.I. Schroeter et al., 2000
Synaptophysin N.I. Schroeter et al., 2000

DAT
D2 Receptor N Bolan et al., 2007; Lee et al., 2007
Synaptogyrin N Egaña et al., 2009
Syntaxin1A N Lee et al., 2004
SCAMP2 N Müller et al., 2006
CaMKII C Fog et al., 2006
Hic-5 C Carneiro et al., 2002
PICK1 C Torres et al., 2001
�-Synuclein C Lee et al., 2001; Wersinger et al., 2003
Parkin N.I. Moszczynska et al., 2007
PP2A N.I. Bauman et al., 2000
PKC� N.I. Johnson et al., 2005b
NEDD4-2 N.I. Sorkina et al., 2006
Epsin/Eps15 N.I. Sorkina et al., 2006
GPR37 N.I. Marazziti et al., 2007
Parkin N.I. Moszczynska et al., 2007

GABA transporters
GAT-1

Syntaxin1A N Beckman et al., 1998; Deken et al., 2000
ARFGAP1 C Reiterer et al., 2008
Pals1 C McHugh et al., 2004
Sec24D C Farhan et al., 2004, 2007

Glycine transporters
GLYT1

PSD-95 C Cubelos et al., 2005b
Sec3 C Cubelos et al., 2005a
Syntaxin1A N.I. Geerlings et al., 2000

GLYT2
Ulip6 N Horiuchi et al., 2000, 2005
Syntenin-1 C Ohno et al., 2004
Syntaxin1A N.I. Geerlings et al., 2000, 2001

N.I., not identified; CIPP, channel-interacting PDZ protein; SNAP-25, synaptosome-associated protein 25; NEDD4-2 (neural precursor cell expressed, developmentally
down-regulated 4-2); GPR37, G protein-coupled receptor 37; ARFGAP1, ADP-ribosylation factor GTPase-activating protein 1; Pals1, protein associated with Lin seven 1;
Ulip6, Unc-33-like protein 6.
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down-regulation is observed for GLYT1 and GLYT2 as
well, but corresponding changes in the phosphorylation
state of GLYT1 and GLYT2 have not been investigated
(Gomeza et al., 1995; Sato et al., 1995a; Fornés et al.,
2004; Morioka et al., 2008). In BGT1, Ser and Thr phos-
phorylation has been demonstrated in response to PKC
activation, and Thr612 in the distal C terminus was
identified as a likely phosphorylation site (Massari et
al., 2005).

b. Phosphorylation mediated by other kinases. A
number of kinases other than PKC have been suggested
as mediators of phosphorylation of SLC6 NTTs. For
GAT1, Tyr phosphorylation has been shown to regulate
transporter activity. In rat hippocampal cultures, GAT1
is phosphorylated at Tyr residues under basal condi-
tions, and agents that promote Tyr phosphorylation
cause an increase in surface localized protein (Law et al.,
2000). Increased Tyr phosphorylation has been found to
correlate with substrate-induced up-regulation of GAT1
surface levels, and mutational studies identified Tyr107
in IL1 and Tyr317 in IL3 as the phosphor-acceptor sites
(Whitworth and Quick, 2001). A remarkable reciprocal
relationship between this Tyr phosphorylation and
PKC-mediated Ser phosphorylation was found subse-
quently in which activation of pathways leading to in-
creased GAT1 Tyr phosphorylation promotes reduced
Ser phosphorylation, whereas activation of PKC activity
has the reverse effect, suggesting that at least two mu-
tually exclusive phosphorylation states exist for GAT1
that determine transporter distribution between the
cell-surface and intracellular compartments (Quick et
al., 2004). Tyr phosphorylation might also regulate
SERT function, and 5-HT uptake capacity into platelets
has been shown to be positively correlated with Src-
mediated Tyr phosphorylation (Zarpellon et al., 2008).
Nevertheless, regulation by Tyr phosphorylation has not
been reported for any of the other NTTs.

Several studies have reported SERT up-regulation by
a cGMP/protein kinase G (PKG)-mediated pathway in
both native and transfected cells (Miller and Hoffman,
1994; Zhu et al., 2004a,b, 2007; Prasad et al., 2005;
Zhang et al., 2007). PKG-mediated increase in SERT
phosphorylation has been reported (Ramamoorthy et al.,
1998a), Thr276 located in IL2 being the likely phosphor-
ylation site (Ramamoorthy et al., 2007). It is noteworthy
that the corresponding residue in NET (Thr258) is part
of the acceptor site for PKC-mediated phosphorylation
as discussed above. No alteration in SERT surface level
was observed upon PKG stimulation, and it was pro-
posed that increased SERT activity is caused by en-
hanced transport capacity of the transporter (Ra-
mamoorthy et al., 2007). However, other studies have
suggested that PKG-mediated SERT phosphorylation
also regulates cell-surface expression of the transporter
(Zhu et al., 2004a, 2004b, 2007; Prasad et al., 2005).

Several of the SLC6 NTTs have been found subject to
regulation by mitogen-activated protein kinase (MAPK)

pathways. Inhibition of p38MAPK decreases SERT
phosphorylation and cell-surface levels, whereas coex-
pression of a constitutively active kinase, MKK3b(E),
upstream of p38MAPK with SERT increases transport
capacity (Zhu et al., 2004a, 2005, 2007; Prasad et al.,
2005; Samuvel et al., 2005), but whether SERT is subject
to direct phosphorylation by p38MAPK during these
processes is unknown. For DAT, increased dopamine
transport was observed in cells coexpressing DAT with
the ERK1/2-(MAPK) activator MAPK kinase (Carvelli et
al., 2002; Morón et al., 2003). Furthermore, decreased
DAT phosphorylation and activity were observed to cor-
relate upon inhibition of MAPK kinase (Lin et al., 2003),
suggesting that MAPK-linked DAT phosphorylation is
involved in regulation of DAT activity. In support of
direct phosphorylation of DAT by MAPKs, a recent in
vitro phosphorylation study demonstrated that the
MAPKs ERK1/2, c-Jun NH2-terminal kinase, and
p38MAPK can phosphorylate Thr53 in the isolated DAT
N-terminal domain (Gorentla et al., 2009). However,
phosphorylation of Thr53 seems not to be involved in
ERK-mediated regulation of DAT activity because mu-
tation of Thr53 did not affect decreases in DAT activity
observed upon ERK-inhibition (Gorentla et al., 2009).
This finding is supported by other studies demonstrat-
ing that dopamine receptor-mediated, ERK1/2-depen-
dent DAT up-regulation is maintained upon truncation
of the first 55 N-terminal amino acids of DAT, suggest-
ing that N-terminal phosphorylation is not involved in
the regulatory mechanism underlying this effect (Bolan
et al., 2007; Zapata et al., 2007).

In addition to MAPK phosphorylation, a study also
demonstrated significant Ser phosphorylation on the N
terminus of DAT by protein kinase A (PKA), PKG, Ca2�/
calmodulin-dependent protein kinase � (CaMKII�), ca-
sein kinase II, cyclin-dependent kinase 5, and Akt (Gore-
ntla et al., 2009). However, the identity of the specific
phosphor-acceptor residues within the N terminus as
well as potential functional effects of phosphorylation,
were not investigated further in this study. PKA-
mediated in vitro phosphorylation has also been re-
ported for the isolated C- and N-terminal domains of
SERT expressed as GST fusion proteins (Blakely et al.,
1998) and stimulation of PKA activity increases SERT
phosphorylation in transfected cells, but with no effect
on 5-HT uptake capacity (Ramamoorthy et al., 1998a).
In contrast, a study of 5-HT uptake in prefrontocortical
synaptosomes showed increased transport activity upon
PKA stimulation but did not investigate SERT phos-
phorylation level (Awtry et al., 2006). Likewise, PKA-
dependent up-regulation of DAT (Batchelor and Schenk,
1998) and GAT1 (Cristóvão-Ferreira et al., 2009) has
been reported but without investigation of potential cor-
relation with changes in transporter phosphorylation
level.

CaMKII has been shown to be involved in phosphor-
ylation of several SLC6 NTTs, but with very different
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functional outcomes. For DAT, CaMKII was identified
as a key mediator of amphetamine-mediated efflux (Fog
et al., 2006). CaMKII phosphorylates a peptide corre-
sponding to the first 27 amino acids of the DAT N ter-
minus in vitro and mutation of the five Ser in the N-ter-
minal cluster (Fig. 10) of the full-length DAT prevented
CaMKII-stimulated amphetamine-mediated dopamine
efflux (Fog et al., 2006). These results highlight the
importance of N-terminal DAT phosphorylation in the
action of amphetamine but also raise questions about
importance of and potential interconnection between
CaMKII� and PKC for this process. For NET, CaMKII
has been shown to in vitro phosphorylate a peptide cor-
responding to a segment of the NET C-terminal, and
stimulation of CamKII activity in PC12 cells, which
endogenously express NET, correlates with enhanced
NET transport activity (Uchida et al., 1998). Likewise,
for GLYT1, a study on GLYT1-expressing glia cells dem-
onstrated reduced Gly uptake upon CaMKII inhibition,
but no link to direct transporter phosphorylation was
established (Gadea et al., 2002). For SERT, CaMKII
activity has been found to regulate the electrophysiolog-
ical properties of the transporter by modulating the in-
teraction of SERT with syntaxin-1a (section V.G). This
effect could be abolished by mutating Ser13 located in
the SERT N-terminal, suggesting this residue as a
CaMKII phosphorylation site, but no direct phosphory-
lation was established (Ciccone et al., 2008).

c. Transporter dephosphorylation. Protein phospha-
tases generally play a pivotal role in regulation of SLC6
NTT phosphorylation, and tonic phosphatase activity
has been suggested to maintain the transporters in a
relatively dephosphorylated state. For DAT (Huff et al.,
1997; Vaughan et al., 1997; Foster et al., 2002, 2003),
SERT (Ramamoorthy et al., 1998a), and NET (Jayanthi
et al., 2004), transporter phosphorylation increases
upon inhibition of protein phosphatase 1 (PP1) and pro-
tein phosphatase 2A (PP2A). For DAT (Vaughan et al.,
1997), SERT (Sakai et al., 1997; Ramamoorthy et al.,
1998a), and NET (Jayanthi et al., 2004), inhibition of
PP1/PP2A was shown to correlate with down-regulation
of transport activity. The catalytic subunit of PP2A has
been found to coimmunoprecipitate with DAT, SERT,
and NET from native preparations. For SERT and NET,
the association with PP2A can be reduced by treatment
with PKC activators as well as PP1/2A inhibitors
(Blakely and Bauman, 2000; Samuvel et al., 2005). This
suggests that PP2A physically associates with SERT
and NET to maintain the transporters in a dephospho-
rylated state and that increased transporter phosphor-
ylation occurs upon disruption of the complex. Inhibitors
of p38MAPK can also reduce the association of SERT
with PP2A (Samuvel et al., 2005), which, combined with
the observation that both the cGMP- and p38MAPK-
mediated up-regulation in SERT catalytic activity is
PP1/2A-dependent (Zhu et al., 2004a, 2005), indicates
that PP2A is involved in a complex regulatory mecha-

nism for SERT (for review, see Steiner et al., 2008). In
vitro dephosphorylation studies of DAT have demon-
strated that PP1 can dephosphorylate both PKC-stimu-
lated metabolically phosphorylated rDAT and in vitro
phosphorylated N-terminal of DAT (Foster et al., 2003;
Gorentla et al., 2009). The phosphorylation level of
GATs and GLYTs and their regulation by phosphatases
has so far not been investigated in greater detail.

In conclusion, although major efforts have been di-
rected toward understanding the role of phosphorylation
of SLC6 NTTs and the processes by which phosphoryla-
tion control transporter function, more work is needed to
understand the molecular basis of transporter regula-
tion by phosphorylation. This includes identification of
specific residues as phosphorylation sites, because re-
markably few sites have been identified for the many
kinases proposed to be involved in SLC6 NTT phosphor-
ylation, meaning that it remains difficult to associate
the potential consequences of transporter phosphoryla-
tion with specific molecular mechanisms that can con-
trol transporter function and expression. In this respect,
it is encouraging for future progress that recent ad-
vances in mass spectrometry-based phosphoproteomics
(Paradela and Albar, 2008; Schreiber et al., 2008) has
begun to allow parallel identification of phosphorylation
sites in a wide range of neuronal membrane proteins
(Trinidad et al., 2006; Yan et al., 2008).

B. Neurotransmitter Transporters in the
Secretory Pathway

The passage of NTTs through the secretory pathway
[i.e., through the endoplasmic reticulum (ER) and the
Golgi apparatus] represents an additional step for po-
tential regulation of NTT expression and function. ER
export has been studied for several members of the
SLC6 family and from these studies, it can be concluded
that, at least in heterologous expression systems, the
process of ER export is regulated both by transporter
oligomerization and by the cytoplasmic C terminus of
the transporters.

Oligomerization (for review, see Sitte et al., 2004) was
reported for several of the members in the SLC6 family,
including DAT (Hastrup et al., 2001; Sorkina et al.,
2003; Torres et al., 2003a), SERT (Kilic and Rudnick,
2000; Just et al., 2004), NET (Hahn et al., 2003), GAT1
(Schmid et al., 2001; Scholze et al., 2002), and recently
GLYT1 and GLYT2 (Bartholomäus et al., 2008), on the
basis of application of biochemical cross-linking tech-
niques, coimmunoprecipitations of differentially tagged
transporters, and FRET. The transporters seemed to
oligomerize at an early stage in the secretory pathway
(Scholze et al., 2002; Sorkina et al., 2003) and apparent
oligomer disruption by mutation of a leucine repeat in
TM2 led to an ER retention of GAT1, even though the
mutant transporter was still capable of mediating trans-
port (Scholze et al., 2002). Therefore, it was suggested
that oligomerization was required for ER export as sug-

THE SLC6 NEUROTRANSMITTER TRANSPORTERS 617

 by guest on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


gested also in other protein families (Reddy and Corley,
1998). However, oligomerization is not sufficient for
proper ER export of the NTTs. Thus, several mutants
have been identified that, despite forming oligomers, are
retained within the ER (Sorkina et al., 2003; Torres et
al., 2003a; Farhan et al., 2004; Miranda et al., 2004). It
is noteworthy that several subtle mutations in the C
terminus were shown to confer ER retention in both
DAT (Sorkina et al., 2003; Bjerggaard et al., 2004; Mi-
randa et al., 2004) and GAT1 (Farhan et al., 2004),
suggesting that an intact C terminus is necessary for ER
export even though it is not required for oligomerization.

The GAT1 C terminus was found to bind Sec24D, a
component of the coat protein complex II (COPII) that
facilitates export of membrane proteins from the ER. It
is noteworthy that truncation of the GAT1 C terminus,
and thereby disruption of the Sec24D interaction,
caused ER retention of the transporter (Farhan et al.,
2004). Of further interest, coexpression of wild-type
GAT1 with C-terminally truncated GAT1, which led to
formation of wild-type/mutant hetero-oligomers, caused
ER retention, suggesting that all C termini within a
GAT1 oligomer must be intact to allow efficient ER
export (Farhan et al., 2004). The binding of GAT1 to
Sec24D was suggested to be mediated via Arg566-
Leu567 in the GAT1 C terminus (Farhan et al., 2007).
This motif is conserved in the SLC6 family and, remark-
ably, was also shown to mediate Sec24D binding in DAT
and SERT (Farhan et al., 2007). Moreover, ER export of
both transporters was impaired when coexpressed with
a dominant-negative Sec24D (Farhan et al., 2007). In
addition to the effect on ER export, the Sec24D interac-
tion was shown to guide axonal concentration of GAT1 in
hippocampal neurons (Reiterer et al., 2008), suggesting
that subcellular targeting of SLC6 NTTs seems to be
determined early in the secretory pathway. In the same
study, it was shown that GAT1 binds another compo-
nent of the COPII coat complex, ARGFGAP1, and this
interaction was also necessary for proper axonal target-
ing of GAT1 (Reiterer et al., 2008). Whether these mech-
anisms can be generalized to all NTTs remains nonethe-
less unknown. It is noteworthy that an additional motif
important for export to the plasma membrane has been
identified in the GAT1 C terminus. This motif (Val569,
Met570, and Ile571) was reported to be necessary for
export, because mutation to Ser-Ser-Ser led to accumu-
lation of the transporter in the ER-Golgi Intermediate
Compartment (Farhan et al., 2008). However, this motif
is not found in the other members of the NTT family.

C. Endocytic Trafficking

Several studies have reported the existence of intra-
cellular pools of both heterologously and endogenously
expressed NTTs, including GAT1 (Quick et al., 2004),
GLYT2 (Núñez et al., 2009), NET (Matthies et al., 2009),
and DAT (Loder and Melikian, 2003; Eriksen et al.,
2009). A steady-state distribution for GAT1 was esti-

mated in cultured cortical neurons, with approximately
one third of the transporter in an intracellular pool
(Wang and Quick, 2005), and the steady-state distribu-
tion of DAT was, according to surface biotinylation ex-
periments, estimated to be 60% intracellular and 40% on
the cell surface (Melikian and Buckley, 1999). The exis-
tence of an intracellular pool has been explained to be
mainly the result of prominent constitutive internaliza-
tion of the transporters. Indeed, DAT has a high consti-
tutive internalization rate, both when expressed in cell
lines (Loder and Melikian, 2003; Sorkina et al., 2005)
and for the endogenous transporter in cultured dopami-
nergic neurons (Eriksen et al., 2009). Likewise, endoge-
nous GAT1 and GLYT2 were shown to constitutively
internalize (Fornés et al., 2008). For DAT, GLYT2, and
GAT1, the constitutively internalized transporter was
suggested to sort mainly to a recycling pathway, permit-
ting reinsertion of the transporter into the plasma mem-
brane. Accordingly, it was proposed that the intracellu-
lar transporters represented a recruitable transporter
pool permitting rapid mobilization of transporter to the
surface during periods of high signaling activity. How-
ever, for DAT, it has recently been suggested that a
substantial fraction of the constitutively internalized
DAT is sorted to a lysosomal/degradative pathway with
probably only a rather small fraction sorted to Rab4-
positive “short-loop” recycling pathways (Eriksen et al.,
2010a).

D. Regulated Trafficking

As described above, the most thoroughly studied
mechanism in regulated trafficking of the SLC6 NNTs is
PKC activity-dependent internalization. However, as
mentioned above, only for NET has an unambiguous
connection between PKC-mediated transporter phos-
phorylation and internalization been determined (sec-
tion V.A). The suggested phosphorylation sites in NET
(Thr258 and Ser259) are situated in IL2, which also
have been connected with PMA-induced internalization
of GLYT2. Mutation of the corresponding residues,
Thr419 and Ser420, in GLYT2 partially impaired PMA-
mediated internalization (Fornés et al., 2004), and mu-
tation of the nearby Lys442 abolished PMA-mediated
internalization of GLYT2 without affecting constitutive
internalization (Fornés et al., 2004, 2008).

For DAT, it has been proposed that PKC-mediated
internalization involves ubiquitination, another post-
translational modification, instead of being the result of
direct PKC-mediated transporter phosphorylation (Mi-
randa et al., 2005). Miranda et al. (2005) showed that
DAT was constitutively ubiquitinated and that this was
augmented upon PMA stimulation. The ubiquitination
was dependent on the presence of three lysines situated
in the intracellular DAT N terminus (Lys19, Lys27, and
Lys35), and concomitant mutation of these residues to
arginines essentially abolished both ubiquitination and
phorbol ester-stimulated DAT down-regulation (Mi-
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randa and Sorkin, 2007). In addition, an siRNA screen
identified the ubiquitin ligase NEDD4-2 as critical for
PKC-mediated DAT internalization (Sorkina et al.,
2006) along with proteins associated with endosome
transport (Sorkina et al., 2006), suggesting that PKC
activity modulates DAT internalization through the
ubiquitylation system and endosome transport pro-
cesses. It is noteworthy that the ESCRT (endosomal
sorting complex required for transport) machinery-
associated proteins epsin and Eps15/Eps15R were also
identified in the siRNA screen as important for PMA-
mediated DAT endocytosis, and both epsin and Eps15
coimmunoprecipitated with DAT upon PMA stimulation
(Sorkina et al., 2006). Because DAT has also been shown
to colocalize with the ESCRT component hepatocyte-
growth factor receptor substrate (Miranda et al., 2005),
it is conceivable that ubiquitinated DAT is sorted by the
ESCRT machinery. This is also in agreement with the
fact that PKC activation increased DAT degradation in
HeLa and Madin-Darby canine kidney cells (Daniels and
Amara, 1999; Miranda et al., 2005).

A nonconventional internalization motif in the DAT C
terminus (residues 587–596; FREKLAYAIA) has also
been suggested to be critical for constitutive and PKC-
mediated DAT internalization (Holton et al., 2005). The
motif is relatively well conserved among the SLC6
NTTs, and mutating the motif in NET also resulted in
impaired internalization (Holton et al., 2005). Further
studies showed that Ala substitutions of residues 587 to
590 were sufficient to abolish PKC-mediated DAT down-
regulation and constitutive DAT internalization. On the
basis of these results, it was suggested that the stretch
of four residues is part of an endocytic braking mecha-
nism that is relieved upon PKC stimulation (Boudanova
et al., 2008). The role of this C-terminal motif in ubiq-
uitination of the N terminus in PKC-mediated DAT en-
docytosis has not been elucidated and awaits further
investigations. Of further interest, mitogen-activated
protein kinase phosphatase, has been identified as an
inhibitor of PKC-mediated DAT internalization acting
downstream of the DAT ubiquitination (Mortensen et
al., 2008). Although this needs further clarification, the
observation should be considered together with the re-
cent finding that PMA failed to induce internalization of
endogenous DAT (Eriksen et al., 2009). Hence, variable
expression of mitogen-activated protein kinase phospha-
tase in dopaminergic neurons might be a mean by which
PKC-mediated DAT internalization is regulated.

The degree to which nonconventional trafficking mo-
tifs or ubiquitination contributes to PKC-mediated in-
ternalization of the other NTTs remains to be deter-
mined. It is noteworthy that it was shown that
ubiquitination was involved in both PMA-mediated and
constitutive internalization of GLYT1 (Fernández-
Sánchez et al., 2009). However the ubiquitination site
was identified in C terminus (Lys619), emphasizing the

rather scarce homology between the individual trans-
porters in their intracellular domains.

Other kinase pathways have been implicated in reg-
ulating trafficking of NTTs. For DAT, this includes
downstream effectors of insulin signaling such as phos-
phatidylinositol 3-kinase (PI3K) (Carvelli et al., 2002;
Lin et al., 2003) and Akt (Garcia et al., 2005), which
have been suggested to promote trafficking of DAT to
the surface. Hence, insulin was shown to increase dopa-
mine uptake in a PI3K- (Lin et al., 2003) and Akt-
dependent manner (Garcia et al., 2005). An in vivo role
of this pathway in regulating DAT levels was supported
by studies of rats depleted of insulin by the diabetogenic
agent streptozotocin. In these rats, both Akt function
and DAT surface expression was markedly reduced (Wil-
liams et al., 2007). Likewise, NET was shown to be
up-regulated by insulin in a PI3K inhibitor-sensitive
manner (Apparsundaram et al., 2001). Moreover, SERT
surface trafficking seems to be regulated by p38MAPK
(Samuvel et al., 2005) and possibly cGMP/PKG, perhaps
via activation of adenosine receptors (Zhu et al.,
2004a,b, 2007; Prasad et al., 2005). Finally, DAT traf-
ficking might be subject to regulation by MAPK; i.e.,
MAPK inhibitors were shown to decrease dopamine up-
take both in transfected HEK293 cells and in striatal
synaptosomes. The effect may both involve alteration in
DAT transport capacity and redistribution of DAT from
the plasma membrane to the cytosol (Morón et al., 2003).

For GAT1, surface trafficking seems to be regulated
by Tyr phosphorylation (Law et al., 2000; Whitworth
and Quick, 2001), and it was recently shown that acti-
vation of adenosine A2A receptors in hippocampal syn-
aptosomes enhanced GABA uptake by opposing a con-
stitutive PKC-mediated down-regulation of GAT1
(Cristóvão-Ferreira et al., 2009).

E. Substrate- and Inhibitor-Mediated Trafficking

There is increasing evidence supporting that sub-
strates and inhibitors of SLC6 NTTs are capable of
regulating trafficking of these to and from the plasma
membrane. For DAT, both dopamine and amphetamine
were found to promote DAT internalization, with the
largest effect seen for amphetamine (Saunders et al.,
2000; Chi and Reith, 2003; Sorkina et al., 2003; Kahlig
et al., 2004). In contrast, the DAT inhibitors cocaine and
methylphenidate increased DAT surface expression
(Daws et al., 2002; Little et al., 2002). It is noteworthy
that in vivo observations support this scenario; i.e.,
methamphetamine users had less DAT in the striatum
and cocaine users were reported to have an increased
level of DAT (Little et al., 1993).

The molecular mechanisms underlying substrate and
inhibitor induced surface regulation is still enigmatic;
recently, however, it has been suggested that an inward-
facing conformation of DAT is more prone to internal-
ization than an outward-facing conformation of DAT
(Sorkina et al., 2009). Thus, substrate might promote
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internalization simply by increasing the fraction of
transporter molecules residing in an inward-facing con-
formation, which might alter the interaction of the
transporter with as-yet-unknown proteins. However,
amphetamine-induced internalization of DAT could be
promoted by intracellular application of amphetamine
via a patch pipette, suggesting that DAT transport ac-
tivity was not required and that an increase of intracel-
lular amphetamine is an essential component of DAT
redistribution (Kahlig et al., 2006). It has also been
proposed that that CaMKII activity was necessary for
amphetamine-induced internalization of DAT (Wei et
al., 2007), but unlike amphetamine-induced efflux, the
mechanism does not involve N-terminal phosphoryla-
tion (Cervinski et al., 2005). DAT, amphetamine, and
CaMKII has furthermore been coupled to the insulin
signaling pathway; i.e., amphetamine inhibits Akt
through a mechanism that is dependent on DAT and
CaMKII activity, and this inhibition might contribute to
the amphetamine-induced DAT redistribution from the
surface (Wei et al., 2007).

A biphasic effect of amphetamine on DAT trafficking
has also been proposed (Johnson et al., 2005a; Chen et
al., 2009; Furman et al., 2009). Preceding the amphet-
amine-induced internalization of DAT, a rapid increase
in the level of surface-expressed transporter was ob-
served after 1-min treatment of rat striatal synapto-
somes with amphetamine (Johnson et al., 2005a). The
increase in surface DAT was dependent on PKC� activ-
ity (Furman et al., 2009). Finally, disruption of the sol-
uble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) complex seems to abolish
amphetamine-induced trafficking of DAT to the surface
(Furman et al., 2009). For NET, amphetamine has been
shown to induce endocytosis in a CaMKII- and
syntaxin1A-dependent manner (Dipace et al., 2007), and
recently it was shown that amphetamine-induced NET
internalization also depended on the small GTPase
Rab11 (Matthies et al., 2010). Furthermore, phosphory-
lation of Thr258 and Ser259 has been implicated in
amphetamine-induced endocytosis of NET (Annamalai
et al., 2010).

In SERT, 5-HT attenuates PMA-induced internaliza-
tion, as demonstrated by cell-surface biotinylation ex-
periments (Ramamoorthy and Blakely, 1999), indicating
that, in contrast to DAT, the substrate stabilizes the
transporter protein at the cell surface. Consistent with
this observation, prolonged exposure to 5-HT led to in-
creased surface expression of SERT (Whitworth et al.,
2002). Nonetheless, recent studies on SERT have indi-
cated a biphasic effect of 5-HT on SERT with enhanced
surface expression at low 5-HT concentrations and low-
ered surface expression induced by higher 5-HT concen-
trations (Brenner et al., 2007).

GAT1 has also been shown to be regulated by extra-
cellular substrate and inhibitor application. In the short
term, substrates increase surface expression levels of

GAT1 and inhibitors have the opposite effect (Bernstein
and Quick, 1999). Substrate mediated up-regulation is
dependent on GAT1 phosphorylation of Tyr107 and
Tyr307 and is facilitated by a decreased internalization
rate (Whitworth and Quick, 2001). It has been shown
that the regulatory effect of GABA on GAT1 in cortical
neurons is biphasic; a transporter-dependent up-
regulation is observed first, followed by GABA-receptor
mediated down-regulation (Hu and Quick, 2008).

F. Microdomain and Raft Localization

Similar to other membrane proteins, the SLC6 NTTs
are predicted not to be randomly distributed in the
plasma membrane but are associated with intracellular
protein networks and plasma membrane microdomains
that ensure appropriate spatial and temporal regulation
of transporter function. Several of the SLC6 NTTs have
been suggested to segregate into distinct plasma mem-
brane domains of specific lipid composition, including
so-called membrane rafts (Simons and Toomre, 2000;
Tsui-Pierchala et al., 2002; Pike, 2006). Membrane rafts
are believed to compartmentalize cellular processes (Si-
mons and Toomre, 2000; Tsui-Pierchala et al., 2002;
Pike, 2006), and association to membrane rafts might be
important for the function of NTTs. Membrane raft as-
sociation was first suggested for SERT (Magnani et al.,
2004) and for NET (Jayanthi et al., 2004), where mem-
brane raft association of NET may be critical for inter-
nalization of the transporter in response to PKC activa-
tion (Jayanthi et al., 2004). For DAT, application of
fluorescence correlation spectroscopy and fluorescence
recovery after photobleaching in heterologous cells sup-
ported raft and cytoskeleton association of DAT (Adkins
et al., 2007). Functional analysis indicated that the as-
sociation of DAT with rafts might regulate transport
capacity (Adkins et al., 2007) in a fashion similar to that
observed for SERT (Magnani et al., 2004). Raft associa-
tion has also recently been proposed for GLYT1, but the
functional significance was not assessed (Liu et al.,
2009).

G. Protein-Protein Interactions

For most of the SLC6 NTTs, several interactions be-
tween the transporters and specific intracellular scaf-
folding, cytoskeletal, anchoring, and signaling proteins,
including other membrane proteins, have been reported
that seem to regulate transporter function (for review,
see Eriksen et al., 2010) (Table 7; Fig. 10). In recent
years, a growing body of experimental evidence has sub-
stantiated the critical importance of these interactions
in regulating SLC6 NTT function, including their cellu-
lar trafficking, catalytic properties, and the action of
drugs targeting the transporters.

1. Soluble N-Ethylmaleimide-Sensitive Factor Attach-
ment Protein Receptors and Synaptic Vesicle Pro-
teins. One interaction that seems to be general for all
SLC6 NTTs is an interaction with the SNARE protein
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syntaxin1A (Beckman et al., 1998; Geerlings et al., 2000,
2001; Haase et al., 2001; Sung et al., 2003; Lee et al.,
2004). Syntaxin1A is a neuronal membrane protein be-
longing to the family of Gln-SNAREs involved in the
vesicle docking process during exocytosis of synaptic
vesicles (Sudhof, 2004). An additional role of syntaxin1A
has emerged with the findings that syntaxin1A binds to
and regulates the activity and cell surface availability of
several neuronal membrane proteins. Compelling evi-
dence suggests that the N termini of SLC6 NTTs inter-
act directly with syntaxin1A, possibly through an inter-
action with the SNARE motif H3 (Deken et al., 2000;
Quick, 2003; Lee et al., 2004). For DAT, the interaction
site is contained within the first 33 residues of the N
terminus (Binda et al., 2008), whereas residues 30 to 54
of the GAT1 N-terminal domain were shown to interact
directly with syntaxin1A (Deken et al., 2000) (Fig. 10).
Further characterization identified three Asp in the
GAT1 N terminus (Asp40, Asp43, and Asp45) as critical
for syntaxin1A binding. Likewise, mutation of nega-
tively charged residues between positions 11 and 30 of
SERT disrupted syntaxin1A binding (Quick, 2003).
Knockdown of syntaxin1A by antisense oligonucleotide
or inactivation by cleavage of syntaxin1A with botuli-
num toxin C1 (BoTx C1) have substantiated that
syntaxin1A plays a role in regulating the level of SLC6
NTTs at the cell surface (Beckman et al., 1998; Deken et
al., 2000; Geerlings et al., 2000, 2001; Quick, 2002; Sung
et al., 2003; Cervinski et al., 2010). In addition, the
interaction with syntaxin1A has been shown to reduce
the catalytic activity of NET and GAT (Deken et al.,
2000; Sung et al., 2003). For GAT1, the interaction with
syntaxin1A was reported to be regulated by GABA as
prolonged incubation with substrate increased the
catalytic activity of GAT1 when in the presence of
syntaxin1A. Furthermore, the syntaxin1A interaction
with GAT1 was found to decrease after transport activ-
ity. This suggests that syntaxin1A is involved in a reg-
ulatory mechanism in which GABA transport capacity
can be up-regulated after periods with high transport
activity (Quick, 2002). Finally, the electrophysiological
properties of the transporters have been found to be
influenced by the interaction with syntaxin1A. For
SERT, interaction with syntaxin1A abolished the trans-
port-associated current that is a result of an electrogenic
nonstoichiometric transport mode as well as the Na�

leak current observed in absence of substrate, resulting
in a electroneutral transport mode in which substrate
and ion transport are strictly coupled (Quick, 2003).
Likewise, studies performed in Caenorhabditis elegans
suggested that the interaction of DAT with the C. el-
egans syntaxin1A homolog changes the electrophysio-
logical properties of the transporter (Carvelli et al.,
2008).

By use of the mating-based split ubiquitin system, the
synaptic vesicle protein synaptogyrin-3 has been identi-
fied as a potential interacting partner for DAT (Egaña et

al., 2009). The synaptogyrin-3/DAT interaction was fur-
ther confirmed by FRET experiments and GST-pull-
downs and coimmunoprecipitations that further showed
that the interaction was mediated between the N termi-
nus of DAT and the cytoplasmic N terminus of synapto-
gyrin. In the catecholaminergic cell lines PC12 and
MD9D, which both contain vesicular monoamine trans-
porter-positive vesicles, overexpression of synapto-
gyrin-3 with DAT increased DAT uptake capacity,
whereas siRNA-mediated knockdown of synaptogyrin-3
expression reduced DAT activity, effects that both were
absent in non-neuronal HEK293 cells. Furthermore,
DAT activity was reduced by 40% in the presence of the
vesicular monoamine transporter 2 inhibitor reserpine
in PC12 cells but not in HEK293 cells. Because the DAT
N terminus was found to be capable of pulling down
purified synaptic vesicles, the authors suggest the chal-
lenging hypothesis that the interaction between synap-
togyrin-3 and DAT physically couples DAT to synaptic
vesicles and that this coupling leads to an increase in
DAT activity and presumably a more efficient filling of
synaptic vesicles (Egaña et al., 2009). Synaptogyrin-3
neither bound NET nor affected NET function, suggest-
ing that the interaction is DAT-specific. Another SNARE
protein, soluble N-ethylmaleimide-sensitive factor at-
tachment protein-25, and the synaptic vesicle mem-
brane protein synaptophysin were found to colocalize
with NET in axonal varicosities; however, a direct inter-
action was not confirmed (Schroeter et al., 2000).

2. Ca2�/Calmodulin-Dependent Protein Kinase. There
is compelling evidence that the DAT C terminus, but not
the C termini of NET and SERT, binds the � subunit of the
serine/threonine protein kinase CaMKII. This interaction
was suggested to facilitate CaMKII-dependent phosphory-
lation of N-terminal Ser that in turn stimulates amphet-
amine-induced dopamine efflux (Fog et al., 2006). The in
vivo role of this interaction was studied by in vivo chrono-
ampermetry measurements showing that CaMKII activity
was required for amphetamine-induced dopamine efflux in
mouse striatum (Fog et al., 2006). It is noteworthy that
amphetamine-induced dopamine efflux might also be reg-
ulated by the interaction of DAT with syntaxin1A (Binda
et al., 2008). Amphetamine was found to increase the in-
teraction between DAT and syntaxin1A in a CaMKII-de-
pendent manner and, thus, a mechanism was proposed in
which amphetamine activation of CaMKII strengthens the
DAT/syntaxin1A interaction, resulting in a mode of DAT in
which efflux is possible (Binda et al., 2008). It is notewor-
thy that CaMKII-dependent regulation of a syntaxin1A/
transporter interaction has also been demonstrated for
SERT (Ciccone et al., 2008) and NET (Dipace et al., 2007).

3. Postsynaptic Density 95/Discs-Large/Zona Oc-
cludens Domain Proteins. Although the SLC6 NTTs dif-
fer in their extreme C terminus, they all contain putative
PDZ (postsynaptic density 95/discs-large/zona occludens)
binding sequences. PDZ domains represent one of the most
widespread protein recognition domains in the human ge-
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nome and are characterized by binding short linear con-
sensus motifs mostly located at the C terminus of their
interaction partners (Nourry et al., 2003; Kim and Sheng,
2004). Most PDZ domain-containing proteins play key
roles in regulating targeting and trafficking of their inter-
action partners and are critical in protein scaffolding pro-
cesses, where they organize proteins into supramolecular
complexes and bring different cellular components in close
proximity to ensure spatial and temporal control of cellular
processes.

The synaptic PDZ domain-containing protein PICK1
was initially identified as a binding partner to the PDZ
recognition motif in the extreme C termini of DAT and
NET (Torres et al., 2001) (Fig. 10). This interaction was
proposed to enhance DAT surface targeting and induce a
clustering phenotype in transfected cells (Torres et al.,
2001). However, the PICK1 interaction does not seem to
play a role in ER export and surface targeting of the
transporter. DAT C-terminal residues are important for
appropriate membrane targeting of DAT, but mutations
in DAT were identified that specifically disrupted PDZ
domain interactions without affecting surface targeting,
and mutations were identified that disrupted surface
targeting without affecting PICK1 binding (Bjerggaard
et al., 2004). Thus, the functional significance of the
DAT/PICK1 interaction remains to be settled.

Additional PDZ domain-containing proteins have
been identified as SLC6 NTT interaction partners
mainly by use of yeast two-hybrid systems. Syntenin-1
was found to interact with the C terminus of GLYT2
(Ohno et al., 2004). Native syntenin-1 and GLYT2 colo-
calize in neuronal tissue and can be immunoprecipitated
together (Ohno et al., 2004). Removal of the PDZ binding
motif in GLYT2 result in reduced synaptic localization
in neuronal cells (Armsen et al., 2007), suggesting that
the syntenin-1/GLYT2 or another PDZ domain-contain-
ing protein interaction are involved in recruitment to
and/or stabilization of GLYT2 at synaptic sites. It is
noteworthy that syntenin-1 also binds to syntaxin1A,
but GLYT2 and syntaxin1A cannot bind to syntenin-1
simultaneously, indicating that syntenin-1 does not par-
ticipate directly in syntaxin1A-mediated trafficking of
GLYT2 (Ohno et al., 2004).

Using a proteomics approach, neuronal nitric-oxide
synthase (nNOS) was identified as a PDZ domain-
containing protein interacting with the PDZ binding
motif in the C terminus of SERT (Chanrion et al., 2007)
(Fig. 10). Coexpression of SERT with nNOS decreased
5-HT uptake capacity in transfected cells by decreasing
SERT cell surface expression, and this effect could be
abolished by removing the PDZ binding motif in SERT.
Furthermore, 5-HT transport in synaptosomes from
nNOS knockout mice was enhanced compared with wild-
type animals. Inhibition of the SERT/nNOS interaction
in wild-type animals by injection of a SERT C-terminal
peptide fused to the cell membrane penetrating HIV-1

Tat peptide also increased SERT acitivty in synapto-
somes (Chanrion et al., 2007).

The PDZ domain of Pals1, a member of the mem-
brane-associated guanylate kinase family, binds the C
terminus of GAT1 (Fig. 10). Coexpression of GAT1 with
Pals1 increased GABA uptake because of an increase in
total GAT1 protein, which led to the proposal that Pals1
might slow the turnover time for GAT1 and thereby
increase GAT1 cell-surface levels (McHugh et al., 2004).
Another member of the membrane-associated guanylate
kinase family, PSD-95, was found to interact with
GLYT1 and stabilize the transporter at the cell surface
(Cubelos et al., 2005b). Gly is a coagonist at the NMDA
receptor, a well characterized interaction partner for
PSD-95, and the GLYT1/PSD-95 interaction was pro-
posed to bring GLYT1 and NMDA receptors together to
enable tight regulation of extracellular Gly concentra-
tion around NMDA receptors. This hypothesis correlates
with the observation that GLYT1, in addition to its
presence in glial cells, is present at postsynaptic sites of
glutamatergic neurons within complexes containing
both GLYT1 and NMDA receptors (Cubelos et al.,
2005b). Finally, BGT1 was found to bind the PDZ pro-
tein LIN7 (Massari et al., 2005). It is noteworthy that
the interaction with LIN7 was regulated in a PKC-
dependent manner; i.e., PKC activation promoted phos-
phorylation of Thr612 in the LIN7 association motif,
causing decreased LIN7 binding to BGT1 concomitantly
with transporter internalization (Massari et al., 2004).

4. Hydrogen Peroxide-Inducible Clone-5. The LIM
(Lin11, Isl-1, and Mec-3) domain-containing focal adhe-
sion protein hydrogen peroxide-inducible clone-5 (Hic-5)
is another scaffolding protein found to interact with the
C terminus of DAT, NET, and SERT (Carneiro et al.,
2002; Carneiro and Blakely, 2006). On the basis of re-
sults from differential extraction and sedimentation
procedures with human and mouse platelets, it was
suggested that the interaction of Hic-5 with SERT facil-
itates SERT internalization by promoting interaction
with the actin cytoskeleton (Carneiro and Blakely,
2006). Furthermore, the Hic-5/SERT association was
linked to the PKC-mediated regulatory pathway, be-
cause stimulation of PKC positively modulated the Hic-
5/SERT interaction (Carneiro and Blakely, 2006). The
protein MacMARCKS (homolog of myristoylated ala-
nine-rich C kinase substrate) has also been proposed to
be involved in PKC-mediated internalization of SERT
via interaction with the SERT C terminus (Jess et al.,
2002). MacMARKS is a PKC substrate and coexpression
of MacMARKS and rat SERT in HEK293 cells altered
the PKC-dependent regulation of SERT transport activ-
ity compared with cells expressing SERT alone (Jess et
al., 2002).

5. Proteins in the Early Secretory Pathway. As men-
tioned before, the GAT1 C terminus binds Sec24D, a
component of the COPII coat complex that facilitates
transport from ER to Golgi (Farhan et al., 2004) (section
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V.B). The binding of Sec24D, which depends on Arg566
and Leu567 in the GAT1 C terminus, was shown to
facilitate concentrative ER export of GAT1 (Farhan et
al., 2007). This motif is conserved in the SLC6 family
and consistently the corresponding motif in DAT and
SERT was shown to mediate Sec24D binding with these
transporters (Farhan et al., 2007). The C terminus of
GLYT1 interacts directly with another component of the
secretory pathway, namely Sec3, which is part of the
exocyst complex implicated in targeting post-Golgi se-
cretory vesicles to the plasma membrane. Accordingly,
coexpression of Sec3 increased the uptake activity of
GLYT1, suggesting that the exocyst complex augment
insertion of GLYT1 into the plasma membrane (Cubelos
et al., 2005a).

6. The Dopamine D2 Receptor. Two independent
studies have shown that the dopamine D2 receptor short
variant, which is the primary autoinhibitory receptor
expressed in presynaptic dopaminergic neurons, inter-
acts with DAT and causes an increase in dopamine
uptake by increasing in DAT surface expression (Bolan
et al., 2007; Lee et al., 2007) (Fig. 10). The potential
biological significance of physical and functional cou-
pling between D2 receptors and DAT activity seems
highly plausible considering the shared attenuating role
of DAT and D2 receptors in control of dopaminergic
transmission. However, the molecular mechanism un-
derlying the effect of D2 receptors on the function of DAT
is still not fully understood. A direct interaction between
the N terminus of DAT and the third intracellular loop of
the D2 receptors was suggested to be responsible for
enhanced DAT transport capacity (Lee et al., 2007).
Furthermore, up-regulation of DAT activity by coexpres-
sion of D2 receptors has been found to be dependent on
receptor activation as well as downstream ERK1 signal-
ing (Bolan et al., 2007). Further studies are required to
fully understand the significance of the interaction be-
tween DAT and the D2 receptor. It is highly interesting,
however, that a correlation between schizophrenia and
potential loss of the DAT/D2 receptor interaction re-
cently has been reported. Coimmunoprecipitation of
DAT with D2 receptors was reduced to 60% in samples
from the striata of patients with schizophrenia com-
pared with the control group, and in samples from pa-
tients with bipolar disease, no difference was observed
(Lee et al., 2009).

7. �-Synuclein. DAT, NET, and SERT have all been
found to interact with �-synuclein, a presynaptic protein
that is implicated in the pathogenesis of Parkinson’s
disease (Lee et al., 2001; Wersinger and Sidhu, 2005;
Wersinger et al., 2006a,b; Jeannotte and Sidhu, 2007).
Coexpression studies revealed that �-synuclein modu-
lated transporter activity by regulating cell surface ex-
pression; however, it is not clear whether the regulation
is stimulatory or inhibitory. Recent studies in human
neuronal cell lines revealed �50% reduction in DAT
activity upon siRNA knockdown of �-synuclein (Foun-

taine and Wade-Martins, 2007), suggesting that under
native conditions, endogenous �-synuclein promotes
transporter activity. It is noteworthy that it was shown
that parkin, a protein believed to be involved in a famil-
ial form of Parkinson’s disease, disrupts the �-synuclein/
DAT interaction and abolish �-synuclein-induced en-
hancement of DAT transport in transfected cells
(Moszczynska et al., 2007). It was suggested that this
mechanism could account for the protective effect of
parkin with respects to dopaminergic cell death in Par-
kinson’s disease (Moszczynska et al., 2007). The impor-
tance of these interaction effects remains to be deter-
mined in vivo. So far, �-synuclein KO mice have failed to
show any alterations in DAT function (Dauer et al.,
2002; Chandra et al., 2004).

Additional SLC6 NTT interacting proteins are listed
in Table 7. In general, the plethora of proteins so far
found to interact with the SLC6 NTTs clearly implies
that the transporter function and subcellular distribu-
tion is tightly regulated by protein-protein interactions.
However, the in vivo significance and mechanistic role of
most of these interactions is still far from fully under-
stood and require further validation and exploration.

VI. Therapeutic Applications of Solute Carrier 6
Neurotransmitter Transporter Drugs

The SLC6 NTTs have been important drug targets for
several decades. Industrial drug development efforts
have primarily focused on SERT, NET, and DAT, and an
array of drugs targeting these transporters have been
developed and is currently used against diseases such as
major depression, anxiety disorders, ADHD, and obe-
sity. Moreover, an inhibitor of GAT1, tiagabine, was
approved as an antiepileptic drug in the 1990s, whereas
the first drug targeting the glycine transporters has yet
to be approved.

Despite being important drug targets for a number of
years, the pharmaceutical industry is still focusing on
developing novel drugs that target SLC6 NTTs. This
includes improvement of drugs targeting the mono-
amine transporters as well as exploring the therapeutic
potential of GLYT inhibitors, which are currently inves-
tigated in late-stage clinical trials as a new strategy for
the treatment of schizophrenia. It is noteworthy that the
GABA transporters do not seem to be pursued as drug
targets. Substantial side-effects such as tremor, ataxia,
dizziness, and somnolence have been observed during
administration of selective GAT1 inhibitors such as ti-
agabine (Beghi, 2004; LaRoche and Helmers, 2004; Fos-
ter and Kemp, 2006), and in the GAT1-KO mouse (Chiu
et al., 2005) (section IV.E), suggesting that these side-
effects are directly linked to GAT1 inhibition. Com-
pounds selectively targeting individual GABA trans-
porter subtypes other than GAT1 are not presently
available (section III), and the therapeutic potential of
blocking specific subtypes is therefore not well estab-
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lished. However, compounds with broad-range inhibi-
tory activity across the nonGAT1 subtypes display anti-
convulsant activity (Dalby and Nielsen, 1997; Dalby et
al., 1997; Dalby, 2000; White et al., 2005; Madsen et al.,
2009), indicating that inhibition of other GAT subtypes
than GAT1 might offer a strategy for the treatment of
epilepsy. This hypothesis will have to await the devel-
opment of more selective inhibitors of the different
GABA transporter subtypes.

Below, we provide an overview of compounds that are
currently in use or under investigation as human ther-
apeutics. Novel compounds targeting SLC6 NTTs are
frequently reported in the literature, but only com-
pounds that are currently undergoing late stage clinical
trials or very recently approved are included. The over-
view is based on primary literature, patents, and the
Investigational Drugs Database (iddB) and is summa-
rized in Table 8.

A. Solute Carrier 6 Neurotransmitter Transporter
Drugs in Current Therapeutic Use

After the discovery of the SLC6 NTTs and their role in
neurotransmission processes, the therapeutical scope
for pharmacological modulation of NTT activity has
been expanded to cover a large number of neurological
and psychiatric disorders. Accordingly, intense drug dis-
covery efforts have successfully developed a multitude of
drugs with the SLC6 NTTs as primary targets, includ-
ing drugs acting at the monoamine transporters and at
the GABA transporters. In addition to being therapeutic
drug targets, the monoamine transporters are also the
primary targets for psychostimulant drugs of abuse.

1. Monoamine Transporter Drugs. As described in
section IV, the monoamine neurotransmitter systems
are crucially involved in control of human behavior and
emotional states, and diseases related to dysfunctions in
monoaminergic activity are typically of affective and
behavioral nature, such as depression, anxiety disorders
(including OCD), and ADHD.

a. Depression and anxiety. Competitive inhibitors of
the monoamine transporters SERT and NET are used as

treatments for major depression and anxiety diseases.
By inhibiting transmitter reuptake, they increase extra-
cellular 5-HT and/or norepinephrine concentrations
that, if maintained over a period of days to several
weeks, lead to symptom relief (Brown and Gershon,
1993; Nemeroff and Owens, 2002). The prototypical TCA
imipramine was the first SLC6 NTT drug to be approved
after the seminal discovery of its antidepressant effects
in the 1950s (Azima and Vispo, 1958; Kuhn, 1958). Imip-
ramine is a dual-acting inhibitor of SERT and NET and
has additional blocking effect at G protein-coupled neu-
rotransmitter receptors, including muscarinic, hista-
minergic, and �-adrenergic receptors, as well as at car-
diac sodium channels, causing several side effects and
intoxication risks (Iversen, 2000). Subsequently, a large
series of closely related derivatives of imipramine has
been developed, which differ in their selectivity between
SERT and NET as well in their activity at other CNS
targets. The realization that the clinical effect of TCAs
can be attributed mainly to inhibition of monoamine
transporters led to the development of a second genera-
tion of inhibitors with improved monoamine transporter
selectivity (Kaiser and Setler, 1981). These include
SSRIs such as paroxetine, fluoxetine, fluvoxamine, ser-
traline, and citalopram, which are highly selective for
SERT over NET/DAT and have little or no affinity for
other CNS or non-CNS targets. As a consequence, side-
effect profiles were much improved compared with those
of the TCAs (Waitekus and Kirkpatrick, 2004). Later
generations of monoamine transporter inhibitors in-
clude the SNRIs, such as duloxetine and venlafaxine
(Muth et al., 1986; Wong et al., 1988), which inhibit
SERT and NET with high affinity but do not act on other
CNS targets. The SNRIs have been suggested to display
improved antidepressant efficacy and a faster onset of
action compared with SSRIs (Tran et al., 2003). NRIs
such as reboxetine and atomoxetine are also in use as
antidepressants but are prescribed primarily for treat-
ment of ADHD (Wong et al., 1982; Melloni et al., 1984;
Zhou, 2004). Outside the area of mood disorders, mono-
amine transporter inhibitors such as the NET/DAT in-

TABLE 8
Compounds in development with novel targets or indications

Indication and compound Type Development Stage Company

Depression
Vilazodone SERT inhibitor; 5-HT1A agonist Phase III Merck
Lu AA21004 SERT inhibitor; 5-HT1A agonist; 5-HT3 antagonist Phase III H. Lundbeck A/S
Lu AA24530 SERT inhibitor; 5-HT2C agonist; 5-HT3 antagonist Phase III H. Lundbeck A/S

Premature ejaculation
Dapoxetine SSRI Launched Johnson and Johnson

Schizophrenia
RG1678 GLYT1 inhibitor Phase II Roche

Obesity
Bupropion; naltrexone NET/DAT inhibitor; opioid receptor antagonist Phase III Orexigen
Bupropion; zonisamide NET/DAT inhibitor; SERT/DAT inhibitor Phase II Orexigen
Tesofensine SERT/NET/DAT inhibitor Phase II NeuroSearch A/S

Pain
Bicifadine SNRI Phase II DOV Pharmaceutical
Xen2174 NRI Phase II Xenome
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hibitor bupropion are approved for nicotine addiction
and obesity (Jorenby, 2002; Hainer et al., 2006) (section
VI.B).

b. Attention deficit hyperactivity disorder. Amphet-
amine and amphetamine analogs such as methyl-
phenidate, dextroamphetamine, and dextrometham-
phetamine are used for treatment of ADHD, which is
thought to involve dysregulation of the dopaminergic
system. In addition, these compounds are used for treat-
ment of narcolepsy. Whereas methylphenidate is a non-
transported competitive inhibitor, amphetamines are
substrates, and uptake of these into the synaptic termi-
nals induces a reversal in the direction of neurotrans-
mitter transport, leading to a release of monoamine
neurotransmitters into the extracellular space (Seiden
et al., 1993; Sulzer et al., 1995, 2005; Jones et al., 1998).
Modafinil is also used for treatment of ADHD, and re-
cent evidence suggests that also this compound act
through its inhibitory activity at DAT (Zolkowska et al.,
2009).

c. Drugs of abuse. Cocaine and the amphetamines,
including methamphetamine and MDMA, are widely
used as recreational drugs. Whereas amphetamines in-
hibit the monoamine NTTs by acting as substrates for
the transporters in addition to promoting transmitter
efflux trough the monoamine transporters, cocaine is a
nontransportable and nonselective inhibitor of SERT,
NET, and DAT (Eshleman et al., 1999). Although am-
phetamines and cocaine have an effect on all monoamine
transporters, the rewarding properties and abuse poten-
tial of the psychostimulants is believed to be mediated
through DAT (Giros et al., 1996b; Wise, 1996; Torres et
al., 2003b; Chen et al., 2006).

2. GABA Transporters
a. Epilepsy. GABA transporter inhibitors are in gen-

eral anticonvulsants and have shown therapeutic poten-
tial as antiepileptic agents (Dalby, 2000; Czuczwar and
Patsalos, 2001; Dalby and Mody, 2001; Gadea and
López-Colomé, 2001; Schousboe et al., 2004; Meldrum
and Rogawski, 2007). Covering a wide range of neuro-
logical disorders characterized by recurrent seizure ep-
isodes, epilepsy is caused by abnormally excessive excit-
atory activity. Studies of patients with epilepsy have
shown that levels of extracellular GABA correlate with
ability to control seizures (Rothman et al., 1993; Petroff
et al., 1996). Inhibition of synaptic GABA uptake in-
creases synaptic GABA concentrations and promotes en-
hanced strength and duration of inhibitory signals
(Semyanov et al., 2003, 2004; Gether et al., 2006). Inhi-
bition of GABA reuptake strengthens the inhibitory in-
puts in neuronal circuits (Sivilotti and Nistri, 1991; for
review, see Macdonald and Olsen, 1994; Sieghart,
1995; Pirker et al., 2000), and a single GABA trans-
porter inhibitor is approved for treatment of epilepsy
in the form of the GAT1 selective inhibitor tiagabine.
In addition, GAT2, GAT3, and BGT-1 are currently
considered potential drug targets for treatment of ep-

ilepsy as well as for treatment of other neurological
disorders, including anxiety and pain.

B. Novel Principles for Treatment of Mood Disorders

Monoamine transporter inhibitors such as SSRIs and
SNRIs are by far the most prescribed antidepressants
(Waitekus and Kirkpatrick, 2004). However, a late onset
of action and a large fraction of nonresponding or refrac-
tory patients represent limitations of monoamine trans-
porter inhibitors as antidepressant treatment (Hollon et
al., 2006). Considerable efforts are ongoing to develop
novel antidepressants that overcome these limitations
and also comprise a decreased number of side effects,
including inadvertent weight gain, sexual dysfunction,
and sleep disturbances (Kent, 2000). In these efforts,
monoamine transporter inhibition is maintained as a
central requirement for drug candidates but with the
addition of activity at other CNS targets (Csermely et
al., 2005; Millan, 2006, 2009; Hopkins, 2008). This prin-
ciple is known as polypharmacy, polypharmacology, or,
more recently network pharmacology, which contests
the conventional “one drug, one target” principle
(Csermely et al., 2005; Hopkins, 2008) and has been
thoroughly explored in the area of mood disorders (Roth
et al., 2004; Millan, 2006, 2009; Wong et al., 2008). This
can be achieved in at least two principally different
ways: by combining two or more compounds with diverse
effects into one formulation or by developing one com-
pound that possess all the desired pharmacological prop-
erties. The former has been achieved by a combination of
an SSRI, fluoxetine, and an atypical antipsychotic, olan-
zapine, which target 5-HT2 and dopamine D2 receptors,
into one drug (Symbyax; Eli Lilly & Co., Indianapolis,
IN) for the treatment of bipolar depression and treat-
ment-resistant depression (Shelton, 2006; Deeks and
Keating, 2008; Dodd and Berk, 2008). The latter is cur-
rently being pursued with 4-(2-((4-methylphenyl)sulfa-
nyl)phenyl)piperidine (Lu AA24530), a monoamine
transporter inhibitor with antagonistic effect on 5-HT2C
and 5-HT3 receptors, which has just completed phase II
clinical trials as a novel antidepressant treatment
(http://clinicaltrials.gov/ct2/show/NCT00599911).

It has been hypothesized that the late onset of action
of SSRIs is due to negative feedback circuitry, mediated
via 5-HT1A autoreceptors (Hjorth et al., 2000); therefore,
compounds that are inhibitors of SERT and agonists of
5-HT1A receptors have been pursued as improved anti-
depressants (Adell et al., 2005; Dawson and Bromidge,
2008). Two compounds, vilazodone and Lu AA21004
(Fig. 11), both possessing combined SERT inhibitory and
5-HT1A agonist activity, are currently in late-stage clin-
ical trials for depression and generalized anxiety disor-
der. Vilazodone is a potent SERT inhibitor and a potent
partial agonist of the 5-HT1A receptor (de Paulis, 2007;
Dawson and Watson, 2009); the compound has shown
efficacy in depression comparable with that of SSRIs,
but it remains to be established whether vilazodone
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provide faster onset than other SSRIs (de Paulis, 2007).
Lu AA21004 is a SERT inhibitor, a full 5-HT1A receptor
agonist, and a 5-HT3A receptor antagonist that currently
is in phase III clinical trials for treatment of depression
(Bang-Andersen et al., 2011). Likewise, other companies
have also pursued dual SERT and NET inhibitors and
5-HT1A receptor agonists (Hatzenbuhler et al., 2006,
2008). Other multiple target strategies for development
of monoamine transporters inhibitors with additional
activity as antidepressants (Millan, 2006, 2009) include
combined NRI activity and 5-HT2A receptor antagonism
(Heffernan et al., 2008), SSRI activity and neurokinin 1
receptor antagonists (Ryckmans et al., 2002a,b) or his-
tamine H3 receptor antagonist (Barbier et al., 2007).
However, so far no data from clinical trials have been
reported for such compounds. Triple inhibitors acting at
SERT, NET, and DAT are also being pursued as im-
proved treatment of depression, anxiety, and addiction
(Skolnick et al., 2003, 2006; Liang et al., 2008), in addi-
tion to their potential in treating obesity as discussed in
section VI.C.2.

C. Novel Indications for Drugs Targeting
Solute Carrier 6 Transporters

1. Premature Ejaculation. Male sexual dysfunction
is a common side effect associated with monoamine
transporter inhibitors, in particular SSRIs, and includes
polymorphic alterations in libido, arousal, erection, and
orgasm as well as erectile dysfunction (Ferguson, 2001;
Clayton et al., 2002; Labbate et al., 2003; Nurnberg et
al., 2003; Balon, 2006). Although SSRI treatment seems
to negatively affect all steps in the male sexual response
cycle (Corona et al., 2009), the effect of delayed ejacula-
tion is considered a potential treatment of premature
ejaculation (PE), illustrated by the off-label usage of
antidepressants for this condition (Waldinger et al.,
2004; Fallon, 2008). PE is the most common male form of
sexual dysfunction (Giuliano and Hellstrom, 2008) and
was historically considered a psychological disorder but
has recently been suggested to have a neurobiological
component related to disturbance in monoaminergic
neurotransmission (Waldinger, 2006; Giuliano, 2007).
The general side-effect profile and long half-life of con-

ventional SSRIs make these nonoptimal for PE treat-
ment and have prompted development of short-acting
SSRIs as treatments for PE. One example hereof is
dapoxetine (Table 8; Fig. 11), an SSRI with rapid ab-
sorption and shorter half-life than conventional SSRIs;
after favorable performance in several clinical trials,
dapoxetine has been approved (Hellstrom, 2009).

2. Obesity. Obesity is associated with numerous
medical complications including type 2 diabetes, cardio-
vascular disease, hypertension, depression, coronary ar-
tery disease and stroke, and therefore represents a se-
rious health problem (Flegal et al., 2007). All three
monoamines are implicated in regulation of appetite and
energy homeostasis (Ramos et al., 2005), and the SNRI
sibutramine has been one of the most widely used phar-
macological treatments against obesity (Finer, 2002).
Unfortunately, long-term sibutramine treatment are as-
sociated with severe cardiovascular side effects (James
et al., 2010), and it has therefore been withdrawn from
several markets, including Europe and the United
States. The future potential of this compound remains
uncertain, but a recent study found that coadministra-
tion of the 5-HT1A receptor agonist eptapirone (F11440)
attenuates the sibutramine-induced side-effects without
compromising the effect on weight loss in animal models
(Thomas et al., 2009), suggesting coadministration of
5-HT1A receptor agonists with sibutramine as a poten-
tial weight loss therapy (Thomas et al., 2009). Sibut-
ramine is rapidly metabolized in vivo to its desmethyl
and didesmethyl congeners, which are potent inhibitors
of all three monoamine transporters (Glick et al., 2000),
indicating that combined SERT, NET, and DAT inhibi-
tion might offer an effective treatment against obesity.
The potential of triple uptake inhibitors as weight-loss
therapy has been demonstrated by the triple SERT/
NET/DAT inhibitor tesofensine (Fig. 11), which pro-
duces significant weight loss in humans, presumably
through a mechanism that involves indirect stimulation
of �1 adrenoceptor and dopamine D1 receptor pathways
(Axel et al., 2010), and is currently in clinical develop-
ment for the treatment of obesity (Astrup et al., 2008).
The combination of bupropion (NET/DAT inhibitor) with
zonisamide, an anticonvulsant modulator of voltage-

FIG. 11. Chemical structures of novel compounds targeting SLC6 NTTs in current clinical development.
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gated Na� and Ca2� ion channels that has been found to
also modulate SERT and DAT activity, has further im-
plied that modulation of all three monoamine transport-
ers is beneficial in the pharmacological treatment of
obesity. When administered alone, bupropion and zoni-
samide each induce modest weight loss (Gadde et al.,
2001, 2003; Anderson et al., 2002), whereas an additive
effect is achieved when they are administered in combi-
nation (Gadde et al., 2007). Bupropion has also shown
promising results in combination with the opioid recep-
tor antagonist naltrexone, which blocks the inhibitory
feedback loop through pro-opiomelanocortin neurons,
believed to limit sustained weight loss. The bupropion/
naltrexone combination therapy is currently in late-
stage phase III trials as a novel treatment for obesity
(Greenway et al., 2009).

3. Schizophrenia. Compounds that block the NMDA
receptors induce schizophrenia-like psychotic symp-
toms, indicating that glutamatergic hypofunction is in-
volved in the etiology of schizophrenia (Tsai and Coyle,
2002). The use of NMDA receptor agonists in the treat-
ment of schizophrenia is associated with severe side-
effects, including brain damage and seizures, and indi-
rect modulation of NMDA receptors is considered a more
promising strategy (Tsai and Coyle, 2002). Gly is a co-
agonist of NMDA receptors; by controlling the synaptic
clearance of Gly, GLYT1 is involved in the regulation of
glutamatergic neurotransmission (Tsai et al., 2004;
Gabernet et al., 2005). Selective inhibitors of GLYT1 en-
hance glutamatergic signaling by increasing the Gly occu-
pancy at NMDA receptors; hence, such compounds might be
beneficial in the pharmacological treatment of patients with
schizophrenia (Kinney et al., 2003; Sur and Kinney, 2004).
Several selective GLYT1 inhibitors have been identified
(section III), and some of these are currently in clinical devel-
opment against schizophrenia, including (4-(3-fluoro-5-
trifluoromethylpyridin-2-yl)piperazin-1-yl)(5-methanesulfo-
nyl-2-(2,2,2-trifluoro-1-methylethoxy)phenyl)methanone
(RG1678) (Fig. 11), which recently entered phase II trials
(Pinard et al., 2010). Existing pharmacological treatments
generally reduce the positive symptoms (such as hallucina-
tions, delusions, and disturbance of thought) of schizophre-
nia, whereas GLYT1 inhibitors reduce the negative symp-
toms (such as apathy and social incompetence) and cognitive
symptoms (impairment of attention, memory, and executive
functions) (Tsai and Coyle, 2002; Thomsen, 2006).

4. Pain. TCAs and dual-acting SNRIs are widely
used in the treatment of pain (Micó et al., 2006). This
establishes an important role for 5-HT and norepineph-
rine in modulation of pain, although the mechanisms by
which antidepressant drugs modulate nociceptive sig-
nals remain unclear. Bicifadine (Fig. 11) is a potent
inhibitor of SERT and NET and is currently in develop-
ment against neuropathic pain (Krieter et al., 2008). It is
noteworthy that bicifadine also possess inhibitory activ-
ity against DAT (Basile et al., 2007), which indicates
that inhibition of all three monoamine transporters

might provide a novel and efficacious strategy for the
treatment of neuropathic pain. Tapentadol [(-)-(1R,2R)-3-(3-
dimethylamino-1-ethyl-2-methyl-propyl)-phenol] com-
bines NRI activity with �-opioid receptor agonism in a single
molecule. Although tapentadol has low affinity for NET, both
mechanisms of action contribute to the broad-spectrum anal-
gesic properties of the compound (Schröder et al., 2011), and
tapentadol is approved for the treatment of moderate to se-
vere acute pain in adults.

The �-conotoxin MrIA is a 13-residue peptide isolated
from the venom of the mollusk-hunting marine snail
Conus marmoreus. MrIA is selective and noncompetitive
inhibitor of NET (Sharpe et al., 2001, 2003) that has
been shown to suppress neuropathic pain upon intrathe-
cal administration to rodents (McIntosh et al., 2000).
Further development of MrIA led to the identification of
an analog with increased in vivo stability, Xen2174 (Sec-
Gly-Val-Cys-Cys-Gly-Tyr-Lys-Leu-Cys-His-Pyl-Cys),
which has proved effective against both nociceptive and
neuropathic pain (Nielsen et al., 2005; Brust et al.,
2009). Xen2174 have recently entered phase II clinical
trials against postoperative pain (Brust et al., 2009).

D. New Therapeutic Concepts and Future Trends

As described above, the majority of current efforts in
developing drugs targeting SLC6 NTTs are centered on
concepts derived from the development of drugs for
treatment of mood disorders (i.e., inhibitors of the mono-
amine NTTs). Novel approaches reside in tweaking of
selectivity profiles; where previous efforts were primar-
ily aimed at developing selective inhibitors of SERT,
compounds selectively targeting NET and dual-acting
SERT/NET inhibitors have been developed more re-
cently. The most recent trends are related to generation
of compounds with added activity at neurotransmitter
receptor systems, such as a combination of SERT inhib-
itory activity and activity at the 5-HT receptor system.
Such efforts are clearly reinforced by the increasing
knowledge of the structural basis and molecular princi-
ples of SLC6 NTT inhibition, which with great certainty
will provide immense advance the ability of rational
design for the generation of novel compounds with tai-
lor-made activity profiles.

With increasing knowledge of the structural mecha-
nisms underlying SLC6 NTT transport, we envision that
principally novel approaches of inhibiting transporters
will aim at targeting specific conformational states of
the transporters. Several studies have indicated that
structurally related compounds can trap the transport-
ers in different conformational states during the trans-
port cycle and that such differences in drug molecular
mechanism of action can lead to dramatically different
physiological outcomes. Thus, with sufficient knowledge
of the structure and the functional role of the different
conformational states adopted during the transport cy-
cle, rational design of novel compounds that target spe-
cific transporter states will become within reach. Initial
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studies along such lines have recently appeared, with
model compounds such as ibogaine that targets inward-
facing conformations SERT and with DAT inhibitors
belonging to the benztropine class that target occluded
conformations of DAT (Jacobs et al., 2007; Loland et al.,
2008) (section III).

The pharmacological concept of inhibiting protein-
protein interactions, which has been subject to increased
focus in other areas (Arkin and Wells, 2004; Wells and
McClendon, 2007), is also relevant for novel therapeutic
approaches for SLC6 NTT drug development. Rather
than targeting the entire function of a given SLC6 NTT,
modulation of protein-protein interactions between the
transporter and its intracellular interaction proteins po-
tentially allows subtle perturbation of specific pathways
linked to transporter activity. Furthermore, as the role
of protein interactions for function and regulation of the
SLC6 NTTs are becoming increasingly better under-
stood (Torres et al., 2003b; Eriksen et al., 2010b) along
with the realization of the importance of these in intra-
cellular signaling pathways, perturbation of these may
lead to discovery of new aspects of SLC6 NTTs that can
be therapeutically exploited.

VII. Conclusions and Outlook

Over the years, there have been a number of land-
mark events in the history of the SLC6 NTTs: first, this
includes the realization in the 1960s that the clinical
effects of TCAs are related to inhibition of transmitter
reuptake mediated by monoamine transporters. This
established neurotransmitter transporters as drug tar-
gets and initiated development in the 1970s of selective
inhibitors that remain some of the most important drugs
for treatments of psychiatric diseases today, most im-
portantly mood disorders, and furthermore helped es-
tablish the role of neurotransmitter transport systems
for monoamine, glycine, and GABA homeostasis in the
brain. Second, the cloning of the cDNA encoding neu-
rotransmitter transporters in the beginning of the 1990s
was another landmark that provided the first insight
into the structure-function relationship of these proteins
and established the SLC6 transporter family. Third, the
identification of the first structure of a bacterial homolog
to the SLC6 NTTs in 2005 opened the way to an im-
proved understanding of membrane transport at the
molecular level and revolutionized our understanding of
the structural details of the transporters. An unantici-
pated, but perhaps even more important outcome of this
structure was the realization that the SCL6 NTTs are
part of a much larger family than previously expected of
secondary active transporters, which is defined by
protein structure and mechanism rather than gene
sequence.

The monoamine transporters SERT, NET, and DAT
have received the most intense attention because of the
early discovery of their relevance for development of

therapeutic drugs, as well as being targets for drugs of
abuse. A range of transgenic animal models generated
for these transporters have provided important informa-
tion on the role of monoamine neurotransmission for
normal brain function and in pathological conditions
that have further reinforced their role as pivotal drug
targets in the treatment of mood disorders. The GABA
and glycine transporters are following similar paths, and
glycine transporters in particular are emerging as prosperous
drug targets. Finally, conceptually novel principles for tar-
geting SLC6 NTTs are being actively pursued, most
importantly by development of compounds that are spe-
cifically designed to simultaneously target transporters
as well as other proteins.

Although the SLC6 NTTs have been highly successful
drug targets for almost 4 decades and in recent years
their pharmacology, structure, and function have been
elucidated in great detail, these topics still represent
opportunities for future progress. In the coming years,
the advent of novel compounds modulating transporter
activity by new principles such as target-specific states
of the transporter cycle is to be expected. Such endeav-
ors will be made possible by new structural break-
throughs, most pertinent being the structure of a SLC6
NTT. In concert, this will provide a distinctive platform
from which new discoveries will be made.
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Aragón C and López-Corcuera B (2003) Structure, function and regulation of glycine
neurotransporters. Eur J Pharmacol 479:249–262.

Arkin MR and Wells JA (2004) Small-molecule inhibitors of protein-protein interac-
tions: progressing towards the dream. Nat Rev Drug Discov 3:301–317.

Armsen W, Himmel B, Betz H, and Eulenburg V (2007) The C-terminal PDZ-ligand
motif of the neuronal glycine transporter GlyT2 is required for efficient synaptic
localization. Mol Cell Neurosci 36:369–380.

Astrup A, Madsbad S, Breum L, Jensen TJ, Kroustrup JP, and Larsen TM (2008)
Effect of tesofensine on bodyweight loss, body composition, and quality of life in
obese patients: a randomised, double-blind, placebo-controlled trial. Lancet 372:
1906–1913.

Atkinson BN, Bell SC, De Vivo M, Kowalski LR, Lechner SM, Ognyanov VI, Tham
CS, Tsai C, Jia J, Ashton D, et al. (2001) ALX 5407: a potent, selective inhibitor of
the hGIyT1 glycine transporter. Mol Pharmacol 60:1414–1420.

Aubrey KR and Vandenberg RJ (2001) N[3-(4�-fluorophenyl)-3-(4�-phenylphenoxy-
)propyl]sarcosine (NFPS) is a selective persistent inhibitor of glycine transport.
Br J Pharmacol 134:1429–1436.

Awtry TL, Frank JG, and Werling LL (2006) In vitro regulation of serotonin trans-
porter activity by protein kinase A and nicotinic acetylcholine receptors in the
prefrontal cortex of rats. Synapse 59:342–349.

Axel AM, Mikkelsen JD, and Hansen HH (2010) Tesofensine, a novel triple mono-
amine reuptake inhibitor, induces appetite suppression by indirect stimulation of
�1 adrenoceptor and dopamine D1 receptor pathways in the diet-induced obese rat.
Neuropsychopharmacology 35:1464–1476.

Azima H and Vispo RH (1958) Imipramine; a potent new antidepressant compound.
Am J Psychiatry 115:245–246.

Bahena-Trujillo R and Arias-Montaño JA (1999) [3H]�-aminobutyric acid transport
in rat substantia nigra pars reticulata synaptosomes: pharmacological character-
ization and phorbol ester-induced inhibition. Neurosci Lett 274:119–122.

Bak LK, Schousboe A, and Waagepetersen HS (2006) The glutamate/GABA-
glutamine cycle: aspects of transport, neurotransmitter homeostasis and ammonia
transfer. J Neurochem 98:641–653.

Balon R (2006) SSRI-associated sexual dysfunction. Am J Psychiatry 163:1504–
1509.

Bang-Andersen B, Ruhland T, Jørgensen M, Smith G, Frederiksen K, Jensen KG,
Zhong H, Nielsen SM, Hogg S, Mørk A, and Stensbøl TB (2011) Discovery of
1-[2-(2,4-dimethylphenylsulfanyl)phenyl]piperazine (Lu AA21004): a novel multi-
modal compound for the treatment of major depressive disorder. J Med Chem
54:3206–3221.

Barbier AJ, Aluisio L, Lord B, Qu Y, Wilson SJ, Boggs JD, Bonaventure P, Miller K,
Fraser I, Dvorak L, et al. (2007) Pharmacological characterization of JNJ-
28583867, a histamine H3 receptor antagonist and serotonin reuptake inhibitor.
Eur J Pharmacol 576:43–54.

Barker EL and Blakely RD (1996) Identification of a single amino acid, phenylala-
nine 586, that is responsible for high affinity interactions of tricyclic antidepres-
sants with the human serotonin transporter. Mol Pharmacol 50:957–965.

Barker EL, Kimmel HL, and Blakely RD (1994) Chimeric human and rat serotonin
transporters reveal domains involved in recognition of transporter ligands. Mol
Pharmacol 46:799–807.

Barker EL, Moore KR, Rakhshan F, and Blakely RD (1999) Transmembrane domain
I contributes to the permeation pathway for serotonin and ions in the serotonin
transporter. J Neurosci 19:4705–4717.

Barker EL, Perlman MA, Adkins EM, Houlihan WJ, Pristupa ZB, Niznik HB, and
Blakely RD (1998) High affinity recognition of serotonin transporter antagonists
defined by species-scanning mutagenesis. An aromatic residue in transmembrane
domain I dictates species-selective recognition of citalopram and mazindol. J Biol
Chem 273:19459–19468.
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Gadea A and López-Colomé AM (2001) Glial transporters for glutamate, glycine, and
GABA: II. GABA transporters. J Neurosci Res 63:461–468.
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Heils A, Teufel A, Petri S, Stöber G, Riederer P, Bengel D, and Lesch KP (1996)
Allelic variation of human serotonin transporter gene expression. J Neurochem
66:2621–2624.

Hellstrom WJ (2009) Emerging treatments for premature ejaculation: focus on
dapoxetine. Neuropsychiatr Dis Treat 5:37–46.

Henry LK, Adkins EM, Han Q, and Blakely RD (2003) Serotonin and cocaine-
sensitive inactivation of human serotonin transporters by methanethiosulfonates
targeted to transmembrane domain I. J Biol Chem 278:37052–37063.

Henry LK, Defelice LJ, and Blakely RD (2006a) Getting the message across: a recent
transporter structure shows the way. Neuron 49:791–796.

Henry LK, Field JR, Adkins EM, Parnas ML, Vaughan RA, Zou MF, Newman AH,
and Blakely RD (2006b) Tyr-95 and Ile-172 in transmembrane segments 1 and 3
of human serotonin transporters interact to establish high affinity recognition of
antidepressants. J Biol Chem 281:2012–2023.

Henry LK, Meiler J, and Blakely RD (2007) Bound to be different: neurotransmitter
transporters meet their bacterial cousins. Mol Interv 7:306–309.

Hersch SM, Yi H, Heilman CJ, Edwards RH, and Levey AI (1997) Subcellular
localization and molecular topology of the dopamine transporter in the striatum
and substantia nigra. J Comp Neurol 388:211–227.

Hjorth S, Bengtsson HJ, Kullberg A, Carlzon D, Peilot H, and Auerbach SB (2000)
Serotonin autoreceptor function and antidepressant drug action. J Psychophar-
macol 14:177–185.

Hoffman BJ, Mezey E, and Brownstein MJ (1991) Cloning of a serotonin transporter
affected by antidepressants. Science 254:579–580.

Høg S, Greenwood JR, Madsen KB, Larsson OM, Frølund B, Schousboe A, Krogs-
gaard-Larsen P, and Clausen RP (2006) Structure-activity relationships of selec-
tive GABA uptake inhibitors. Curr Top Med Chem 6:1861–1882.
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Wankerl M, Wüst S, and Otte C (2010) Current developments and controversies:
does the serotonin transporter gene-linked polymorphic region (5-HTTLPR) mod-
ulate the association between stress and depression? Curr Opin Psychiatry 23:
582–587.

Watanabe A, Choe S, Chaptal V, Rosenberg JM, Wright EM, Grabe M, and Abram-
son J (2010) The mechanism of sodium and substrate release from the binding
pocket of vSGLT. Nature 468:988–991.

Wei Y, Williams JM, Dipace C, Sung U, Javitch JA, Galli A, and Saunders C (2007)
Dopamine transporter activity mediates amphetamine-induced inhibition of Akt
through a Ca2�/calmodulin-dependent kinase II-dependent mechanism. Mol Phar-
macol 71:835–842.

Wein T and Wanner KT (2010) Generation of a 3D model for human GABA trans-
porter hGAT-1 using molecular modeling and investigation of the binding of
GABA. J Mol Model 16:155–161.

Wells JA and McClendon CL (2007) Reaching for high-hanging fruit in drug discov-
ery at protein-protein interfaces. Nature 450:1001–1009.

Wennogle LP and Meyerson LR (1983) Serotonin modulates the dissociation of
[3H]imipramine from human platelet recognition sites. Eur J Pharmacol 86:303–
307.

Wennogle LP and Meyerson LR (1985) Serotonin uptake inhibitors differentially
modulate high-affinity imipramine dissociation in human platelet membranes.
Life Sci 36:1541–1550.

Wersinger C, Jeannotte A, and Sidhu A (2006a) Attenuation of the norepinephrine
transporter activity and trafficking via interactions with �-synuclein. Eur J Neu-
rosci 24:3141–3152.

Wersinger C, Prou D, Vernier P, and Sidhu A (2003) Modulation of dopamine
transporter function by �-synuclein is altered by impairment of cell adhesion and
by induction of oxidative stress. FASEB J 17:2151–2153.

Wersinger C, Rusnak M, and Sidhu A (2006b) Modulation of the trafficking of the
human serotonin transporter by human �-synuclein. Eur J Neurosci 24:55–64.

Wersinger C and Sidhu A (2005) Disruption of the interaction of �-synuclein with
microtubules enhances cell surface recruitment of the dopamine transporter. Bio-
chemistry 44:13612–13624.

Weyand S, Shimamura T, Yajima S, Suzuki S, Mirza O, Krusong K, Carpenter EP,
Rutherford NG, Hadden JM, O’Reilly J, et al. (2008) Structure and molecular
mechanism of a nucleobase-cation-symport-1 family transporter. Science 322:709–
713.

White HS, Sarup A, Bolvig T, Kristensen AS, Petersen G, Nelson N, Pickering DS,
Larsson OM, Frølund B, Krogsgaard-Larsen P, et al. (2002) Correlation between
anticonvulsant activity and inhibitory action on glial �-aminobutyric acid uptake
of the highly selective mouse �-aminobutyric acid transporter 1 inhibitor 3-hy-
droxy-4-amino-4,5,6,7-tetrahydro-1,2-benzisoxazole and its N-alkylated analogs.
J Pharmacol Exp Ther 302:636–644.

White HS, Watson WP, Hansen SL, Slough S, Perregaard J, Sarup A, Bolvig T,
Petersen G, Larsson OM, Clausen RP, et al. (2005) First demonstration of a
functional role for central nervous system betaine/�-aminobutyric acid transporter
(mGAT2) based on synergistic anticonvulsant action among inhibitors of mGAT1
and mGAT2. J Pharmacol Exp Ther 312:866–874.

White KJ, Kiser PD, Nichols DE, and Barker EL (2006) Engineered zinc-binding
sites confirm proximity and orientation of transmembrane helices I and III in the
human serotonin transporter. Protein Science 15:2411–2422.

Whitworth TL and Quick MW (2001) Substrate-induced regulation of �-aminobu-
tyric acid transporter trafficking requires tyrosine phosphorylation. J Biol Chem
276:42932–42937.

Whitworth TL, Herndon LC, and Quick MW (2002) Psychostimulants differentially
regulate serotonin transporter expression in thalamocortical neurons. J Neurosci
22:RC192.

THE SLC6 NEUROTRANSMITTER TRANSPORTERS 639

 by guest on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


Wilbrandt W and Rosenberg T (1961) The concept of carrier transport and its
corollaries in pharmacology. Pharmacol Rev 13:109–183.

Wiles AL, Pearlman RJ, Rosvall M, Aubrey KR, and Vandenberg RJ (2006) N-
Arachidonyl glycine inhibits the glycine transporter, GLYT2a. J Neurochem 99:
781–786.

Willers ED, Newman JH, Loyd JE, Robbins IM, Wheeler LA, Prince MA, Stanton
KC, Cogan JA, Runo JR, Byrne D, et al. (2006) Serotonin transporter polymor-
phisms in familial and idiopathic pulmonary arterial hypertension. Am J Respir
Crit Care Med 173:798–802.

Williams JM, Owens WA, Turner GH, Saunders C, Dipace C, Blakely RD, France
CP, Gore JC, Daws LC, Avison MJ, et al. (2007) A Hypoinsulinemia regulates
amphetamine-induced reverse transport of dopamine. PLoS Biol 5:e274.

Wilson AA, Ginovart N, Schmidt M, Meyer JH, Threlkeld PG, and Houle S (2000)
Novel radiotracers for imaging the serotonin transporter by positron emission
tomography: synthesis, radiosynthesis, and in vitro and ex vivo evaluation of
11C-labeled 2-(phenylthio)araalkylamines. J Med Chem 43:3103–3110.

Wilson AA, Johnson DP, Mozley D, Hussey D, Ginovart N, Nobrega J, Garcia A,
Meyer J, and Houle S (2003) Synthesis and in vivo evaluation of novel radiotracers
for the in vivo imaging of the norepinephrine transporter. Nucl Med Biol 30:85–92.

Wise RA (1996) Neurobiology of addiction. Curr Opin Neurobiol 6:243–251.
Wong DT, Robertson DW, Bymaster FP, Krushinski JH, and Reid LR (1988)

LY227942, an inhibitor of serotonin and norepinephrine uptake: biochemical phar-
macology of a potential antidepressant drug. Life Sci 43:2049–2057.

Wong DT, Threlkeld PG, Best KL, and Bymaster FP (1982) A new inhibitor of
norepinephrine uptake devoid of affinity for receptors in rat brain. J Pharmacol
Exp Ther 222:61–65.

Wong EH, Nikam SS, and Shahid M (2008) Multi- and single-target agents for major
psychiatric diseases: therapeutic opportunities and challenges. Curr Opin Investig
Drugs 9:28–36.

Xhaard H, Backström V, Denessiouk K, and Johnson MS (2008) Coordination of Na�

by monoamine ligands in dopamine, norepinephrine, and serotonin transporters.
J Chem Inf Model 48:1423–1437.

Xu F, Gainetdinov RR, Wetsel WC, Jones SR, Bohn LM, Miller GW, Wang YM, and
Caron MG (2000) Mice lacking the norepinephrine transporter are supersensitive
to psychostimulants. Nat Neurosci 3:465–471.

Xu YF, Cai YQ, Cai GQ, Jiang J, Sheng ZJ, Wang ZG, and Fei J (2008) Hypoalgesia
in mice lacking GABA transporter subtype 1. J Neurosci Res 86:465–470.

Yamashita A, Singh SK, Kawate T, Jin Y, and Gouaux E (2005) Crystal structure of
a bacterial homologue of Na�/Cl--dependent neurotransmitter transporters. Na-
ture 437:215–223.

Yamauchi A, Uchida S, Kwon HM, Preston AS, Robey RB, Garcia-Perez A, Burg MB,
and Handler JS (1992) Cloning of a Na�- and Cl�-dependent betaine transporter
that is regulated by hypertonicity. J Biol Chem 267:649–652.

Yan J, Olsen JV, Park KS, Li W, Bildl W, Schulte U, Aldrich RW, Fakler B, and
Trimmer JS (2008) Profiling the phospho-status of the BKCa channel � subunit in
rat brain reveals unexpected patterns and complexity. Mol Cell Proteomics
7:2188–2198.

Zafra F, Aragón C, Olivares L, Danbolt NC, Giménez C, and Storm-Mathisen J
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