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Preface

Neurotransmitter transporters play a pivotal role in synaptic transmission:
They function as a reset button and thus define the shape and duration of
signal transfer across the synaptic cleft. This statement nowadays appears to
be a self-evident truism, but the concept is fairly young: It builds on land-
mark studies on “reuptake sites” that were done by Georg Hertting and Julius
Axelrod about four decades ago. It is, in this context, a special pleasure that
Georg Hertting will celebrate his 80th birthday while this volume goes to press.
Initially, the pharmacological and biochemical characterization relied on clas-
sical organ and tissue preparation techniques as well as on brain homogenates
and platelets. This allowed for the characterization of the substrate specificities
of individual transport processes and the identification of specific inhibitors,
and it spurred conjecture about the co-transported ions and the stoichiomet-
ric coupling of ion influx and substrate translocation. The impact on clinical
medicine of these efforts is best documented by the continuous proliferation
of improved—that is, more selective—antidepressant drugs. A major break-
through was achieved by the purification of a prototypical transporter and by
the more or less concomitant isolation of cDNAs that encoded various trans-
porters some 15 years ago. This marked the advent of a new era: What had
been an assorted mix of functional activities that was best defined by pharma-
cological criteria was now attributable and accounted for by defined molecular
species. Researchers were given the opportunity to address the structural and
functional mysteries of individual transporter proteins (which rapidly prolif-
erated). Transporter proteins displayed unexpected new functional features,
e.g. channel-like properties with various types of currents. Transporters had
originally been conceived as static clamps; the glory of regulation (desensiti-
zation, endocytotic recycling, resensitization) went to the receptors. However,
it is now clear that transporter proteins also integrate input from kinases that
they subject to endocytotic internalization and recycling. Similarly, in neurons,
transporters must be delivered to a very specific area, namely the perisynaptic
zone, and retained at these sites, presumably by interacting with accessory pro-
teins. Thus, transporters serve as interesting models to understand the process
underlying sorting and targeting.

Because the gene loci of individual transporters were assigned, it was pos-
sible to search for links to diseases and to search for genetic polymorphisms in
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non-coding regions, which were of pathophysiological significance in disease
states. Work on the serotonin transporter has been particularly inspiring, be-
cause it not only had repercussions on clinical medicine but also on the debate
that pitted the advocates of nurture against those of nature (genetic versus
social determinism). With the dawn of the new millennium, the crystal era has
also reached the field of neurotransmitter transport. The acme was reached by
contributions that visualized the structures of several bacterial transporters
in atomic detail. Because some of these proteins are reasonably closely related
to the major mammalian neurotransmitter transporter families, the available
structures shed light on the structural constraints that have to be imposed on
the models developed from mutagenesis. One is tempted to speculate that this
additional knowledge may substantially refine drug development; there is, for
instance, an unmet need to develop a true SNRI (selective serotonin and nore-
pinephrine reuptake inhibitor), because the currently available compounds
either block one of the two transporters poorly (e.g. venlafaxine) or with low
selectivity (tricyclic antidepressants, which block many other receptors).

If we look back to the early 1960s, it is evident that our understanding has
increased dramatically. However, there are still many open questions. As a mat-
ter of fact, these still include the very mechanism of substrate translocation
and the actions of antidepressant drugs that inhibit some transporters and
drugs of abuse that induce transport reversal.

The present volume on neurotransmitter transporters for the Springer
Handbook of Experimental Pharmacology aims at providing an overview of
insights that were generated in the past 5 years. If the volume serves as both
a useful compendium of current concepts and an inspiring starting point for
future research, it will have fulfilled its mission and will be a source for students
interested in this emerging field as well as for experienced scientists looking
for an update.

This volume is the brainchild of the series editor Klaus Starke—awe-
inspiring to all pharmacologists of younger generations—who motivated us
by his very interest in our work. Our special thanks go to all contributors; they
found the time to cope with our requests, to meet deadlines and to share their
ideas and insights to make this book possible. Last but not least, we wish to
express our gratitude to Susanne Dathe, Springer Heidelberg, for her help in
finalizing this exciting project.

As mentioned above, this volume goes to print as one of the fathers of the
field of neurotransmitter transport celebrates his 80th birthday; we therefore
dedicate this volume to Georg Hertting, whose unabashed self-irony, witty
comments and uncompromising honesty many of us have enjoyed over time.

Vienna, Austria, Michael Freissmuth
Vienna, Austria, Harald H. Sitte
January 2006
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Abstract Neurotransmitter transporters located at the presynaptic or glial cell membrane
are responsible for the stringent and rapid clearance of the transmitter from the synapse,
and hence they terminate signaling and control the duration of synaptic inputs in the
brain. Two distinct families of neurotransmitter transporters have been identified based
on sequence homology: (1) the neurotransmitter sodium symporter family (NSS), which
includes the Na*/Cl™-dependent transporters for dopamine, norepinephrine, and serotonin;
and (2) the dicarboxylate/amino acid cation symporter family (DAACS), which includes the
Na*-dependent glutamate transporters (excitatory amino acid transporters; EAAT). In this
chapter, we describe how the identification of endogenous Zn>*-binding sites, as well as
engineering of artificial Zn?*-binding sites both in the Na*/Cl™-dependent transporters
and in the EAATS, have proved to be an important tool for studying the molecular function
of these proteins. We also interpret the current available data on Zn?*-binding sites in
the context of the recently published crystal structures. Moreover, we review how the
identification of endogenous Zn?*-binding sites has indirectly suggested the possibility
that several of the transporters are modulated by Zn?" in vivo, and thus that Zn?* can play
arole as a neuromodulator by affecting the function of neurotransmitter transporters.

Keywords Neurotransmitter transporters - Synaptic zinc - Modulation -
Conformational changes
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1
Introduction

Synaptic neurotransmission mediated by neurotransmitters is a crucial com-
ponent of neuronal communication in the central nervous system. Upon arrival
of an action potential, the neurotransmitters are released from presynaptic
vesicles into the synaptic cleft where the chemical substance can exert its ac-
tion by binding to distinct pre- and postsynaptic receptors and hence promote
downstream signaling events (Amara and Arriza 1993). Integral membrane
neurotransmitter transporters located either in the presynaptic or glial cell
membrane are responsible for the stringent and rapid clearance of the trans-
mitter from the synapse and thus for termination of signaling and thereby
the duration of the synaptic input (Iversen 1971). Importantly, disturbances in
the homeostasis of the major neurotransmitters play roles in various patho-
logical conditions including epilepsy, cerebral ischemia, Alzheimer’s disease,
Parkinson’s disease, major depression, and schizophrenia (Amara and Fontana
2002; Dauer and Przedborski 2003; Fava and Kendler 2000; Lewis and Lieber-
man 2000).

Based on sequence homology, two distinct gene families of plasma mem-
brane neurotransmitter transporters have been identified: (1) the neurotrans-
mitter sodium symporter family (NSS), which includes the Na*/Cl™-dependent
transporters for dopamine, norepinephrine, serotonin, y-aminobutyric acid
(GABA) and glycine; and (2) the dicarboxylate/amino acid cation symporter
family (DAACS), which includes the Na*-dependent glutamate transporters
(excitatory amino acid transporters, EAAT) (Sonders et al. 2005). The trans-
porters for dopamine, norepinephrine, and serotonin are the targets for sev-
eral psychostimulants including amphetamine and cocaine as well many ther-
apeutic antidepressive agents (Fava and Kendler 2000; Rothman and Bau-
mann 2003). The EAATs are not the direct target for any currently avail-
able drugs; however, recent evidence suggests that an increase in the ex-
pression of GLT-1 (also known as EAAT2) by B-lactam antibiotics can ame-
liorate the symptoms of neurodegenerative disease in mice (Rothstein et al.
2005).

Both families of neurotransmitter transporters are secondary active car-
riers that couple the movement of substrate to the cotransport of sodium
down its concentration gradient (Sonders and Amara 1996). Whereas sub-
strate uptake by the Na*/Cl™-dependent transporters are coupled to the influx
of both Na* and CI~, the uptake of amino acids by the EAATs are coupled
to Na* and H* influx and a counter transport of K* (Sonders and Amara
1996). By coupling substrate transport to the movement of ions, the trans-
port process is potentially electrogenic and the transporters can be subjected
to electrophysiological measurements (Sonders and Amara 1996). Interest-
ingly, such measurements have shown that the transport-associated currents
generally exceed the currents expected from the predicted stoichiometrically
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coupled current (Sonders and Amara 1996). This means that, in addition to
the stoichiometrical transport-coupled current, an uncoupled current is also
observed in the presence of substrate (Fairman et al. 1995; Galli et al. 1995;
Mager et al. 1994; Risso et al. 1996; Sonders et al. 1997; Wadiche et al. 1995).
In the EAATS, the uncoupled current is of substantial magnitude and known
to be carried by CI~ (Fairman et al. 1995; Wadiche et al. 1995). The bio-
logical significance of the uncoupled conductances is, nevertheless, not yet
clear, but it might be important for regulating neuronal excitability (Fair-
man et al. 1995; Ingram et al. 2002; Wadiche et al. 1995). Apart from the
substrate-associated current, several of the transporters also possess a consti-
tutive leak current, which can be blocked by substrate and uptake inhibitors
even in the complete absence of Na* (Galli et al. 1995; Mager et al. 1993;
Mager et al. 1994; Sonders et al. 1997; Sonders and Amara 1996; Vanden-
berg et al. 1995). The significance of this leak is also debated because it has
been observed exclusively in heterologous expression systems. For example,
no leak was observed when studying the electrophysiological properties of
the dopamine transporter (DAT) in cultivated dopaminergic neurons (Ingram
et al. 2002).

Analysis of the primary structures of the Na*/Cl™-dependent transporters
predicts a topology with 12 transmembrane segments connected by alternating
extracellular and intracellular loops, and intracellular amino- and carboxy-
termini (Fig. 1; Amara and Kuhar 1993; Bruss et al. 1995; Chen et al. 1998;
Ferrer and Javitch 1998; Hersch et al. 1997; Melikian et al. 1994; Nirenberg
et al. 1996). This overall topology has been confirmed by the successful crys-
tallization of a bacterial homolog of these transporters from Aquifex aeolicus
(LeuTa,) (Yamashita et al. 2005). The structure of this transporter revealed

) [ \ &\ ~
Neurotransmitter: sodium symporters (NSS) Dicarboxylate/amino acid: cation symporters (DAACS)
Dopamine transporter iL.D.*k‘rl“) Glutamate transporters éEAA‘H [GU\ST] EAATZ [GLT-1],
serofonin transporter (SERT), norepinephrine EAAT3 [EAACT], EAAT4, and EAATS

transporter (NET), GABA transporters 1, 2, 3,

and 4 (GAT1-4), glycma transporters 1 and 2 lon dependence: Na*, H* (co-transport)
(GlyT1 and GlyT2) K* (counter transport)

lon dependence: Na-, (Cl). (co-lransport) Structure: 6TMs, timers

Structure; 12 TMs, dimers

Fig. 1 Simple two-dimensional representations of the neurotransmitter transporter struc-
tures. Based on the crystal structures of the homologous bacterial transporters LeuT g,
(Yamashita et al. 2005) and Gltpy, (Yernool et al. 2004)
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a dimer with each monomer containing 12 transmembrane helical regions
organized in a unique fold. The binding site for the substrate, L-leucine, was
buried inside the center of the LeuT, with transmembrane segments (TM)
1, 3, 6, and 8 forming the binding pocket (Yamashita et al. 2005). Remark-
ably, a crystal structure of the bacterial homolog of the mammalian EAATs
from Pyrococcus horikoshii (Gltpy) has also recently been published (Yer-
nool et al. 2004). In agreement with previous predictions, the structure was
very different from that of the Na*/Cl™-dependent transporter and revealed
the existence of six regular helices N-terminally, followed by a complex C-
terminal half containing the substrate and ion-binding sites (Fig. 1; Yernool
et al. 2004). The structure, moreover, showed a trimer that formed a char-
acteristic bowl with an extracellular solvent-filled basin extending halfway
through the membrane. At the bottom of the bowl, the structure suggested
the existence of a glutamate-binding site within each protomer (Yernool
et al. 2004).

The prevailing theory for the function of the transporters is that bind-
ing of Na* and substrate produces a series of conformational changes that
alters the transporter from assuming an “outward-facing” to an “inward-
facing” conformation, which in turn exposes the substrate-binding site to
the cell interior and allows release of substrate and Na* (Jardetzky 1966; Rud-
nick 1997). A prerequisite for this alternating access model is the existence
of “external” as well as “internal” gates, i.e., protein domains that undergo
conformational changes during the transport cycle and are capable of con-
trolling access to the substrate-binding site from either the extracellular or
the intracellular environment, respectively. Both Gltp, and LeuT s, were crys-
tallized in a conformational state in which the substrate-binding sites were
inaccessible both from the extracellular and intracellular environments (Ya-
mashita et al. 2005; Yernool et al. 2004). From the crystal structures, it was
accordingly possible to envisage residues that contribute to the formation of
these gates; however, the dynamic function of the predicted gating domains
and thus the exact mechanics of the transport process remains to be further
explored.

In this chapter, we describe how the identification of endogenous Zn%t-
binding sites, as well as engineering of artificial Zn?*-binding sites both in
the Na*/Cl™-dependent transporters and in the EAATs, have proved to be
an important tool for studying the molecular function of these proteins. We
also interpret the current available data on Zn?*-binding sites in the context
of the recently published crystal structures. Moreover, we review how the
identification of endogenous Zn?*-binding sites has indirectly suggested the
possibility that several of the transporters are modulated by Zn?* in vivo, and
thus that Zn?* can play a role as a neuromodulator by affecting the function of
neurotransmitter transporters.
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2
Synaptic Zn?* Is a Potential Modulator of Several Neurotransmitter Systems

Zn** is an important metal ion in many biological systems. Next to iron, Zn?* is
the most abundant transition metal in the brain (Huang 1997). Zn?* is known
to be required for the function of a large number of soluble proteins, playing
a valuable role for enzyme catalysis and structural stability of so-called Zn?*-
finger proteins (Alberts et al. 1998). In addition to these well-described Zn?*-
binding sites in soluble proteins, increasing numbers of membrane proteins
in the brain have been shown to be modulated by Zn?* in low micromolar
concentrations. These include:

- Ton channels, such as voltage-activated Ca?* channels (Busselberg et al.
1994) and acid-sensing ion channels (Chu et al. 2004)

- Ligand-gated ion channels, such as ionotropic GABA receptor (Draguhn
et al. 1990; Horenstein and Akabas 1998), the strychnine-sensitive glycine
receptor (Bloomenthal et al. 1994; Laube et al. 1995), and glutamate recep-
tors of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
(Lin et al. 2001; Rassendren et al. 1990) and N-methyl-p-aspartate (NMDA)
subtype (Hollmann et al. 1993; Peters et al. 1987; Westbrook and Mayer 1987)

- G protein-coupled receptors—for instance the melanocortin MC; and MCy
receptors (Holst et al. 2002), the tachychinin NK3 receptor (Rosenkilde et al.
1998), and the B,-adrenergic receptor (Swaminath et al. 2002, 2003)

Furthermore, Zn?*-binding sites have been identified in several members of
the NSS family, namely in the DAT (Norregaard et al. 1998), in the glycine
transporter 1b (GLYT1b) (Ju et al. 2004) and in the GABA transporter 4 (GAT4)
(Cohen-Kfir et al. 2005; Table 1). Additionally, in the DAACS family, Zn** was
shown to cause inhibition of glutamate uptake by the EAAT1 (Vandenberg
et al. 1998) as well as decreasing the aspartate-induced currents mediated
by EAAT4 (Mitrovic et al. 2001; Table 1). Within both transporter families,
the Zn?*-mediated inhibition of transporter function appeared to be highly
subtype-specific. Thus, monoamine uptake was not affected by Zn?* in the
norepinephrine transporter (NET) (Norregaard et al. 1998) and the serotonin
transporter (SERT) (Mitchell et al. 2004), glycine uptake was not affected in
the GLYT2a (Ju et al. 2004), GABA uptake was not affected in GAT1 (Cohen-
Kfir et al. 2005; MacAulay et al. 2001) and GAT3 (Cohen-Kfir et al. 2005),
and glutamate uptake was not affected in EAAT?2 (Vandenberg et al. 1998). The
physiological significance of the identified Zn?*-binding sites is still unknown;
however, their specificity together with the fact that they exist only in distinct
members within the different protein families indirectly supports a putative
physiological role.
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Table 1 Neurotransmitter transporters and Zn>*

Species Expression Effects of Zn2* Reference
system
Na*/Cl™-dependent transporters
DAT Rat Native striatal ~ Inhibits [*H]DA uptake Richfield
synaptosomes Potentiates cocaine inhibition 1993
Human COS-7 Inhibits [P°H]DA uptake (ICsg ~ Norregaard
0.8 uM) non-competitively etal. 1998
Potentiates cocaine inhibition
Human HEK-293 Increases V pay for efflux Scholze et al.
of [PH]MPP* 2002
Human HEK-293 Increases AMPH-induced efflux of Pifl et al.
[*H]MPP* 2004
Potentiates DA and AMPH-induced
inward currents
Human Xenopus laevis Potentiates DA and AMPH-induced Meinild et al.
oocytes inward currents (voltage-dependent) 2004
Increases charge-to-flux ratio
GLYT1b Human Xenopuslaevis Inhibits [*H]glycine uptake Ju et al. 2004
oocytes (ICsp &~ 11 pM) non-competitively
(voltage-independent)
Inhibits glycine-induced currents
(unchanged charge-to-flux ratio)
GAT2  Mouse Xenopuslaevis Inhibits of [PH]GABA uptake Cohen-Kfir
oocytes [93%; at 50 uM (Zn?*)] et al. 2005
GAT4  Mouse Xenopuslaevis Inhibits of [P°H]GABA uptake Cohen-Kfir
oocytes (ICs0 &~ 4.5 uM) et al. 2005
Inhibits GABA-induced currents
(unchanged charge-to-flux ratio)
Excitatory amino acid transporters
EAAT1 Human Xenopuslaevis Inhibits [*H]glutamate uptake Vandenberg
oocytes (ICsp ~ 10 pM) non-competitively et al. 1998
Inhibits glutamate- and aspartate-
induced currents by inhibition of
substrate flux
EAAT4 Human Xenopuslaevis Inhibits aspartate-induced currents Mitrovic
oocytes by: Inhibition of uncoupled anion etal. 2001

conductance

AMPH, amphetamine; DA, dopamine; DAT, dopamine transporter; EAAT, excitatory amino
acid transporter; GABA, y-aminobutyric acid; GAT, GABA transporter; GLYT, glycine
transporter; MPP*, 1-methyl-4-phenylpyridinium



Zn>* Modulation of Neurotransmitter Transporters 7

3
Endogenous Zn?*-Binding Sites
in Na*/Cl"-Dependent Neurotransmitter Transporters

In the GLYT1b, Zn?* was shown to inhibit glycine transport noncompetitively
and in a voltage-independent manner. (Table 1; Ju et al. 2004). Under voltage-
clamp conditions, Zn** did not alter the charge-to-flux ratio, indicating that
Zn?* inhibited currents mediated by substrate translocation by means of de-
creasing the rate of glycine transport (Table 1; Ju et al. 2004). Further depiction
of the Zn%* -binding site revealed two coordinating histidines, one in extracel-
lular loop (ECL) 2 [His2434,14; using the generic numbering scheme described
by Goldberg and co-authors (2003)] and one in ECL4 (His4107 50; Ju et al. 2004;
Table 2). Another glycine transporter subtype, GLYT2a, was insensitive to Zn>*
both with respect to glycine-mediated currents and [*H]glycine uptake (Ju et al.
2004). Somewhat surprisingly, introducing the two coordinating histidines in
GLYT1b to the corresponding positions of GLYT2a did not confer Zn** sensi-
tivity to this mutant transporter despite the relatively high sequence homology
of approximately 50% between the two different glycine transporter subtypes
(Eulenburg et al. 2005; Ju et al. 2004). The most conceivable explanation for the
observation would be that the two histidines are not sufficient for binding of
Zn?*, which might require yet another and still-unknown coordinating residue
that is unique to GLYT1b. Alternatively, the prevailing conformation of the two
transporters must be different.

Isoform-dependent Zn?* inhibition has also recently been shown for the
GABA transporters (Cohen-Kfir et al. 2005). It was observed that GAT1 and
GAT3 were not significantly affected by the presence of Zn**, whereas GABA
uptake by GAT2 and GAT4 was strongly inhibited by high concentrations of

Table 2 Endogenous Zn**-binding sites in neurotransmitter transporters

Species Zn?*-coordinating residues References

Na*/Cl™-dependent transporters

DAT Human His1933 g7 in ECL2, His3757 .6 Norregaard et al. 1998;
and Glu396g 34 in ECL4 Loland et al. 1999
GLYT1b Human His243414 in ECL2 and His410759  Ju et al. 2004
in ECL4
GAT4 Mouse Residues in TM6-TM12 (carboxy-  Cohen-Kfir et al. 2005

terminal half of the transporter)
Excitatory amino acid transporters
EAAT1 Human His146 and His156 in ECL2 Vandenberg et al. 1998
EAAT4 Human His154 and His164 in ECL2 Mitrovic et al. 2001

DAT, dopamine transporter; EAAT, excitatory amino acid transporter; ECL, extracellular
loop; GAT, GABA transporter; GLYT, glycine transporter
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Zn?* (Table 1; Cohen-Kfir et al. 2005). Only the interaction between GAT4
and Zn?* was further characterized in this study. Application of Zn?* abol-
ished substrate-mediated currents and caused a reduction in the total number
of charge movements across the oocyte membrane (Cohen-Kfir et al. 2005).
Nonetheless, the effective charge movement was not altered by Zn?*, sug-
gesting that the effect of Zn?* was merely due to a decline in GABA uptake
and, in consequence, in the substrate-elicited currents (Table 1; Cohen-Kfir
et al. 2005). Notably, this was also suggested to be the mechanism of Zn?*
inhibition of GLYT1b function (Ju et al. 2004). Since Cohen-Kfir et al. (2005)
found that Zn2* inhibited GABA uptake in low micromolar concentrations, it
is concievable that at least three coordinating residues were responsible for the
interaction (Regan 1995). A chimeric construct of GAT3 and GAT4 comprising
the amino-terminal half of GAT3 and the carboxy-terminal half of GAT4 was
also sensitive to Zn?*, showing a similar responsiveness as GAT4 itself (Cohen-
Kfir et al. 2005). It was suggested that this could be explained by the presence
of the Zn?*-binding site in the carboxy-terminal half of GAT4 (Cohen-Kfir
et al. 2005); however, it certainly does not rule out the possibility that one
of the coordinating residues in the amino-terminal part of the transporters
is conserved between GAT3 and GAT4, whereas Zn2+—binding residues in the
carboxy-terminal part of GAT4 are unique to this transporter.

In DAT, Zn?*" in micromolar concentrations inhibits dopamine uptake in
heterologous cell expression systems (Norregaard et al. 1998) as well as in
striatal synaptosomes (Table 1; Richfield 1993). We demonstrated previously
that this effect was due to the interaction of Zn?* with a tridentate Zn?*-
binding site on the extracellular face of the human DAT (hDAT: His1933 g7 in
ECL2, and His3757 69 and Glu396g 34 in ECL4; Table 2; Fig. 3; Loland et al. 1999;
Norregaard et al. 1998). Despite a high sequence identity between DAT and
NET, the NET does not possess an endogenous Zn?*-binding site. However,
by introducing His1933 g7 from the hDAT into the corresponding position in
the hNET, we were able to confer full Zn“—sensitivity to the hNET-K1893 g7H
(Norregaard et al. 1998). Additionally, by removing the histidine in hNET-
K1893 g7H corresponding to His3757,6 in hDAT, the mutant NET was no longer
inhibited by Zn?*, signifying that the coordination of Zn?* in the DAT WT and
the NET-K189; ;H were due to binding of Zn?* to identical binding sites
in the two transporters (Norregaard et al. 1998). In the GAT1 we were also
able to introduce an inhibitory Zn?*-binding site by inserting histidines in
positions corresponding to His3757.6p and Glu396g 34 in the hDAT (MacAulay
et al. 2001). In this GAT1 mutant, both GABA uptake and GABA-mediated
inward currents were inhibited by the presence of Zn?* (MacAulay et al. 2001).
Similarly, a corresponding Zn**-binding site has been introduced into SERT
(Mitchell et al. 2004), further underlining the importance of this region for
transporter function.

It is also interesting to reconcile these observations with the recent high-
resolution structure of LeuT s, (Yamashita et al. 2005). ECL2 is much smaller
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in LeuTy, as compared to mammalian transporters, however, it is clear from
the structure that ECL2 is close to ECL4 and thus indeed position 3.87 (His193
in DAT) can be in close proximity to the coordinating residues in ECL4, i.e.,
His3757.¢0 and Glu396g 34. His37574¢ is located in the first of two short he-
lices situated just above the helix of TM7, whereas Glu396g 34 is positioned
in the second of these helices within the loop (Fig. 3; Yamashita et al. 2005).
In the conformation crystallized, the positions in LeuT, corresponding to
His3757,60 and Glu396g 34 are too far apart to coordinate Zn2+-binding (the
distance between the a-carbons being 15-20 A). It cannot be excluded that
this is because of structural differences between the mammalian and bacterial
proteins; nonetheless, we find it more likely that ECL4 undergoes major con-
formational changes during the transport process; consequently, this brings
the residues closer together, thereby permitting Zn?* binding. Notably, in the
crystallized conformation of LeuT 55, ECL4 forms a lid that dives into the center
of the transporter and forms interactions with residues deep in TM3. In this
way, ECL4 covers the substrate-binding site from the outside without being in
direct contact with the substrate (Yamashita et al. 2005). It is, therefore, highly
conceivable that opening of the transporter to the extracellular milieu allowing
access of substrate to the binding site will involve a major conformational rear-
rangement of ECL4. We propose, accordingly, that this rearrangement moves
His3757.60 and Glu396s 34 into close proximity; thus, Zn?* becomes capable of
coordinating binding between these two residues. Obviously, the validity of
this hypothesis awaits future experimental verification.

4
Endogenous Zn?*-Binding Sites in the Excitatory Amino Acid Transporters

Studies on the EAAT1 expressed in Xenopus laevis oocytes showed that Zn?* in-
hibited glutamate transport noncompetitively in micromolar concentrations
(Table 1; Vandenberg et al. 1998). Co-application of glutamate and 100 pM
Zn?* reduced the substrate-mediated current in oocytes expressing EAAT1 by
approximately 50%, whereas the ECsy for glutamate was comparable in the
presence and absence of Zn?* (Table 1; Vandenberg et al. 1998). In contrast,
Zn?* in high concentrations (up to 300 uM) did not modulate EAAT2 glu-
tamate transport currents considerably. The glutamate transporters carry an
uncoupled CI™ conductance of varying size (Fairman et al. 1995; Wadiche et al.
1995) and transport of D-aspartate by the EAAT1 activates a markedly greater
CI™ conductance than transport of L-glutamate (Wadiche et al. 1995). Upon
application of 100 uM Zn?*, the reversal potential of the D-aspartate transport
current was shifted towards the reversal potential for Cl™ in Xenopus laevis
oocytes, suggesting that under conditions where Zn?* is present, the Cl~ ions
contribute more to the transport-associated currents than under conditions
where Zn?* is absent (Vandenberg et al. 1998). Moreover, at membrane poten-
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tials greater than the reversal potential for p-aspartate, the difference between
net transport currents in the presence vs absence of Zn?>* was diminished, thus
illustrating that Zn?* increases the CI~ conductance relative to the substrate
flux of EAAT1, whereas the absolute CI~ conductance is not altered during the
transport process (Vandenberg et al. 1998).

A mutagenesis analysis revealed that substitution of a histidine (His146) in
ECL2 to an alanine caused a more than 20-fold reduction in the Zn?* sensitivity
of the transporter (Vandenberg et al. 1998). Additionally, alanine substitution
of another histidine in ECL2 (His156) also reduced the effect of Zn?>* of EAAT1
in a similar fashion (Vandenberg et al. 1998). These data supported the hy-
pothesis that both His146 and His156 contribute to the Zn?**-binding site of
EAAT1 (Table 2). The crystal structure of the bacterial homolog Gltpy, revealed
that these histidines are located in the large flexible ECL2 (Yernool et al. 2004)
in which accommodation of Zn?* binding is quite likely. Sequence alignment
of EAAT1 and EAAT?2 showed that His146 is conserved between the two trans-
porters, whereas in EAAT?2 a glycine is found in the position corresponding
to His156 in EAAT1. By substituting this glycine in EAAT2 with a histidine,
Vandenberg and coworkers (1998) were able to confer Zn?* sensitivity to the
EAAT2 mutant, thus illustrating that the organization of the EAAT1 and EAAT2
proteins might be very similar. In the EAAT4, two histidines are also found in
the positions corresponding to His146 and His156 in EAAT1, and, accordingly,
itis not surprising that Zn?* is also able to modulate EAAT4 function; however,
the mechanism appears to be somewhat different from that described for the
EAAT1 (Mitrovic et al. 2001). In oocytes expressing EAAT4, co-application
of Zn?* and L-aspartate reduced the substrate-mediated current, whereas the
reversal potential was unaffected (Table 1; Mitrovic et al. 2001). Since the ob-
served decrease was more pronounced at positive potentials, where the outward
current is mediated by an anion conductance through the transporter, it sug-
gests that Zn?* inhibits this uncoupled anion conductance of EAAT4 (Mitrovic
et al. 2001). This was confirmed by the observation that under Cl™-free con-
ditions there was no difference between the r-aspartate-mediated currents
measured in the presence and absence of Zn?** (Mitrovic et al. 2001). Single
alanine substitutions of the two histidines in ECL2 of EAAT4 (His154 and
His164) corresponding to the Zn**-coordinating residues identified in EAAT1
(Table 2) rendered the EAAT4 mutants unresponsive to Zn?>* modulation, pos-
sibly due to a lack of anion conductance inhibition (Mitrovic et al. 2001).
While Zn?* binds to sites in EAAT1 and EAAT4 that at least in part are made
from coordinating residues organized in a structurally comparable manner,
the effects of Zn?>* on transporter function appears to be somewhat differ-
ent. Thus in EAAT4, Zn?* possibly inhibits the uncoupled anion conductance
with little effect on substrate fluxes, whereas in EAAT1, Zn?* modulates the
coupled substrate fluxes while the anion conductance is not affected (Mitrovic
et al. 2001).
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5
Zn?* Modulation of DAT Function

Although there are exceptions, it is striking that the coordinating residues
of the endogenous Zn**-binding sites identified within the different mem-
bers of the NSS family—as well as in the DAACS family of neurotransmitter
transporters—have been found in the large ECL2 and in ECL4. This certainly
shows that these domains are in close proximity in the tertiary transporter
structure; as well, it signifies the functional importance of these transporter
domains (see also Sect. 4). Nevertheless, the exact mechanism for how Zn**
affects the function of the transporters is not fully understood and might differ
substantially between them.

As stated above, binding of Zn?>* to GLYT1b (Ju et al. 2004), GAT4 (Cohen-
Kfir et al. 2005), and the DAT (Norregaard et al. 1998) results in potent noncom-
petitive inhibition of substrate uptake (Table 1). This led to the proposal that
Zn?*, upon binding to the transporters, imposes a conformational restraint
that inhibits substrate translocation across the cellular membrane (Cohen-
Kfir et al. 2005; Ju et al. 2004; Norregaard et al. 1998). Recent investigations
have suggested, however, a more complex mechanism, at least for Zn?* bind-
ing in the wildtype (WT) DAT. First, it was unexpectedly observed that via
an interaction with the endogenous site in DAT, Zn** did not decrease but
caused an increase in the current induced by the substrates dopamine and
amphetamine in human embryonic kidney (HEK)293 cells (Pifl et al. 2004)
and in Xenopus Laevis oocytes (Fig. 2; Table 1; Meinild et al. 2004). This
was clearly incompatible with a simple conformational restraint imposed by
Zn** to inhibit substrate translocation. It was also in contrast to the observa-
tions in GLYT1b and GAT4, as well as in a GAT1 mutant containing a Znt-
binding site engineered in ECL4, i.e., in these transporters Zn>* decreased
the substrate-induced inward current concomitantly with inhibition of uptake
(Table 1; Cohen-Kfir et al. 2005; Ju et al. 2004). We observed, furthermore, that
dopamine uptake in DAT under voltage-clamp conditions was not inhibited by
Zn**, which again argued against a simple conformational constraint imposed
by Zn?*(Meinild et al. 2004). Instead, we observed a substantial increase in the
charge/dopamine-coupling ratio under voltage clamped conditions, suggest-
ing that Zn?* facilitates an ion flux through the transporter (Table 1; Meinild
et al. 2004). Ion substitution experiments revealed that the uncoupled inward
ion flux was mainly carried by CI~, and that Zn?* suggestively was capable
of facilitating this anion conductance mediated by the DAT (Meinild et al.
2004). Based on these observations, we hypothesized that by promoting depo-
larization of the membrane, this CI~ conductance could explain inhibition of
dopamine uptake and enhancement of carrier-mediated efflux by Zn?* under
non-voltage-clamp conditions. In full agreement with this, we found that Zn?*
strongly enhanced the depolarizing effect on the membrane potential elicited
by amphetamine and dopamine in oocytes expressing DAT (Fig. 2). This was
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Fig. 2 A,B Zn?* and substrate-mediated currents in Xenopus laevis oocytes expressing DAT
wildtype (WT) or DAT H1933 s7K (HI93K). Current-to-voltage relationship of steady-state
currents induced by either 10 uM amphetamine (Igmpp), 10 pM In** (I z2+), or 10 pM
amphetamine (AMPH) plus 10 uM Zn?* (I Amph+zn?+)- A Voltage dependence of the substrate-
mediated currents in oocytes expressing hDAT WT (WT) (n = 10). B Voltage dependence of
the substrate-mediated currents in oocytes expressing the control mutant hDAT H1933 47K
(HI93K), which does not bind Zn?** (n = 5). Reproduced from Meinild et al. (2004)

predicted to cause a decrease in the driving force for active transport sufficient
to account for the 30%-50% uptake inhibition seen in DAT in response to Zn?*
application. Importantly, Zn?*-promoted depolarization could also explain the
surprising observation thatin WT DAT, Zn%* does not slow but rather enhances
amphetamine-induced reverse transport of the substrate MPP* (1-methyl-4-
phenylpyridinium) both in transfected cells and in striatal slices (Scholze et al.
2002). Note that it is well known that reverse transport is augmented upon
depolarization of the cell membrane (Khoshbouei et al. 2003). Altogether, the
data have defined Zn?" as the only known modulator of a neurotransmitter
transporter that differentially modulates inward and outward transport via
altering the conductance properties of the transport protein (Table 1; Scholze
et al. 2002); however, the physiological significance of the current available
data remains to be determined (see Sect. 6).
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6
Reversal of Zn?* Sensitivity by Intracellular Mutations in the DAT

The recent crystal structure of LeuT,, indicates residues that might form
the extracellular and intracellular gates that control access to the substrate-
binding site from the extracellular and intracellular environment, respectively.
The intracellular gate is predicted to be composed of roughly 20 A of ordered
protein structure involving, in particular, the intracellular ends of TM1, 6,
and 8 (Yamashita et al. 2005). A key residue, which is conserved throughout
evolution in this class of transporters, is a tyrosine (Tyr335¢ 63 in DAT) at the
cytoplasmic end of TM6 (Yamashita et al. 2005). This tyrosine is positioned
below the substrate-binding site at the cytoplasmic surface of the protein and
forms a cation-m interaction with and arginine at the N-terminus just below
TMI1 (Arg60; 26 in DAT) that again forms a salt bridge with an aspartate at the
cytoplasmic end of TM8 (Asp436s.74in DAT; Fig. 3). Interestingly, a couple of
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Fig. 3 Two-dimensional representation of the human dopamine transporter. The residues on
the extracellular side responsible for coordination of the Zn?* ion are the endogenous Zn?*-
binding site of hDAT (white letters in enlarged gray circles). The residues highlighted on the
intracellular side are residues that upon mutation to alanine revert the Zn?" sensitivity of
the transporter (white letters in enlarged black circles). I1e1593 53 in TM3 that was used for
accessibility measurement upon mutation to a cysteine is also highlighted (black letter in
enlarged white circle). Note that Arg601 56 (black letter in enlarged gray circle) forms a salt
bridge with Asp4363 74 thus contributing to the molecular framework of the internal gate
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years ago already we showed that mutation of Tyr335¢ 63 results in a remarkable
functional transporter phenotype (Loland et al. 2002; Loland et al. 2004). The
Vmax value for [ H]dopamine uptake was substantially lowered; however, in
the presence of Zn?* the [*H]dopamine uptake capacity was potentiated in
a dose-dependent manner, with a maximal response at around 10 uM Zn?*
(Loland et al. 2002, 2004). Thus, in contrast to the observations in the DAT WT,
Zn** did not cause inhibition of transporter function but restored the ability
of the mutant to translocate substrate (Loland et al. 2002, 2004). Another
characteristic of the mutant was a dramatic decrease in the apparent affinity
for cocaine (~150-fold) and related inhibitors, whereas the apparent affinity for
dopamine was increased compared to WT DAT. The presence of 10 pM Zn?*
partially restored the apparent affinities, making the mutant more WT-like
(Loland et al. 2002, 2004). Importantly, the effects of Zn?* in Y335¢.63A was due
to binding of Zn?* to the same binding site as that in WT DAT, since substitution
of either His1933 g7, His3757.69, or Glu396g 34 eliminated the ability of Zn?* to
potentiate [*’H]DA uptake in the Y335663A (Loland et al. 2002).

Based on these observations, we hypothesized that mutation of Tyr335¢ ¢s al-
tered the conformational equilibrium of the transport cycle and likely caused
the transporter to assume preferentially an inward instead of an outward
facing conformation (Loland et al. 2002). In the presence of Zn** we pre-
dicted that the conformational equilibrium was partially restored allowing
transport to occur. Thus, we envisaged—in remarkable agreement with the
now-published structure of LeuT s, —that Tyr335¢ ¢g is part of a critical molec-
ular network on the cytoplasmic side of the protein responsible for stabi-
lizing the transporter in the outward-facing conformation with the intracel-
lular gate closed. In further agreement with the LeuTa, structure, we also
observed that mutation of Asp436g74 (Fig. 3) results in a phenotype simi-
lar to that of Y335663A (Loland et al. 2004). We have moreover identified
two additional residues (K264527A and D345730A) that upon mutation to
alanines display a phenotype similar to that found for Y335663A (Loland
et al. 2004). A thorough analysis of the LeuTa, structure in comparison
with DAT suggests that these residues might also participate in the net-
work of interactions that controls the function of the intracellular gate and
thereby the conformational equilibrium of the transporter (J. Kniazeff, C.J.
Loland, and U. Gether, unpublished observation). Strikingly, we were even
able to obtain structural evidence for this hypothesis by assessing the ac-
cessibility of a cysteine introduced into position 159 (I159353C) in TM3 of
DAT (Fig. 3) to the positively charged sulthydryl reactive compound MT-
SET ([2-(trimethylammonium)ethyl]methanethiosulfonate) in the MTSET-
unresponsive background of hDAT E2C (C90; 56A/C3066.39A; Loland et al.
2004). For the corresponding position in both NET and SERT, the accessibility
to MTSET was reported to require an outward-facing transporter conforma-
tion (Chen and Rudnick 2000). We found, as predicted, that in the absence of
Zn?*, MTSET did not affect [*H]dopamine uptake in the three mutants (E2C
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11593,53C/K2645_27A; E2C 11593.53C/Y3356_68A; E2C 11593,53C/D3457_30A), sug-
gesting that without Zn?* present the transporter assumes an inward-facing
conformation (Loland et al. 2004). In contrast, MTSET strongly inhibited up-
take of all three mutants in the presence of 10 uM Zn?*, indicating that binding
of Zn?* to the DAT increases in the number of transporter molecules assum-
ing an outward-facing conformation, and hence exposes position 159 to the
exterior (Loland et al. 2004). Experiments aimed at clarifying the precise role
of K2645 57 and D345 3¢ are currently being performed in our laboratory.
The Y3356,63A mutant has additionally been subject to electrophysiological
analysis using the two-electrode voltage-clamp technique on Xenopus laevis
oocytes (Meinild et al. 2004). Application of amphetamine to oocytes ex-
pressing hDAT Y335 6g A under voltage-clamp conditions did not produce any
detectable currents (Fig. 4); however, in the presence of Zn?* alone, a cocaine-
sensitive voltage-dependent current that reversed at —20 mV was observed
(Fig. 4; Meinild et al. 2004). This current was concentration-dependent with
the most effective concentrations of Zn?* being 10-30 uM. Moreover, co-
application of Zn?** and amphetamine did not enhance the Zn?"-induced
current any further (Fig. 4), which is in contrast to the effect of Zn?** on
substrate-mediated currents seen in the WT DAT (Fig. 2). Thus, Zn?* itself
produces a current in the DAT Y3354 63A, whereas it enhances the substrate-
mediated current found in the DAT WT (Meinild et al. 2004). A series of ion
substitution experiments indicated that both the Zn**-promoted current in
Y335¢.63A and the uncoupled current potentiated by Zn?** in the WT DAT were
carried mainly by C1~ (Meinild et al. 2004). A major question is the molecular
basis for this uncoupled CI~ conductance. It is not readily explained within
the framework of a simple alternating access model. In particular, it does not
explain why Zn?* alone can activate a C1~ conductance in the Y3356 63A mutant
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Fig. 4 Zn?>' and substrate-mediated currents in Xenopus laevis oocytes expressing DAT
Y335663A (Y335A). Current-to-voltage relationship of steady-state currents induced by
either 10 uM amphetamine (I4mpp), 10 pM Zn** (I,2+) or 10 uM AMPH plus 10 pM Zn?*
(T gmph+zn?+)- Voltage dependence of the substrate-mediated currents in oocytes expressing
the hDAT Y3356 63 A mutant (Y335A) (n = 8). Reproduced from Meinild et al. (2004)
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and thus why this mutant converts the transporter into a putative “Zn?*-gated
ion channel.” However, the LeuTa, structure does not provide any insight
into the structural basis for “channel-like” activities of these transporters. The
simplest explanation would be that although the transporter primarily might
operate via an alternate access scheme, it can also exist in ion-conducting con-
formational intermediates. An allosteric modulator such as Zn?* could then
be able to increase the probability that the transporter enters such states. In
a similar fashion, distinct mutants that by themselves are characterized by an
altered conformational equilibrium—such as, for example, Y3356 ¢ A—might
strongly increase the chances that the transporter assumes the ion-conducting
mode. Application of Zn?* to such a mutant could then be sufficient to promote
the ion-conducting state even when substrate is not present.

7
Zn** Is Found in Presynaptic Vesicles
and Is Released Upon Neuronal Stimulation

The concentration of free extracellular Zn?* is under basal conditions predicted
to be low in the brain (1 pM to 10 nM; Frederickson 1989). However, the
brain contains substantial amounts of Zn?* and, interestingly, in a specific
subset of glutamatergic neurons—mainly in the limbic areas (including the
hippocampus and amygdala) as well as in the striatum and thalamus—Zn?*
is sequestered in pre-synaptic vesicles together with glutamate (Frederickson
1989; Frederickson and Bush 2001; Slomianka 1992); and in these vesicles the
concentration of Zn®" is as high as 3-30 mM (Frederickson and Bush 2001).

Upon neuronal stimulation, Zn?* is released from the presynaptic vesicles in
a Ca2+—dependent manner (Li et al. 2001a, b; Ueno et al. 2002). From studies of
hippocampal slices, this activity-dependent release of Zn?* leads to a transient
rise in the concentration of free synaptic Zn?*, estimated to be in the range of
10 to 20 pM (Li et al. 2001a, b; Ueno et al. 2002; Vogt et al. 2000)—although
more optimistic measures suggest that the concentration may even rise to
100-300 pM in the synapse (Assaf and Chung 1984; Vogt et al. 2000). It is
thus intriguing to speculate that the amount of free Zn?* transiently present
in the synaptic cleft may be sufficient to modulate the function of pre- and
postsynaptic receptors as well as neurotransmitter transporters containing
endogenous Zn**-binding sites.

The vesicular accumulation of Zn?* is, nonetheless, dependent on the pres-
ence of a specific vesicular Zn?*-transporter (ZnT-3) (Palmiter et al. 1996;
Wenzel et al. 1997). Targeted deletion of ZnT-3 has been performed, and in
these mice vesicular Zn?* is undetectable and heterozygotes have intermedi-
ate levels of vesicular Zn?* (Cole et al. 1999). Surprisingly, an initial “crude”
behavioral characterization of the ZnT-3 knockout (KO) mice showed that
they had normal learning and memory skills as well as motor coordination
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compared to control WT mice (Cole et al. 2001). This argues against a role of
vesicular Zn2*, but it is important to emphasize that the ZnT-3 KO mice might
have compensated for their lack of vesicular Zn?>* during embryonic develop-
ment by altering neuronal architecture, neurotransmitter release, or receptor
responsiveness. It must also be emphasized that the high concentration of Zn?*
in the synaptic vesicles, and the amount of energy required to maintain this
intracellular pool, indirectly supports an important role of vesicular Zn?* in
neuronal function. The existence of a strict pattern of glutamate and Zn* colo-
calization in the synaptic vesicles also points towards a specific task for Zn>*
on excitatory synapses (Vogt et al. 2000). Consistent with this notion, micro-
molar concentrations of Zn?* are indeed able to modulate the function of the
ionotropic NMDA glutamate receptors (Hollmann et al. 1993; Peters et al. 1987;
Westbrook and Mayer 1987), the AMPA receptors (Lin et al. 2001; Rassendren
etal. 1990), and the glutamate transporters EAAT1 (Vandenbergetal. 1998) and
EAAT4 (Mitrovic et al. 2001). Nevertheless, the functional significance of the
interaction between the synaptically released Zn>* and the excitatory pathways
of the brain has proved difficult to demonstrate (Frederickson et al. 2000).

Dense GAT4 immunoreactivity has been observed in the CAl and CA3
regions of the rat hippocampus (Cohen-Kfir et al. 2005), regions where Zn?*-
containing glutamatergic neurons are found in particularly high numbers
(Slomianka 1992). It was, therefore, speculated that during hyperactivation of
hippocampal glutamatergic neurons, Zn** binding to GAT4 and NMDA re-
ceptors would result in increased GABAergic inhibitory neurotransmission as
well as inhibition of postsynaptic NMDA receptors and, hence, synaptic Zn>*
would play an important protective role against glutamate-induced excitotox-
icity (Cohen-Kfir et al. 2005).

Interestingly glutamatergic Zn?*-containing neurons and the DAT colocal-
izes throughout the limbic system and the striatum (Ciliax et al. 1995, 1999;
Frederickson et al. 2000). Evidence is growing that there is a close interac-
tion between glutamatergic and dopaminergic neurotransmission. Mice with
reduced expression levels of NMDA receptors displayed a phenotype with hy-
perlocomotion and stereotypy (Mohn et al. 1999), traits that are normally
ascribed to increases in dopaminergic tone (Gainetdinov et al. 1999; Giros
et al. 1996). This has led to the suggestion that glutamatergic and dopamin-
ergic neurotransmission oppose each other in the control of motor behaviors
(Mohn et al. 1999). In accordance with these observations, the locomotor be-
havior of the DAT KO can be modulated by pharmacological manipulation of
either the NMDA or the AMPA receptors (Gainetdinov et al. 2001). Moreover,
glutamatergic inputs from the subthalamic nucleus to the substantia nigra has
been shown to trigger DAT-mediated dopamine efflux (Falkenburger et al.
2001). Thus, in response to glutamate release in the substantia nigra, the DAT
can operate in reverse. The mechanism for this phenomenon remains unclear,
but apparently involves metabotropic G protein-coupled glutamate receptors
(Falkenburger et al. 2001). It could, therefore, be speculated that the release of
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glutamate in the substantia nigra and co-release of Zn** can modify the input
to the dopaminergic neurons by involving the DAT. In this way, synaptically
released Zn?>* may contribute to functional diversity at the molecular level of
the neuronal synapses.
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Abstract Cotransporters use energy stored in Na* or H* gradients to transport neurotrans-
mitters or other substrates against their own gradient. Cotransportis rapid and efficient, and
at synapses it helps terminate signaling. Cotransport in norepinephrine (NET), epinephrine
(EpiT), dopamine (DAT), and serotonin (SERT) transporters couples downhill Na* flux to
uphill transmitter flux. NETs, for example, attenuate signaling at adrenergic synapses by
efficiently clearing NE from the synaptic cleft, thus preparing the synapse for the next signal.
Transport inhibition with tricyclic antidepressants prolongs neurotransmitter presence in
the synaptic cleft, potentially alleviating symptoms of depression. Transport inhibition with
cocaine or amphetamine, which respectively block or replace normal transport, may result
in hyperactivity. Little is known about the kinetic interactions of substrates or drugs with
transporters, largely because the techniques that have been successful in discovering trans-
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porter agonists and antagonists do not yield detailed kinetic information. Mechanistic data
are for the most part restricted to global parameters, such as Ky, and V,x, measured from
large populations of transporter molecules averaged over thousands of cells. Three relatively
new techniques used in transporter research are electrophysiology, amperometry, and mi-
crofluorometry. This review focuses on fluorescence-based methodologies, which—unlike
any other technique—permit the simultaneous measurement of binding and transport. Mi-
crofluorometry provides unique insights into binding kinetics and transport mechanisms
from a quantitative analysis of fluorescence data. Here we demonstrate how to quantify the
number of bound substrate molecules, the number of transported substrate molecules, and
the kinetics of substrate binding to individual transporters. Although we describe exper-
iments on a specific neurotransmitter transporter, these methods are applicable to other
membrane proteins.

Keywords Cotransporters - Neurotransmitters - Synapses - Membranes - Norepinephrine -
Dopamine - Serotonin - Antidepressants - Cocaine - Amphetamine - Kinetics -
Electrophysiology - Amperometry - Microfluorometry - Binding - Fluorescence -
Stoichiometry

1
Introduction

1.1
Neurotransmitter Transporters Conduct Transmitters Across Membranes

Central nervous system (CNS) signaling relies on chemical transmission be-
tween adjacent neurons. After a stimulus-evoked response, the presynaptic
neuron releases neurotransmitter (NT) into the synaptic cleft, activating pre-
and postsynaptic ligand-gated channels or secondary messenger cascades
(Fig. 1A and B). Chemical transmission is attenuated by NT degradation,
diffusion, and clearance (Fig. 1C). The majority of transmitter molecules are
sequestered in the presynaptic neuron via NT transporters (Axelrod and Kopin
1969; Graefe et al. 1978; Iversen et al. 1967). For example, the norepinephrine
transporter (NET) removes 90% of released NE in peripheral noradrenergic
neurons (Blakely 2001), and genetic NET ablation induces a significant increase
in extracellular NE longevity (Moron et al. 2002; Wang et al. 1999; Xu et al. 2000).
Serotonin (5-HT) and dopamine (DA) have similar transporters, SERT and
DAT, respectively. Noradrenergic signaling disruptions have profound physi-
ological effects because they influence attention, learning, memory, emotion,
and pain reception (Foote and Aston-Jones 1995; Foote et al. 1980; Valentino
et al. 1983). Furthermore, adrenergic dysfunction is associated with mood
disorders such as depression (Clark and Russo 1998; Schildkraut et al. 1965)
and posttraumatic stress disorder (Maes et al. 1999), hypertension, diabetes
cardiomyopathy, and heart failure (Backs et al. 2001; Merlet et al. 1999).

The monoamine transporters, NET, SERT, and DAT are biological targets for
drugs of abuse, such as cocaine and amphetamines, and tricyclic antidepres-
sants (Ritz et al. 1990; Sacchetti et al. 1999; Tatsumi et al. 1997). NT transporter
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Fig. 1A-D Neurotransmitter transporters regulate synaptic transmitter concentrations. Rest-
ing neurons have a reserved pool of docked synaptic vesicles primed for release (A). Elec-
trical stimulation triggers transmitter release (B), which is subsequently sequestered into
the presynaptic neuron (C). Transporter inhibition increases the synaptic cleft neurotrans-
mitter longevity

inhibition delays NT clearance and thus increasing synaptic activity and alter-
ing the encoded information (Fig. 1D). In depressed patients, administration
of antidepressants, such as Prozac (fluoxetine), alleviates the symptoms of de-
pression via SERT inhibition. Drugs of abuse, such as cocaine, demonstrate
more profound effects, which may be attributed to their nonselective nature.
NET, SERT, and DAT are all inhibited by cocaine with similar potencies (Torres
et al. 2003).

A single gene on chromosomes 5, 16, and 17 encodes DAT, NET, and SERT,
respectively (Hahn and Blakely 2002). NET and SERT demonstrate alternative
splicing, producing two distinct messages encoding NET and SERT (Bauman
and Blakely 2002; Bradley and Blakely 1997; Kitayama et al. 1999, 2001). Both
SERT messenger RNA (mRNA) messages maintain expression and function
(Bradley and Blakely 1997). However, only one NET mRNA message is ex-
pressed and functions (Kitayama et al. 1999, 2001). The coexpression of the
nonfunctional mutant with the functional NET protein dominantly inhibits
NET activity, suggesting communication between gene products. To date, no
DAT splice variants have been described. Due to the biological importance
of transporter encoded by single genes, several genetics studies have focused
on analysis of the coding sequence for single nucleotide polymorphisms. Pa-
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tients with complex disorders were examined for monoamine transporter
polymorphisms resulting in functional loss. For example, coding single nu-
cleotide polymorphism (cSNPs) in human (h)NET are linked to orthostatic
intolerance (OI). Patients suffering from OI demonstrate an increase in stand-
ing heart rate (<30 bpm) not accompanied by hypotension (Robertson et al.
2001; Shannon et al. 2000). A subset of OI patients with NE spillover and de-
creased NE clearance were examined for alterations in the NET gene. These
studies reveal an OI-linked heterozygote G to C substitution at nucleotide 247
resulting in a proline substitution for alanine (Robertson et al. 2001; Shan-
non et al. 2000). In heterologous expression systems, this mutation retards
expression and maturation and exhibits a dominant-negative NET inhibition
(Hahn et al. 2003). DAT and SERT polymorphism linkage studies correlate with
substance abuse/dependence, bipolar disorder, major depressive disorder, at-
tention deficit/hyperactivity disorder and anxiety, unipolar depression, and
suicidal patients. Genetic complex linkages are discussed in detail by Hahn
and Blakely (2002).

NET, SERT, and DAT belong to the GAT1/NET Na/Cl-dependent NT trans-
porter gene family (Blakely 1992). GAT1 transports the inhibitory NT, GABA
(y-aminobutyric acid). The Na/Cl-dependent, NT-transporter gene family is
functionally defined by the millimolar Na*- and Cl™-concentration depen-
dence for substrate symport (Blakely 1992). The nomenclature for individ-
ual transporters is based on the specific neuronal subtype (noradrenergic,
dopaminergic, etc.); thus, individual transporters are defined by the endoge-
nous substrate. For example, NET accumulates NE in presynaptic noradrener-
gic neurons (Schroeter et al. 2000). Although the nomenclature implies selec-
tivity, transporters demonstrate promiscuous substrate selection. 1-methyl-
4-phenylpyridine (MPP™) is a structurally distinct exogenous substrate that
is a substrate for NET, SERT, and DAT (Scholze et al. 2002; Sitte et al. 1998,
2000, 2001). MPP* is the neurotoxic metabolite of 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, which after intravenous administration induces a DAT-
dependent parkinsonian state within 2 weeks. Although monoamine trans-
porters demonstrate selective substrate and inhibitor profiles, separate genes
encode NET, SERT, and DAT. The predicted topology describes a 12 trans-
membrane domain (TMD) protein with an intracellular amino and carboxy
termini, and this topology has become a hallmark of the Na*/Cl™-dependent
NT transporter gene family (Blakely 1992). NET and DAT demonstrate 80%
amino acid conservation, and NET and SERT demonstrate 60% amino acid
conservation (Blakely et al. 1991).

In order to study ionic dependence, radiometric substrate accumulation is
traditionally monitored in media in which Na* and Cl~ are replaced: Na* is
typically replaced with N-methyl-p-glucamine (NMDG™) or Li* at equivalent
osmolarity; however, these counter ions do not support substrate accumula-
tion. A similar approach was employed to evaluate Cl™-dependent substrate
accumulation. Unlike Na*, Cl~ removal reduces but does not completely elimi-
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nate substrate accumulation. Br~ and SCN™ (thiocyanate) substitution for C1~
sustains a significant 5-HT SERT-mediated transport activity (~80%; Nelson
and Rudnick 1981). Similar NET studies demonstrate that NET-mediated NE
accumulation is Na*™ dependent, while Cl~ removal inhibits, but does not abol-
ish, NE accumulation (Bonisch and Harder 1986; Corey et al. 1994; Harder and
Bonisch 1985). These studies do not specifically address the ionic-dependent
substrate binding. To evaluate the Na and Cl requirements for substrate bind-
ing, low-affinity substrate binding prohibits radiometric substrate binding
measurements; thus, high-affinity antagonist displacement is used to approxi-
mate substrate affinity. Humphreys and coworkers measured [*H]-imipramine
and ['?°1]-B-carbomethoxy-3B-(4-iodophenyl)tropane ([!?°I]-B-CIT) in the
Na-free and Cl-free experimentation; NaCl was replaced with LiCl and Na-
isethionate, respectively. According to these data, [*H]-imipramine binding
was both Na* and Cl~ dependent, while ['2°I]-B-CIT binding did not depend
on Na* or CI™. 5-HT displaces bound ['?°I]-B-CIT in Na*-free and Cl™-free
media, which indicates 5-HT interacts with SERT in the absence of Na* and
Cl™. Although Humphreys and coworkers argue Li* was inert, a recent study
describes Li*-induced conformation changes specific to Li* and no other alkali
metals (Ni et al. 2001). Li* also produces an enhanced current in the absence
of substrate (Ramsey and DeFelice 2002).

1.2
Methods to Study Transporter Function

Radiometric substrate accumulation, electrophysiology, and amperometry/cy-
clic voltammetry measure NET activity in different ways. Each method at-
tempts to enhance one or more of the following criteria: (1) specificity, (2)
rapid sampling, (3) dynamic substrate analysis, (4) amenability to single cells,
and (5) segregation of substrate binding from substrate accumulation.

1.2.1
Radiometric Assay

In the classic radiometric assay, NET-expressing cells or resealed membrane
vesicles are incubated with radiolabeled NE for approximately 5-10 min (short-
est assay time is often about 30 s). The applied substrate is removed, and the
cells or resealed vesicles are solubilized with detergent; the radioactive native
substrate is measured by scintillation. The radiometric approach specifically
monitors radiolabeled substrate; thus, it provides a high signal-to-noise ratio.
The total number of cells is determined by a hemocytometer; thus, radiometric
values provide a mean accumulation rate. The hemocytometer values, how-
ever, include dead cells, which reduce the reported accumulation values. Under
these conditions, the accumulation rates are an underestimate. The radiomet-
ric approach has poor time resolution (>30 s) and cannot dynamically monitor
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substrate accumulation; thus parallel samples are analyzed at increasing time
points to measure transport rates. The maximal transport velocity (Vimax) is
determined by measuring transport rates with increasing substrate concen-
tration until saturation. The theoretical components of maximal transport
velocity are:

Viax = Nuv (1)

where N is the number (#) of functional transporters, v is the number (#) of
substrate molecules transported per transport cycle (per turnover), and v is
the turnover rate (1/s) of an individual transporter. However, the radiometric
method does not directly measure individual transporter kinetics and depends
on macroscopic measurements that are extrapolated to underlying molecular
properties. The radiometric approach is also too insensitive to monitor sin-
gle mammalian cells; for example HEK-293 cells—a typical cell line used in
experiments—are approximately 10 um in diameter with an approximate vol-
ume of 1.5 nl. These constraints render single-mammalian-cell radiometric
assays infeasible; thus, radiometric assays typically employ thousands of cells
and the condition of individual cells remains unknown. To get around this
limitation, single-cell accumulation measurements have been made in Xeno-
pus oocytes, which are approximately 1 mm in diameter and have a volume of
1 pl. Frog oocytes are also amenable to controlled conditions. However, some
mRNA transcripts express poorly in oocytes; in particular, NET is a difficult
transcript from which to recover active protein.

The classic radiometric approach measures net accumulated substrate, not
substrate binding. A radiometric-binding assay exposes monoamine trans-
porter-expressing cells or resealed vesicles to a radiolabeled ligand followed
by vacuum filtration to remove excess ligand. Under these conditions, the
substrate must remain bound long enough to filter the membranes, thus re-
moving the unbound ligand. The corresponding ligand must remain bound for
approximately 1 s. Monoamine transporter substrates do not remain bound
for a sufficient time to separate unbound ligand by filtration methods. In
order to estimate substrate binding, indirect methods are employed. High-
affinity antagonists such as cocaine remain bound to monoamine transporter
long enough to quantify, and agonist displacement of antagonist is used as
an indirect measure of substrate potency. A radiometric high-affinity an-
tagonist binding assay is employed to calculate the total number of surface
monoamine transporters. Monoamine transporter-expressing cells or resealed
vesicles are exposed to high-affinity antagonist concentrations. Eventually, all
surface transporters are saturated providing the maximum number of bound
antagonists (Bmax)-

Bmax

BZW (2)
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B is the number (#) of bound ligands at each ligand concentration, Bpay is
the maximum concentration of bound ligands, Kp is a dissociation constant,
L is the concentration of ligand exposed to the transporter, and # is the Hill co-
efficient. The radiometric approach reports the maximal number of inhibitor
binding sites, not the monoamine transporter number, N, and not the number
of functional transporters. To extrapolate transporter number N from Bpax,
the relative antagonist stoichiometry is assumed to be one ligand bound per
functional transporter. These data are often compared to the maximal trans-
port velocity (Vax) to establish an estimate of transport cycle (turnover).

Vmax

UK ®

V is the velocity at each substrate concentration, Vpax is the maximum
transport velocity, S is substrate concentration, Ky, is the Michaelis-Menten
constant, and » is the Hill coefficient.

1.2.2
Electrophysiology

Over 10 years ago, Bruns et al. performed a remarkable experiment. They mea-
sured SERT-mediated current in Retzius neurons dissociated from the leech
and demonstrated a large (500-1000 pA), whole-cell, SERT-mediated currents
that were induced by 5-HT application at a holding potential of —80 mV
(Bruns et al. 1993). These presynaptic, SERT-mediated currents were sensitive
to Na* and were inhibited by zimelidine, a specific SERT blocker; furthermore,
they preceded the 5-HT-stimulated postsynaptic currents by several millisec-
onds. The SERT-mediated currents observed by Bruns and coworkers were
later recapitulated in Xenopus oocytes expressing SERT and monitored with
atwo-electrode voltage clamp. The Xenopus oocyte expression system permits
an assessment of the electric current profile in transfected and nontrans-
fected oocytes; nontransfected oocytes do not accumulate 5-HT, nor do they
demonstrate 5-HT-induced currents. Surprisingly, the presumably electroneu-
tral SERT produced a large current carried predominately by Na* movement
(Mager et al. 1994).

According to the classic fixed stoichiometry model of transport, ionic move-
ment via NET produces the redistribution of a single positive charge, thus
making the transporter electrogenic (Rudnick and Nelson 1978). Accordingly,
HEK-293 cells stably expressing approximately n = 10° transporters/cell were
expected to produce less than 0.2 pA of current, with all transporters work-
ing at the same time. When the experiment was performed, NET-mediated
currents were 250-fold larger than the predicted value (~50 pA, depending
on membrane voltage). Thus, there are many more charges moving than sub-
strate molecules. Furthermore, NET permits the movement of ions even in
the absence of substrate, and NET inhibitors block this constitutive current.
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The so-called “leak current”—charge movement without concurrent substrate
movement—is revealed easily by the preemptive antagonist administration
(Galli et al. 1995). Under whole-cell patch clamp conditions, cocaine ad-
ministration to hNET-293 cells reduces the NE-induced whole-cell current.
DAT electrophysiological profiles also demonstrate unexpectedly large charge
movements and leak currents (Sonders et al. 1997). These experiments also
describe the voltage-dependent uptake process in which DA accumulation
increases with depolarization.

The unexpected substrate-induced currents prompted the determination of
relative Na* and substrate contributions to the total charge movement (NE, DA,
and 5-HT are monovalent cations). The ratio of charge movement to substrate
transport (p) is an intrinsic transporter property that describes the channel
contribution to transporter activity.

_ Number of Charges @)
P~ Number of Substrates

In this equation, p measures the stoichiometry of transport. If p = 1, for
example, that would mean one net charge per one NE-transported molecule
through NET [in this case, the postulated NE:Na:Cl stoichiometry (Bonisch
et al. 1986)]. Values of p greater than one are taken to imply an “uncoupled”
current, although coupling per se is rarely measured. NET stoichiometry has
been assessed using patch clamp and amperometry, yielding p >0 (Galli et al.
1996). SERT and DAT have been assessed by concurrent two-electrode volt-
age clamp and radiolabeled substrate accumulation in frog oocytes. For DAT
and SERT, transport velocity V (Eq. 3) increases linearly with hyperpolar-
ization; however, the dependence of p on voltage was nonlinear. The maxi-
mal p values were obtained at —80 mV, with a minimum at 20 mV. Current
traces were subsequently analyzed to determine the unitary charge move-
ments associated with both current and transport. These analyses demon-
strate that in Drosophila SERT p exceeds 100. Furthermore, roughly 500
5-HT molecules are translocated per channel opening (Petersen and DeFe-
lice 1999).

The electrophysiological assays described above significantly improve the
temporal resolution or transporter function, and they are amenable to single-
cell analysis under voltage-controlled conditions. These experiments also pro-
vide new mechanistic information. The electrophysiological information, how-
ever, cannot provide the information on the species of the charge-carryingions,
and thus they are not as specific as the radiometric transport assay with regard
to substrate identity. To alleviate this constraint, concurrent electrophysiolog-
ical and amperometric approaches can be performed (Galli et al. 1996). These
conditions permit identification of the substrate, single-cell assay, and volt-
age control, but they do not provide good time resolution and they cannot
distinguish binding from transport.
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1.2.3
Amperometry and Cyclic Voltammetry

NET does not express well in frog oocytes, thus methods used for DAT and SERT
for the measurement of p cannot be used for NET. Using a series of voltage
steps, NET coupling was assessed by concurrent current and amperometric
measurements of NET activity in excised patches placed over a carbon fiber
electrode. The potential across the carbon fiber is held constant at =700 mV, to
oxidize NE. Under the assay conditions, NE is the only available oxidizable ion;
thus, the oxidization is attributed to NE. NE oxidation produces two electrons
that are subsequently recorded on an amperometric electrode. Due to the
stochastic oxidation process, the current produced is directly proportional to
the NE concentration exposed to the carbon fiber. Galli and coworkers have
demonstrated p is directly proportional to voltage. These experimental data
show that channel activity is coordinated to transport activity (Galli et al.
1998). These data show rapid NE movement through a patch (lower limit of
33,000 molecules/s; Galli et al. 1998).

The amperometric approach monitors NE from excised patch providing
a similar single-cell measurement. Positioning the carbon fiber electrode un-
der the patch pipette can permit the sampling of up to 95% of the total release
transmitter (Galli et al. 1998). A carbon fiber electrode placed adjacent to a cell
under whole-cell patch clamp conditions samples a subset of release molecules.
The use of amperometry in combination with electrophysiology permits rapid
sampling of the endogenous substrate, but this method is technically challeng-
ing. This combinational approach requires a researcher to pull an excise patch
and move the electrode over the corresponding carbon fiber electrode. During
the alignment process, the patch must remain intact, which requires delicate
dexterity. By placing the patch electrode over the carbon fiber, the transport sig-
nal (amperometry) and current signal (patch electrode) are not synchronized.
As transmitter exits the patch electrode, there is a delay prior to association
with the carbon fiber. The chemical reaction on the carbon fiber adds another
kinetic not accounted for in the analysis. The limitation reduced the time res-
olution for the concurrent amperometric and electrophysiological approach.

Another method proposed to measure substrate binding is cyclic voltam-
metry, in which a carbon fiber electrode is used to measure bath depletion of an
oxidizable substrate. Mammalian cells or resealed vesicles expressing NET or
DAT are incubated in alow bath volume with a sensitive electrode. Substrate ox-
idation is used to dynamically monitor the bath concentration. By examination,
areduction is the exposed concentration; the method extrapolates the internal-
ized substrate concentration. Specific accumulation is defined in the presence
of an inhibitor. In order to measure substrate binding, Schenk and coworkers
measured DA depletion in Na*-free conditions, and under these conditions the
authors attribute a decrease in bath concentration to DA association with DAT
(Batchelor and Schenk 1998; Earles and Schenk 1999; Povlock and Schenk 1997;
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Schenk 2002; Wayment et al. 1998). The authors assume that in a Na-replaced
media, the DA is only binding to the transporter without transport.

The radiometric, electrophysiological, and carbon-fiber approaches pro-
vide multiple methods to measure NET (and other transporters’) activity.
Each method has some desirable characteristic, whether it be specificity, rapid
sampling, or applicability to a single, well-controlled cell. All of the described
methods, however, fail to segregate binding and transport, nor do they per-
mit spatially resolved signals with rapid sampling. Concurrent binding and
transport measurements, for example, would allow researchers to distinguish
functional transporters from plasma-membrane expression.

1.24
Quantitative Fluorescence Microscopy

Quantitative fluorescence microscopy offers a method to distinguish binding
and transport, and it provides investigators with rapid sampling on single
mammalian cells. The method also permits absolute signal quantification while
segregating substrate binding and transport, thus allowing measurements of
not only transport kinetic but also of substrate-transporter stoichiometry.
Quantitative microscopy provides a single-cell, real-time, sub-micron, and
simultaneous substrate binding and transport assay.

The methods to be described here calibrate arbitrary fluorescent units
(AFUs) to the absolute number of molecules, and therefore to diffusion con-
stants, enzyme kinetics, and photophysical properties. The following contains
a brief description of confocal microscopy, two-photon excitation (TPE) mi-
croscopy, fluorescence lifetime imaging microscopy (FLIM), total internal re-
flection (TIRF) microscopy, fluorescence correlation spectroscopy (FCS), and
fluorescence recover after photobleaching (FRAP). These methods have been
employed to measure NET activity using a fluorescent surrogate substrate 1-4-
(4-dimethylaminostyryl)-N-methylpyridinium (ASP*) and green fluorescent
protein (GFP) N-terminal tagged NETs. The fluorescent analog of MPP*, ASP™,
is a neurotoxic metabolite of MPTP, and is a known substrate of monoamine
transporters. Using ASP*, we can assess binding and transport within 50 ms of
application with submicron spatial resolution. For each photometric method,
we outline the properties for each type of microscopy, along with its advantages
and disadvantages.

These methods are employed to quantify fluorescent molecules. Fluores-
cence occurs when the ground state electrons are excited into a higher energy
state via an interaction with a photon. To excite the ground state electrons, the
excitation light energy must be atleast equivalent to the energy gap between en-
ergy states. The energy dependence provides wavelength-dependent excitation,
as energy is inversely proportional to wavelength. The excited-state molecule
undergoes a series of internal energy conversions between higher energy states.
The stored energy is rapidly dissipated by photon release. The emitted photon
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has decreased energy, thus is emitted at a longer wavelength. Unfortunately,
fluorescent molecules are eventually destroyed (i.e., photobleached) by con-
tinued excitation and emission, thus limiting the number of photons produced
by a molecule. A typical fluorescent molecule, fluorescein, produces approxi-
mately 1 million photons prior to photodegradation (Pawley 1995).

Light, such as a fluorescence emission, can be measured with a photomulti-
plier tube (PMT). A PMT possesses a photoactive surface producing electrons
when exposed to light. The resultant electron is magnified through a series
of electron-sensitive surfaces that cascade and amplify each incident photon.
The PMT signal is directly proportional, over a linear range, to the number
of photons striking the photoactive surface; some PMTS are sensitive enough
to measure a single photon. The absorbed photons are thus translated into an
electrical signal. Another device used to measure light is a charge-coupled de-
vice (CCD), which also uses a photoactivated surface to convert the number of
photons into an electrical signal. The photoactive surface is divided into sub-
regions and the photons absorbed within each subregion are independently
quantified. A computer creates a digital image by registering each sub region.
A CCD is a central component in most digital cameras. Although CCDs are
often less sensitive than PMT-based detection, typical biological samples pro-
vide enough light to trigger a response on CCDs. In general, PMTs and CCDs
provide adequate sensitivity for most biological samples.

Noise in a PMT- or CCD-based detection system comprises thermal noise,
also known as dark current, readout noise, and shot noise. Thermal noise
results from spontaneous PMT or CCD events that occur in the absence of
light. The photoactive surface will spontaneously emit electrons, triggering
a nonspecific cascade. Thermal noise is reduced by cooling the light recording
device, which is a common method used in cooled-CCD cameras. Readout
noise affects CCD cameras and can be reduced by slowing down the speed of
the camera output. Shot noise is an intrinsic source of noise associated with the
photon flux onto the PMT or CCD. A fluorescent molecule produces a stream of
photons that excite the photoactive surface of the PMT. Although the average
photon flux is constant, the instantaneous signal fluctuates around the mean.
Poisson statistics mandate that the deviations are equivalent to the square
root of the average number of photons. For example, a molecule producing
an average photon count of 100 photons per unit time is accurate within
a range from 90 to 110 photons (number of photons + \/number of photons ).
To reduce shot noise, the integration times are increased.

1.25
Confocal Microscopy and Two-Photon Excitation

Marvin Minsky developed the theory for confocal microscopy in 1957 (Minsky
1957). Confocal microscopy differs from wide-field (conventional) microscopy,
permitting acquisition of optical slices of thick samples. Fluorescent specimens
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are commonly visualized with epi-illumination, in which filtered excitation
light is reflected by a dichroic mirror through an objective lens onto the sample.
The emitted light, at a lower wavelength, is collected by the same objective
lens and transmitted through the dichroic mirror to the detection surface.
A confocal microscope inserts pinholes between both the excitation source
and emission detector to reject out-of-focus light. Using the original Minsky
design, an image is generated by rastering the stage, providing a complete
image (Pawley 1995). The stage raster was a major challenge to producing
commercial confocal microscopes. A laser excitation source provides high-
intensity monochromatic light that does not require an excitation pinhole.
Laser scanning confocal microscopy (LSCM) scans the optical field with xy
scanning mirrors that move the laser beam across the field. At each point, the
light is collected on a PMT and transformed to a digital image by a computer.
Adjusting the focus generates optical slices, and the corresponding optical
planes are digitally combined to generate a volume. The confocal point spread
function (PSF) is estimated by a three-dimensional Gaussian function (Rigler
etal. 1993), and the shape and size depend on the objective numerical aperture,
wavelength of light, and size of the excitation beam (beam waist) (Rigler
et al. 1993).
2.2 2
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The PSF describes the volume encompassed by the single point using con-
focal microscopy, where @y is the beam waist in the lateral direction and Z,
is the beam waist in the z-axial direction (Rigler et al. 1993). For example,
a 1.4-numerical aperture (NA) 63 X oil immersion objective with a pinhole at
1.5 airy units (airy units are a normalized optical units, one airy unit equals
the full width 1/e? maximum for the first dark ring for the Airy diffraction
pattern) produces an approximate volume of 0.30 fl. A complete description of
confocal microscopy, including the calculation of the PSF and airy units, can
be found in Handbook of Biological Confocal Microscopy, edited by James B.
Pawley (Pawley 1995).

As described above, the thin segments generated by a confocal microscope
are advantageous, but they are not a solution to all imaging problems. A detec-
tor for a confocal microscope is usually a PMT, which is limited by shot noise.
The small volume generated under confocal microscopy limits the number of
fluorescent molecules being sampled, thus reducing the number of photons
being collected. In order to reduce noise, the integration time for each focal
volume is increased, which increases the acquisition time. To reduce acqui-
sition time, samples can be excited with more intense light, which expedites
the photodegradation of the fluorescent molecule. The balance of acquisition
time, pixel integration, and photobleaching can limit the time utility of confocal
microscopy.
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Confocal microscopy illuminates the entire sample, but acquires light ema-
nating only from a small volume, typically roughly0.15 fl. Fluorescent molecules
outside the focal volume are simultaneously photobleached; therefore, the po-
tential fluorescent signal decreases throughout the entire sample. As a sample
is optically sliced, the later slices have a decreased signal due to prolonged
exposure, thus limiting the penetration depth of confocal microscopy. TPE
provides a solution to photobleaching outside the plane of focus. Using TPE,
the excitation volume is limited by the photon density. Normally, a fluores-
cent molecule is excited by a single photon, but simultaneous absorption of
two photons at half the energy (double the wavelength) can produce photoex-
citation. TPE requires nearly simultaneous absorption of two photons. The
probability of two photons being simultaneously absorbed increases in the
focal volume, which has a higher photon density. The limited excitation area
reduces out-of-plane photobleach.

In general, the TPE excitation wavelength is double the single-photon exci-
tation wavelength, but the TPE excitation spectra can deviate from the doubling
paradigm (Dickinson et al. 2003). The photon density is only sufficient to excite
a fluorescent molecule within a small volume (Piston et al. 1995; Williams et al.
1994). The PSF for TPE can be well approximated by a Gaussian-Lorentzian
function (Berland et al. 1995), and also depends on objective NA, wavelength,
and beam waist.
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The Gaussian-Lorentzian PSF describes the volume encompassed by the
single point using TPE microscopy, where g is the beam waist in the lateral
direction (Berland et al. 1995). By scanning the laser beam in the x-y direction
and moving the objective focus, TPE generates a three-dimensional represen-
tation of the object. The volume difference for the wide-field PSF compared
to confocal and TPE is significant, but at matched wavelengths with a small
pinhole (<1 airy unit) the PSF for confocal microscopy and TPE (Berland et al.
1995) are similar; therefore, under wavelength-matched conditions, TPE does
not enhance z-axial resolution compared to confocal microscopy.

TPE has several advantages over confocal microscopy: (1) reduced total
sample photobleaching, (2) increased number of photons detected, and (3)
enhanced tissue penetration. Due to the spatially constrained fluorescence, an
emission pinhole is not necessary. Detectors can be positioned to collect all
the light produced by the fluorescent event, significantly increasing the total
number of photons sampled and reducing shot noise. The increase in collected
photons reduces the integration time required to obtain photon counts, thus
reducing the image acquisition time. The spatial constraints prohibit photo-
bleaching the sample outside the excitation volume; thus, as a thick sample is
optically sliced, the later slices have not been photobleached. The sustained
signal into later planes enhances penetration depth. TPE uses infrared (IR)
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radiation, which is not readily absorbed by biological samples. TPE is able
to penetrate deeper into tissues, because IR radiation is not readily absorbed
by tissue. Confocal microscopy often employs ultraviolet or visible excita-
tion wavelengths, which are absorbed by endogenously expressed compounds
within tissue. These same molecules do not absorb IR radiation. The enhanced
penetration depth and reduction in out-of-plane photobleaching is advanta-
geous for thicker samples (>200 pm).

Confocal microscopy permits optical isolation of subvolumes within thick
samples, which is ideal for measuring ASP* binding separate from accumu-
lation. By reducing the sample volume, the relative solution contribution to
the total signal is negligible, while the cellular contribution remains high. NTs,
amphetamines, and neurotoxins bind before being transported, whereas co-
caine and antidepressants bind to block the substrate transport s. Although
binding is crucial to transport, few assays separate direct effects on binding
from effects on transport after binding, nor do they provide adequate temporal
or spatial resolution to describe real-time kinetics or localize sites of active
uptake. Monitoring changes in ASP* fluorescence, fluorescence microscopy
distinguishes substrate binding from substrate transport using single-cell,
space-resolved, real-time fluorescence microscopy. ASP* has micromolar po-
tency for NET (Schwartz et al. 2003). The plasma membrane is visualized by
acquiring concurrent differential interference contrast (DIC) images (Fig. 2A).
After ASP* exposure, the plasma membrane of cells expressing NET demon-
strates an immediate increase in ASP* fluorescence (Fig. 2B). Prolonged expo-
sure permits cytosolic ASP* accumulation (Fig. 2C). Subsequent desipramine
(DS) (a selective NET antagonist) displaces bound ASP* and inhibits fur-
ther accumulation (Fig. 2D). Accumulated ASP* remains constant after DS
administration; the increase in sequestered ASP™ is parallel to the increase
in mitochondrial ASP* accumulation (Schwartz et al. 2003). ASP* accumu-
lation is Na*-, Cl™-, cocaine-, and DS-sensitive, and temperature-dependent,
and it competes with NE uptake. Monitoring ASP* with confocal microscopy
provides a single-cell, rapid-sampling binding and transport assay for NET
activity.

To evaluate NET surface distribution, we utilized confocal three-dimen-
sional reconstruction to localize GFP-hNET and ASP* molecules. The N-
terminal GFP-tagged NET (GFP-hNET) maintained 100% wildtype activity and
bind ASP™ with similar affinity. To evaluate the relative surface expression, we
reconstructed the corresponding isosurface for HEK-GFP-hNET cells. Setting
a threshold value to one AFU does not permit any gaps within the isosurface;
this setting outlines the plasma membrane (Fig. 3a-C). Using a threshold value
at the beginning of the dynamic range for the GFP signal (threshold = 64),
the corresponding isosurface represents the distribution of colocalized GFP-
hNETs and ASP* molecules. The GFP-hNET completely colocalizes with ASP*
molecules. Colocalized GFP-hNET and ASP* are represented in yellow, and
ASP* molecules alone are represented by red (Fig. 3d-F). By removing the
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Fig.2A-D Desipramine displaces bound ASP*. A The DIC image for HEK-293 cells expressing
NET. A fluorescence image is acquired 1 s after ASP* exposure (B). The cells continue to
incubate for 60 s (an image is recorded every 3 s). The 60-s image (C) is recorded prior to
the addition of 10 uM desipramine. The next image recorded (3 s later, 63-s image) shows
the displacement of bound ASP* (D)
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last three optical sections (3 um of GFP-hNETs), the underlying mitochon-
dria are exposed (Fig. 3G-I). These data provide transporter localization and
demonstrate that transporters are confined to subcellular regions across the
cell surface. We further demonstrated that ASP* interacts with transporters
not only in transfected cells but also in cultured neurons. As seen in Fig. 4, ac-
tive NET is also localized to subcellular regions along superior cervical ganglia
neurons. Because NET transport depends on internal substrate concentration,
NET localization to pseudopodia, for example, may generate higher concentra-
tions compared to other regions of the neuron. Thus, cellular localization may
profoundly affect the accumulation rate. Indeed, the thin-filament pseudopo-
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Fig. 3 A-F Isosurface GFP-hNET and ASP* surface distribution. All isosurface images were
generated using Amira image analysis software. Each column represents and identical view
angle for individual isosurfaces. A, B An isosurface of a single GFP-hNET cell. Isosurface
was generated without permitting gaps within the isosurface. C, D The yellow isosurface
represents colocalized GFP-hNET and ASP*, while the red isosurface represents only ASP*.
E, F Yellow represents the GFP-hNET/ASP* isosurface, except the bottom three planes have
been removed exposing the underlying mitochondria. QuickTime virtual reality (VR) files
for each surface are published on the physical biology online version
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Fig.4 A,B ASP™ accumulates in superior cervical ganglia (SCG) neurons. A ASP* accumula-
tion in SCG recorded after 60 s. ASP* accumulation is desipramine-sensitive. B A neurite
at higher magnification. The color gradient represented in panel a denotes the color range
corresponding to the intensity values

T
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Fig. 5 A-C Cl™ replacement increases cell plasma membrane localized ASP™ binding. A
hNET-293 cells exposed to 2 uM ASP* for 1 s in KRH buffer. B HNET-293 cells exposed to
2 uM ASP* for 1 s in KRH buffer with 120 mM Nal replacing NaCl; 100 pM CI~ present.
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dia may represent the endogenous environment. In superior cervical ganglia
neurons, NET localizes to small varicosities along the neurites (Fig. 4; see
Schwartz et al. 2003). The transporter has a distinct substrate conductance,
which is concentration-dependent. The varicosities may represent a diffusion
barrier, thus significantly decreasing the volume the transporter is using for
a concentration gradient.

Although transport ex more depends on Na* and CI~, binding is actually
independent of Na* and increases in low Cl~, while transport per se depends
critically on Na* but is much less affected by Cl™. In KRH media containing
120 mM NaCl, ASP* addition to HNET-293 cells causes an immediate increase
in membrane-localized fluorescence (Fig. 5A, 1 s ASP* exposure). In order to
evaluate ASP*-binding ionic dependence, we exposed hNET-293 cells to KRH
buffer in which CI™ was replaced with I". Under these conditions, we observe
a significant increase in bound ASP* (Fig. 5B, 1 s ASP*). The increase in ASP*
response is localized to the membrane and represents a twofold increase in
plasma membrane ASP* fluorescence. These data indicate that more ASP™ is
binding to the cell surface, but does not address NET surface expression.

1.2.6
TIRF Microscopy

To evaluate NET surface expression, we employed TIRF microscopy using spe-
cialized optics to generate an evanescent wave with sufficient intensity to excite
fluorescent molecules less than 1,000 A from the coverslip. This thin optical
section is ideally suited to measure areas juxtaposed to the coverslip. Using
high NA oil immersion lenses (>1.45 NA) or a trapezoidal prism, a laser is ad-
justed at an angle of incidence greater than the critical angle for total internal
reflection (Axelrod 1989, 2001a, b, 2003; Axelrod et al. 1983). At this angle, the
change in refractive index between the sample index (n = 1.33) and coverslip
(n = 1.52) completely reflects the incident light. The measured power of the
light entering the objective and the corresponding reflected light are equivalent,
if no molecules are present to absorb the photons within the evanescent field.
TIRF illumination generates an electromagnetic field (called an “evanescent
wave”) which prorogates from the interface into the sample. Photons tunnel to
excite a fluorescent molecule via evanescent field coupling. The field intensity
decreases exponentially in the sample, and the intensity is only sufficient to ex-
cite molecules for the first 1,000 A. This optical configuration permits exclusive
membrane visualization with a significant enhancement in z-axial resolution
compared to confocal or two-photon optical slices. The major disadvantage to
TIRF imaging is that the area of interest within the sample must be adjacent
to the coverslip. The exponential decay in intensity from the coverslip hinders
but does not eliminate the ability to perform quantitative microcopy (Axelrod
2001b, 2003).
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As shown above in Fig. 4, ASP* binding is enhanced twofold by Cl~ sub-
stitution with I. This increase may be attributed to a rapid increase in surface
expression due to Cl”™ removal. To evaluate this hypothesis, we used TIRF
microscopy. Under these conditions, we exclusively examined GFP-hNET pro-
teins localized to the membrane in the presence and absence of C1™. All surface
NETs were occupied by ASP* under normal (120 mM NaCl) conditions. As
seen in the TIRF images, the ASP* and GFP-hNET molecules form a pat-
tern based on cell contact. Previous studies demonstrated that 2 pM ASP™*
occupies all surface transporters. According to the TIRF studies (Fig. 6), we
observe identical GFP-hNET and ASP* distributions. Images collected before

C

Normal Cl-

GFP-hNET

Fig.6 A-D Cl™ removal does not elevate GFP-hNET distribution. Prior to 2 puM ASP* addition,
GFP fluorescence is not recorded in the ASP* channel (A). Decreasing Cl~ concentrations
does not elevate the GFP-hNET membrane distribution in normal, 120 mM, NaCl KRH
buffer (B). The relative GFP-hNET transporter density does not change upon simultaneous
2 uM ASP* addition (C) in reduced Cl~ media (Cl~ <3 mM) (D)
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ASP* addition indicate that GFP-hNET fluorescence does not appear in the
ASP* channel (Fig. 6A, B). After 10 s of 2 pM ASP* exposure in Cl™-free me-
dia (Nal substation, FC Cl < 3 mM) hNET surface distribution is unaltered.
These measurements provided a relative increase in substrate concentration.
More extensive experimentation is required to address an absolute substrate
concentration.

1.2.7
Fluorescence Lifetime Imaging Microscopy

FLIM provides information about the localized environment, permitting the
calibration of confocal images. Fluorescence intensity measurements from
acellular context are not always sufficient to determine the fluorescent molecule
concentration. Fluorescence intensity depends on the excitation light intensity
(I), molar absorptivity (¢), the concentration ([c]), volume (L), and the quan-
tum yield. The molar absorptivity, the ability to accept a photon at a defined
wavelength, is largely independent on the localized environment (Lakowicz
1999). However, fluorescence is highly sensitive to the local environment, which
leads to changes in quantum yield (Lakowicz 1999).

F = Le[c]LQy (7)

Fluorescence intensity is equivalent to the product of I,,, the excitation light
intensity, €, molar absorptivity, [c], fluorescent molecule concentration and
Qf, the quantum fluorescence quantum yield (Herman 2001). FLIM provides
a concentration-independent measurement to evaluate environmental effects
on a fluorescent molecule (Lakowicz 1999). Fluorescence lifetime measures the
average time a population of molecules spends in the excited state. After exci-
tation, a fluorescent molecule dissipates stored energy primarily as photons.
In the absence of all other energy-releasing processes, the decay of photons
from the excited state is defined as the natural decay of the molecule. Fluo-
rescent molecules also dissipate energy via nonradiative mechanisms such as
vibrational coupling. The combination of radiative and nonradiative processes
results in the measured lifetime (Eq. 8), which can be defined in terms of the
number of excited molecules (F,) and the exponential decay constant.

F=Fyer (8)

F, represents the number of molecules in the excited state and t is the
fluorescence lifetime (Lakowicz 1999). The quantum yield of fluorescence is
proportional to the measured fluorescence decay divided by the natural fluo-
rescence decay (Herman 2001).

Tmeasured
Q=—— 9)
Tnatural
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Qy is the quantum yield for a fluorescence molecule. Tpeqsureq is the mea-
sured lifetime. T, .4 is the fluorescence lifetime in the absence of all other
energy releasing processes (Herman 2001). By substituting Eq. 5 into Eq. 1,
fluorescence quantum yield changes between two local environments—such
as solution and cellular—can be evaluated. A calibration curve in a solution
can thus be calibrated to predict molecular concentration in the cell.

Fluorescence lifetimes are established using either frequency-domain
(Fig.7) or time-domain measurements (Fig. 8). Hanson and coworkers describe
in detail the construction of alaser scanning FLIM microscope using frequency
domain measurements (Hanson et al. 2002). Briefly, an appropriate TPE source,
such as a titanium:sapphire laser (Millinia-pumped Tsunami, Spectra-physics),
is coupled to the epi-fluorescence port of an inverted microscope. TPE excita-
tion permits frequencies at 80 MHz; the corresponding TPE frequency must
be similar to the fluorescent lifetime. The resultant fluorescence is recorded by
aPMT and the sample scanned using an xy scanning mirror. A small portion of
the excitation beam is diverted and recorded on a reference PMT. The phase and
modulation of the high-frequency fluorescence emission are detected relative
to the phase and modulation of the high-frequency repetitive light source. The
fluorescence lifetime is calculated using the heterodyne frequency modulation
method described by Jameson and coworkers (Alcala et al. 1985; Gratton et al.
1984; Jameson et al. 1984). Measuring a sample of known lifetime accounts for
the microscope response, and all lifetime changes are additive. Alternatively,
the fluorescence lifetime can be established by measuring the fluorescence

4000
%
e i
S 3000
£
=]
& 20004
- r . -
2
5 50+
<
>
=
w
=
g 0 T T T T
£ 0 50 100 150 200
Pixel

Fig. 7 A,B Frequency domain lifetime measurements. hNET-293 cells are exposed to 2 pM
ASP* for 5 min prior to image acquisition. The changes in fluorescence intensity (A) and
fluorescence lifetime (B) were examined using fluorescence lifetime imaging microscopy
(FLIM) (see Sect. 1.2). The color gradient in panel b indicates the fluorescence lifetime
value with black as the longest lifetime. Using the identical imaging settings, increasing
concentrations of ASP* in isobutyl alcohol and GFP in water were imaged (right panel). The
average pixel intensity across an image plan 10 um from the coverslip was plotted against
concentration [average * standard error of mean (SEM), n = 3 ASP* slope = 26.5 AFU/uM,
GFP slope = 15.3 = 0.41 AFU/uM]. C Line scan
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Fig. 8 Time-resolved fluorescence decay measurements establish the fluorescence lifetime.
The cellular ASP* fluorescence lifetime was quantified using time-resolved fluorescence
spectroscopy. The ASP* lifetime in the calibration solvent, isobutyl alcohol, and cellular life-
time was measured in a lifetime spectrometer. Cellular lifetime was measured by preloading
hNET-293 cells with 5 pM ASP* for 10 min prior to harvest and washing. The log value
for the photon counts is plotted against time, and the data are fit to the multi-exponential
function (Counts = A + Be 'I* + Ce™'F" + De™I...)

decay in the time domain. A single focal spot is excited with a femtosecond
laser pulse and the resultant fluorescence is recorded on a PMT. The decay
is a measure of the fluorescence lifetime. Lifetime spectrometers and some
microscopes utilize time-resolved fluorescence lifetime measurements.

FLIM has a few disadvantages. Currently, commercial FLIM systems are not
readily available, and FLIM images have a slow acquisition rate. Several data
points must be collected for each pixel in order to calculate the correspond-
ing fluorescence lifetime. Multiple data point acquisition significantly delays
image acquisition. A lifetime image can require as much as 6 min to obtain
a single plane of an HEK-293 cell. To alleviate this constraint, single-pixel mea-
surements at differing cellular locations are often sampled instead of acquiring
data over an entire image.

Using FLIM, we measured the fluorescence lifetime of cellular ASP*, which
was significantly longer than ASP* in aqueous buffer. A fluorescence inten-
sity image (Fig. 7A) was acquired concurrently with a fluorescence lifetime
image (Fig. 7B). As seen in Fig. 7, for each pixel within the intensity image
the corresponding fluorescence lifetime was determined. The solution ASP*
fluorescence lifetime was significantly shorter (<10 ps) compared to cellular
ASP™* fluorescence lifetime (~2.5 ns). GFP has the same quantum efficiency
as aqueous buffer and the cytosol; thus, no lifetime changes were observed.
A solution calibration is directly applicable to cellular GFP. Similar values were
determined from corresponding time-domain measurements (Fig. 8). The
time-domain measurements demonstrate a multi-exponential decay, which
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shows that ASP* decays from several excited states. This is also reflected in
frequency domain measurements, as Tppase @and Tyq provided different fluo-
rescence lifetime measurements.

In isobutyl alcohol, ASP* has an average lifetime of 168 ps, compared to
1,200 ps for cellular ASP*. Therefore, a sevenfold increase was used to con-
vert measured cellular fluorescence to absolute ASP* concentration values.
Calibration curves for ASP* and GFP were examined at identical microscopy
configurations. Confocal images of ASP* in isobutyl alcohol and GFP in water
were acquired and the pixel histogram peak was plotted against concentration.
GFP fluorescence is relatively independent of the local environment, thus life-
time corrections similar to those for ASP* were not required for GFP (Patterson
etal. 1997). To avoid day-to-day variation, the microscope was calibrated daily.
N-terminal GFP tagged hNET (GFP-hNET) maintains full transport activity.
We collected dual channel ASP* and GFP-hNET time series using the calibrated
settings. Under the conditions used, crosstalk between the GFP-hNET channel
and ASP* channel was negligible. We converted pixel intensity to molecular
values and the corresponding images for ASP* and GFP-hNET were compared.
Panel a shows an overlay image taken at 10 s, and the yellow cell borders sig-
nify ASP* and GFP-hNET colocalization. Dividing a GFP-hNET image by the
ASP* provided the GFP/ASP* ratio images. In the cell interior, the colocal-
ization ratio approaches zero. Although the GFP-hNET and ASP™ intensity
varies along the cell perimeter, the ratio value is approximately constant and
time-independent. Measuring the maximum number of GFP-hNET and ASP*
molecules along a four-pixel-wide line scan along the cell circumference es-
tablished the GFP-hNET to ASP* ratio. These data are summed over time for
each cell (n = 250). The distribution ratio peaks at one GFP-hNET molecule
per ASP* molecule; that is, one substrate associates with each hNET protein.

1.2.8
Fluorescence Correlation Spectroscopy

Another means to determine the underlying number of fluorescent molecules is
FCS.FCSisamethod where fluorescence from a single focal volume is measured
over time, and small fluctuations in this signal provide information related to
the number of particles, diffusion times, or enzyme kinetics. Over 30 years ago,
Madge, Elson, and Webb (Elson et al. 1974; Magde et al. 1972, 1974) developed
FCSto examine intercalated fluorescent particles in DNA. In FCS, small changes
in the fluorescent signal arise due to an alteration in fluorescent molecule
particle concentration from diffusion through the optical volume, enzymatic
cleavage, or environmental changes (Fig. 9). In a simple case, as molecules
enter the optical volume the fluorescence signal proportionally increases, but
as molecules exit the optical volume the fluorescence signal proportionally
decreases. Diffusion is only one of many processes that affect fluorescence.
For example, after continued excitation, fluorescence molecules enter a dark
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Fig. 9 Fluorescence correlation spectroscopy analyzes the fluorescence fluctuation due to
diffusion or enzyme kinetics within a defined optical volume. Molecules outside the optical
volume are not observed, thus do not contribute to the fluorescence signal. As fluorescent
molecules diffuse into the optical volume, the signal increases. Molecules diffusing out of
the optical volume have the opposite effect. The average fluorescence signal is proportional
to the particle number, and the fluctuations provide a measure of diffusion time

state in which photoexcitation is not permitted. Under these conditions, the
fluorescence intensity decreases although the particle remains in the optical
volume. The resulting fluctuations are analyzed for autocorrelation.

G(r) = (F(1) - F(t + 1)) / {F(1)?) (10)

The normalized autocorrelation function, G(1), is calculated as the time
average of the product of the fluctuations of the detected fluorescence [F(t)] at
every time t, and the fluctuations at the delayed times ¢ + 1, normalized by the
average of the fluorescence emission [F(¢)]. The zero time correlation (t = 0) is
then G(0) = F(t)?/F(t)?. The temporal variation of F(t) is proportional to N(t),
the fluctuations of the number of fluorophores in the probe volume. Since this
is a shot-noise-limited measurement, N(¢) is sqrt(N), so G(0) is proportional
to N(#)/N(t)2 = 1/N, where N is the average number of fluorescent molecules
in the probe volume.

The general autocorrelation function measures sustained self-similarity.
F(t) describes the original time-resolved data. F(t + t) describes the translated
data by the constant, 1. F(t)? is the average ensemble average. The resulting
fluctuation can be analyzed in many ways, but the most common approach
is by autocorrelation. Autocorrelation is a measure for the self-similarity of
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a time signal. The original fluorescence signal is translated in time by adding
a setamount (~10 ps) to each time point, without adjusting the corresponding
fluorescence intensity. The resultant translated signal is compared to the origi-
nal signal for correlation. The original signal is translated by an increased time
(20 ps). The translated and original signals are compared for correlation. The
process is iterated for increasing time intervals. Deviations in similarity pro-
vide characteristic time constants of underlying processes (Bacia and Schwille
2003; Dittrich et al. 2001; Haustein and Schwille 2003; Medina and Schwille
2002; Schwille 2001).

The autocorrelation is fit to a theory derived for the underlying fluctuations,
thus experimental condition has an appropriate fit for the autocorrelation
function. For example, a fluorescent molecule in solution is fit to a three-
dimensional free diffusion model in which the molecule exits and enters the
focal volume from any direction. If the molecule undergoes a transition from
a dark to the light state, the fluctuations are observed in the autocorrelation.
Multiplying the two independent fluctuation theories derives the resultant the-
ory. The experimental condition mandates the autocorrelation theory applied.

1 1-Fg+ FBe_T/TB ~ fl
6= — ([ —2 2 ) (Y 10
2 N < 1-Fp ) <i:1 (1 + t/tD,-) J1+ T/(x)ZIDi> (10)

The autocorrelation function is derived for a three-dimensional diffusion
model for an open system (Bacia and Schwille 2003). N is the average particle
number. 1p is the diffusion time of the particle in microseconds. w is the axial
ratio (ratio of axial to radial dimension of the observed volume). In each case,
the observed fluctuations are dependent on the number of particles, N, and the
diffusion of those particles in the observation volume. Membrane proteins are
often fit to a two-dimensional diffusion model, because the protein movement
is restricted to a single plane (Schwille et al. 1999). Schwille and coworkers
(Bacia and Schwille 2003; Dittrich et al. 2001; Haustein and Schwille 2003;
Medina and Schwille 2002; Schwille 2001) provide a detailed derivation of the
autocorrelation function.

Prior to confocal and TPE microscopy, large focal volumes generated by
a wide-field microscope required extremely dilute bright samples to minimize
particle number. The fluorescent signal from large-particle numbers within
the observation volume (Fig. 9) is not dramatically affected by the diffusion
of a few particles. FCS sensitivity is inversely related to particle number; thus,
low particle concentrations are ideal for FCS analysis. TPE microscopy and
ultra-sensitive PMTs dramatically increased sensitivity and reduced particle
numbers (Fig.9), providing enhanced FCS measurements. Using a similar prin-
ciple, cross-correlation analysis determines the relative similarity between two
independent fluorescent signals. These data can provide a measure of asso-
ciation rates and protein-protein interactions or protein-ligand association.
Multiple excitation lasers generate two different observation volumes, so dual
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channel fluorescence cross-correlation spectroscopy (FCCS) requires normal-
ization of these volumes. Calibrations with known diffusion times are used to
determine the relative observation volume sizes (Bacia and Schwille 2003).

In summary, FCS provides fast time resolution and the ability to calculate
the number of particles independent of local environment. FCS measures
events ranging from 10 ps to 1 s, thus providing estimates of chemical kinetics,
diffusion, and concentration. A major disadvantage to FCS is the need for
low particle numbers. Although the confocal volume can limit the observation
volume size, the number of particles must remain low (<50 particles). Also,
FCS cannot distinguish single fluorescent molecules from a pair of joined
fluorescent molecules. FCS requires a fivefold increase in particle diffusion
to segregate distinct particles (Chen et al. 2002; Chen et al. 1999); thus, FCS
analysis cannot distinguish a monomeric protein from a dimeric protein.

To investigate the kinetic relationship between ASP* and NET, we used FCS
to determine the ASP* and NET concentration and mobility. Dual-channel
FCS simultaneously measures GFP-hNET and ASP* fluctuations. Bath ASP*
demonstrates diminished fluorescence (Tyater < 10 ps) compared to cellular
ASP* (1eeps = 1.2 ns), which permits the identification of bound ASP* (versus
free ASP™). Solution ASP™ did not contribute to the total fluorescence signal.
The autocorrelation function of ASP* intensity fluctuations reveals an ASP*
transporter dwell time of 526+25 ps, which is significantly different from the
relaxation time for GFP-hNET measured in the same optical volume (~0.15 fl,
see Sect. 1.2). Analysis of GFP-tagged transporters gives a relaxation time of
30.2 £ 0.94 ms (D = 0.17 pm?/s), which represents characteristically slow dif-
fusion for a membrane protein (Meissner and Haberlein 2003; Vrljic et al.
2002). We also observe a 320-ps diffusion time, which correlated to known
pH-dependent inter-conversion for GFP (Haupts et al. 1998); thus, FCS mea-
surements are useful as a pH sensor for slow moving GFPs. The 1 = 0 intercept
predicts the average particle (transporter) number per optical volume (Schwille
2001), thus providing a check on the FLIM calibration. The G(0) autocorre-
lation values give 26 + 0.98 (bound) ASP™ particles and 26 + 0.5 GFP-hNET
(bound and free) particles in the optical volume, and the one-to-one ratio
agrees with FLIM calculated ratio. We observe no cross-correlation between
ASP* and GFP-hNET.

1.29
Fluorescence Recovery After Photobleaching

To corroborate the FCS diffusion measurements, we assessed hNET-GFP move-
ment with FRAP. The methodologies presented above attempt to reduce photo-
damage to acquire a signal with high fidelity; however, FRAP experiments rely
on photodegradation to measure fluorescent molecule kinetics. FRAP experi-
mentation is often applied to study the movement of membrane proteins using
a GFP-tagged conjugate protein. Under these conditions, a subsection within
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an image is exposed to a high-intensity laser pulse. Only molecules within the
subregion are photodegraded; thus, they appear dark after acquiring an image
of the entire field. The recovery of the bleach region is related to the diffusion of
the particle of interest. Like FCS, the recorded data are fit to a defined model to
evaluate recovery. Siggia and coworkers (Siggia et al. 2000) describe a plausible
model for membrane proteins.

GFP-hNET diffusion FRAP measurements provided similar kinetics to the
FCS experimentation. Three pre-bleach GFP-hNET cell images were acquired
prior to photodegradation of GFP-hNETs in a 4 pm by 18 um region along
the cell surface. Due to the geometry of HEK-293 cells (Fig. 10), we imaged
the GFP-hNET cells along the membrane adjacent to the coverslip. HEK-293
cells form flat elongated surfaces adjacent to the membrane, permitting the
idealized location for FRAP experiments. GFP-hNET was photodegraded using
100% laser intensity (~30 mW), followed by minimal exposure (<1 mW) to
monitor the recovery. The damaged area recovers after approximately 1 min.
These data were subsequently fit to an inhomogeneous diffusion model (Siggia

Normalized Recovery
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Fig. 10 FRAP measurements predict that GFP-hNET cells diffuse at 0.20 um?/s. GFP-hNET
cells were imaged prior to photobleach (inset A) usinga40 x 1.3NAlensat4 X digital zoom.
A 4-by-18 pm region was bleached from the cell membrane (inset B) from the membrane
adjacent to the coverslip. After approximately 1 min the bleached region recovered (inset
C). The time course for GFP-hNET recover provides a diffusion constant of 0.20 um?/s
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Fig. 11 FRAP experimentation cannot measure ASP* association rates. hNET-293 cells are
exposed to 2 pM ASP*. Several pre-bleach images were acquired prior to high-intensity light
exposure. Several images were acquired, and ASP* recovered within 1 s. The inset shows
the GFP-hNET and ASP™ recoveries

et al. 2000) that yields an effective diffusion constant of 0.11 + 0.3 um?/s
(Fig. 10). These data agree with the FCS-established diffusion times. Similar
experimentation was performed using ASP* photobleach in hNET-293 cells,
but the fluorescence recovered faster than the acquisition rate (Fig. 11); thus,
these data cannot report an accurate rate measurement. The ASP* recovery
was significantly faster than the GFP-hNET recovery (inset Fig. 11).

1.2.10
Fluorescence Plate Reader

The techniques described above are useful to measure single molecule prop-
erties. ASP™ also has utility for large-volume high-information screening. The
fluorescence-based assay described is amenable to a high-throughput screen
via a fluorescence plate reader. Using a molecular devices flex station, Ma-
son and coworkers monitored ASP* accumulation in cells expressing NET and
DAT. The flex station excites a large volume (compared to confocal microscopy);
thus, solution with ASP* significantly contributes to the total signal. Solution
fluorescence is quenched with trypan blue enhancing the signal-to-noise for
the automated assay. The plate reader accurately predicted ICs values for in-
hibitors, such as DS and GBR-1206. These data indicate that this method can be
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used to screen for other transporter inhibitors. According to the data presented,
the fluorescence plate reader cannot distinguish binding from transport, which
may be attributed to problem with ASP* administration.

2
Summary

This review outlines fluorescence methods used to measure absolute molecular
concentrations, kinetic interactions of substrates and transporters, and diffu-
sion constants of transporters in the membrane. The advantage of fluorescence
methods, as opposed to classical biochemical methods, is that molecules are
evaluated within a cellular context. Furthermore, fluorescence-based technolo-
gies are amenable to experiments on single molecules using high-throughput
screening.

To alleviate the constraints associated with radiometric and other methods,
we have used quantitative fluorescence microscopy to monitor dynamically the
binding and transport of a fluorescent monoamine transporter substrate. Cells
expressing monoamine transporters demonstrated an immediate increase in
membrane-localized fluorescence following fluorescent substrate (ASP™) ap-
plication. After continued ASP* exposure (>30 s), the cell interior continued
to increase in fluorescence. Although HEK-293 cells have non-monoamine
transporter-mediated ASP* accumulation, at concentrations below 5 uM ASP™*
does not bind to parental HEK-293 plasma membranes. The nonspecific intra-
cellular ASP* accumulation is one-tenth that of NET-expressing cells. The im-
mediate ASP* increase, only seen in transfected cells, was composed of immo-
bile ASP* molecules, which were displaced by subsequent antagonist (DS) ad-
ministration. The slower accumulation inside the cell was arrested, but not dis-
placed, by DS. These data indicate that ASP* initially binds to surface NETs and
is subsequently transported. Known blockers or substrates (DS, cocaine, Na* or
CI” substitution, and NE) each inhibited substrate binding and accumulation.

Confocal microscopy and TPE define optically isolated subvolumes within
alarge sample, thus providing “microscope cuvettes.” Compartmentalized mi-
croscope cuvettes are digitally combined to produce a three-dimensional repre-
sentation. FLIM provides a concentration-independent measurement to evalu-
ate the local environment within the subvolume. In combination with confocal
or TPE microscopy, FLIM establishes molecule concentrations. The established
change in quantum yield allows a solution calibration curve that is corrected
for environmental changes. FCS measures the diffusion time, concentration,
and molecular brightness. In combination, these methods describe a molecular
description of subcellular environments and molecular interactions.

Specific subcellular makers colocalized bound ASP* with the plasma mem-
brane, and accumulated ASP™ is associated with mitochondria. Optical isola-
tion was accomplished by examining plasma membrane localized ASP* with
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TIRF microscopy. The FLIM data showed that ASP* is highly sensitive to the
local environment. The ASP* “fluorescence lifecycle” in our assay is as fol-
lows: ASP* is quenched by the aqueous solution until bound to NETs. After
transport, the aqueous cytosolic environment again quenches ASP*. ASP* sub-
sequently associates with mitochondria, regaining optical activity. Although
ASP* demonstrates significant environmental quantum yield changes, FLIM
images provide the necessary conversion for solution ASP™ to calibrate cellular
ASP*. ASP* is quenched in aqueous environments, such as the cytosol and is
optically silent until bound to mitochondria. Calibrated confocal microscopy
cannot measure the cytosolic pool, however, which requires complementary
methods. Liquid chromatography tandem mass spectroscopy (LC/MS/MS) is
employed to measure total ASP* accumulation (both dark and bright). These
data indicated that mitochondrial ASP comprises only one-fifth the total ac-
cumulated ASP* at the time point measured. Thus, ASP* is less effective as
ameasure of uptake than itis of binding. This molecular conversion permits the
assessment of pharmacological properties, such as surface density, transport
velocity, and substrate-to-NET gene product stoichiometry.

FCS and FRAP experimentation provides information about substrate dwell
time and transport motion in the plasma membrane. Due to the change in
fluorescence lifetime, the fluctuations observed in FCS measurement of ASP*
estimates the substrate dwell time on NET. Under identical conditions, we
observed the relatively slow NET diffusion. The plasma membrane diffusion
was substantiated by FRAP experimentation. These data may be substantiated
and expanded by the application of image correlation spectroscopy (ICS) and
photon-counting histogram (PCH). These methods are complimentary to the
presented material, but have not been applied to ASP-bound NETs.

In summary, we have developed a calibrated microfluorometric assay that
uniquely visualizes substrate binding and accumulation on single mammalian
cells (or groups of cells) in real-time and which is amenable to high-throughput
screening. In this review, we have used ASP-bound NETs as an example for mul-
tiple quantitative fluorescence microscopes, but these methods are applicable
to other biological samples, such as receptor-ligand binding. These new ap-
proaches in microscopic fluorometry permit a more complete description and
understanding of the underlying membrane protein biology.
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Abstract Serotonin transporter (SERT) serves the important function of taking up serotonin
(5-HT) released during serotonergic neurotransmission. It is the target for important ther-
apeutic drugs and psychostimulants. SERT catalyzes the influx of 5-HT together with Na*
and CI” in a 1:1:1 stoichiometry. In the same catalytic cycle, there is coupled efflux of one
K* ion. SERT is one member of a large family of amino acid and amine transporters that is
believed to utilize similar mechanisms of transport. A bacterial member of this family was
recently crystallized, revealing the structural basis of these transporters. In light of the new
structure, previous results with SERT have been re-interpreted, providing new insight into
the substrate binding site, the permeation pathway, and the conformational changes that
occur during the transport cycle.

Keywords Serotonin - Transporter - Structure - Mechanism - Permeation

1
General Background and Significance of SERT

The neurotransmitter transporters are plasma membrane proteins that take
up extracellular neurotransmitters after release and thereby terminate the
transmitters’ action at extracellular receptor sites. These plasma membrane
neurotransmitter transporters represent the first step in the process of trans-
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mitter recycling. Subsequent sequestration by synaptic vesicles requires a sec-
ond transport system in the vesicular membrane. Although the structure and
mechanism of the vesicular neurotransmitter transporters are distinct from
those of the plasma membrane, the two systems work together to transport ex-
tracellular neurotransmitters into the synaptic vesicle, where they are available
for release by exocytosis (Rudnick 2002).

The plasma membrane neurotransmitter transporters use transmembrane
ion gradients of Na*, Cl7, and K* and an internal negative membrane po-
tential for transport of their substrate neurotransmitters (Rudnick and Clark
1993; Rudnick 2002). Transporters responsible for reuptake of neurotrans-
mitters across the plasma membrane of neurons and glia fall into two gene
families (Amara 1992). Most small neurotransmitters, including glycine, y-
aminobutyric acid (GABA), dopamine (DA), norepinephrine (NE) and sero-
tonin (5-hydroxytryptamine, 5-HT), are transported by proteins belonging
to the family designated the neurotransmitter sodium symporter (NSS) fam-
ily 2.A.22 by Saier (1999). Glutamate, however, is transported by a family of
mono- and dicarboxylic amino acid transporters, the DAACS family (Saier
1999). Proteins in both families play important roles in brain function.

Serotonin transporter (SERT) is a member of the NSS family that selectively
transports 5-HT into nerve cells together with Na* and Cl™ and, in the same
reaction, transports a K* ion out of the cell. SERT is inhibited by a variety
of compounds that are used to treat clinical depression, including fluoxetine
(Prozac), sertraline (Zoloft), paroxetine (Paxil), and citalopram (Celexa). These
compounds were synthesized as selective serotonin reuptake inhibitors (SSRIs)
based on the observation that compounds useful as antidepressants, such as
imipramine, inhibited serotonin transport. The widespread use of serotonin
reuptake inhibitors makes SERT a molecule of high clinical interest.

In addition to drugs that specifically target SERT, this transporter is also af-
fected by cocaine and amphetamines—psychostimulant drugs that are widely
abused. Cocaine acts as a simple inhibitor of SERT and the closely related
NSS transporters for NE and DA, NET and DAT, respectively (Gu et al. 1994).
Amphetamine and its congeners, however, have a more complex mechanism
of action. These compounds are substrates for SERT, NET, and DAT but also
diffuse into cells because of their high membrane permeability. This ability to
cross membranes in their unprotonated, neutral form allows amphetamines
to dissipate the internally acid pH difference (ApH) across the synaptic vesicle
membrane (Schuldiner et al. 1993). Because this ApH is used as an impor-
tant driving force for accumulation of 5-HT, NE, and DA by synaptic vesicles,
collapsing the ApH causes release of accumulated neurotransmitter into the
cytoplasm. Transport of amphetamines by SERT, NET, or DAT leads to accumu-
lation of Na™ in the cytoplasm (Khoshbouei et al. 2003), and the combination
of high cytoplasmic neurotransmitter and increased cytoplasmic Na* leads to
reversal of the plasma membrane transporter and appearance of neurotrans-
mitter outside the cell (Rudnick 2002). Thus, both cocaine and amphetamines
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lead to more neurotransmitter in the synapse, but in the case of amphetamine,
cellular stores are actively released, while cocaine raises synaptic transmit-
ter by blocking re-uptake. Among the variety of amphetamine derivatives,
MDMA (3,4-methylenedioxymethamphetamine, “ecstasy”) is more selective
toward releasing 5-HT from serotonergic neurons, and this selectivity is due to
MDMA’s higher affinity for SERT relative to its affinity for NET or DAT (Wall
et al. 1995).

2
Mechanism of Transport

SERT, like other transporters, is believed to function by alternately exposing
a substrate binding site to the cytoplasmic and extracellular faces of the plasma
membrane. To understand such a mechanism in detail requires knowledge of
four key properties of the protein: (1) The nature of the binding site determines
how the transporter can selectively transport one substrate and not another.
In cases, like SERT, where ions are cotransported with substrate, the relative
positioning of substrate and ion binding sites may be critical for coupling. (2)
The pathways that the substrate and ions pass through from one side of the
membrane to the binding site and then from the binding site to the other side
of the membrane need to be tightly coupled to each other so that they are not
both open simultaneously, which would lead to uncoupled flux through the
transporter. (3) The transporter must undergo conformational changes that
close access from one side of the membrane and open access to the other.
(4) Occupancy of the binding sites must control conformational changes so
that they occur only when the appropriate ligands are bound. Otherwise,
the transporter would catalyze uncoupled flux of any solute that occupied its
binding site.

According to a mechanism proposed to describe 5-HT transport, SERT
binds Na*, Cl7, and 5-HT" in a 1:1:1 stoichiometry and only then undergoes
a conformational change that occludes the binding site from the extracellular
medium and exposes it to the cytoplasm (Nelson and Rudnick 1979). After
dissociation of Na*, Cl7, and 5-HT™, the transporter returns to its original
conformation only after binding a cytoplasmic K* ion and releasing it to the
extracellular medium. The overall stoichiometry of this process is a 1:1:1:1
electroneutral exchange of K* with Na*, C1~, and 5-HT" (Rudnick and Nelson
1978; Talvenheimo et al. 1983; Rudnick 1998).

Evidence for this mechanism originally came from studies using platelet
plasma membrane vesicles (Rudnick 1977). These studies provided evidence
for the stoichiometry and supported the movement of K™ in a step distinct from
the one in which 5-HT was transported (Nelson and Rudnick 1979). SERT is
also capable of conducting ionic current that is induced by 5-HT (Mager et al.
1994; Lin et al. 1996; Cao et al. 1997; Cao et al. 1998). Although this would, on
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the surface, appear to argue against a coupled electroneutral stoichiometry,
it has become clear that SERT catalyzes an uncoupled flux in addition to the
coupled transport process. An alternative mechanism has been put forward in
which 5-HT and Na™ movement are coupled within a channel (Petersen and
DeFelice 1999; Adams and DeFelice 2002), but this mechanism does not explain
how K* countertransport could be coupled to 5-HT uptake in an electroneutral
process. A recent study demonstrated that interaction with syntaxin la could
block the uncoupled current, revealing the coupled electroneutral process with
the same stoichiometry that was originally proposed (Quick 2003).

For electroneutral 5-HT transport coupled to Na*, Cl~, and K*, the confor-
mational changes that allow these solutes to cross the membrane must serve
two functions. First, they must open up the binding site alternately to each side
of the membrane to allow binding and dissociation of solutes. Second, they
must prevent uncoupled movement of solutes. For example, if the transporter
were constantly interconverting between cytoplasmic- and extracellular-facing
forms regardless of what solutes were bound, it would catalyze only downhill
leakage of 5-HT, Na*, K*, and CI~. For any transporter to be stoichiometrically
coupled, its conformational changes must be linked to the occupancy of the
binding site. For SERT, the conformational change should occur when 5-HT,
Na*, and Cl™ are bound or when K* is bound, but not when the binding site is
only partly occupied (see Fig. 1).

A major advance in this process resulted from the discovery that the genomes
of many prokaryotes (bacteria and archaea) contained genes coding for pro-
teins quite homologous to neurotransmitter transporters. In 2003, the first
evidence became available showing that these proteins were actually trans-
porters (Androutsellis-Theotokis et al. 2003). It showed that the TnaT protein
of Symbiobacterium thermophilum was a Na*-dependent tryptophan trans-
porter with properties similar to those of other NSS transporters. Recently,
the laboratory of Eric Gouaux provided a high-resolution structure from an-
other bacterial homolog, LeuT from Aquifex aeolicus (Yamashita et al. 2005).
Although this structure will certainly differ in details from the structure of
the mammalian proteins, it provides a framework for designing further ex-
periments toward a variety of goals, among which are to test the relevance of
the structure, to define the particular differences between the bacterial and
mammalian transporters, and to understand the molecular motions within
the structure that lead to transport.

The structure of the A. aeolicusleucine transporter (LeuTa,) provides some
surprises, some unique features, and many opportunities to explore mecha-
nistic issues relevant to neurotransmitter transport. An unusual aspect to this
structure is that it contains a repeat of two groups of five transmembrane
domains in opposite topological orientations. Because of the high resolution
of the structure, the Gouaux group was able to identify two Na* ions bound
together with leucine at the active site, thus providing a structural basis for
coupling of Na* and solute fluxes.
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Fig. 1 Possible mechanism of serotonin transport. Transport of 5-HT together with Na*
and Cl~ ions requires binding of each solute to the transporter. These binding events are
depicted in the three steps on the upper right of the figure. There is no evidence that the
binding sequence is strictly ordered. Only after all three solutes are bound is the transporter
able to undergo a series of conformational changes that closes off access to the extracellular
medium and exposes the binding site to the cytoplasm. This conformational change is
depicted on the right side of the figure. After dissociation of 5-HT, Na*, and CI~ on the
cytoplasmic side of the plasma membrane, as shown by the three rightmost steps on the
lower part of the figure, a cytoplasmic K* ion is able to bind (lower left). Once K* has bound,
SERT is able to undergo another series of conformational changes that closes off access to
the cytoplasm and exposes the binding site to the extracellular medium. Dissociation of
K* to the medium completes the cycle. Note that for effective coupling of 5-HT influx to
both influx of Na* and Cl~ and efflux of K*, transitions between the extracellular-facing
and cytoplasmic-facing forms of SERT should occur only when the binding site is occupied
with 5-HT, Nat, and Cl~ or with K*

3
Topology

The primary sequence of most NSS family members predicts 12 transmem-
brane (TM) domains connected by hydrophilic loops. However, several pro-
karyotic sequences predict only 10 TMs. The fact that the central core of LeuT,
including the substrate and Na* binding sites, is formed by two copies ofa 5-TM
repeat provides an explanation for the functionality of 10-TM transporters and
suggests that TM11 and TM12 are not always required for transport function.
In the mammalian transporters, glycosylation sites in the second extracellular
loop (EL2, between TM3 and TM4) indicated that EL2 is extracellular (Tate
and Blakely 1994). For SERT, many residues predicted by the initial topologi-
cal predictions to lie in hydrophilic loops were demonstrated to be accessible
from the appropriate side of the membrane (Chen et al. 1998; Androutsellis-
Theotokis and Rudnick 2002), indicating a 12-TM structure with NH,- and
COOH-termini in the cytoplasm. These studies extensively utilized cysteine-
scanning mutagenesis of internal and external loops and transmembrane do-
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mains. Figure 2 shows a summary of some of results for SERT superimposed
on a topology diagram generated from the crystal structure of LeuT and using
an alignment of the NSS family. The highlighted positions, where various stud-
ies demonstrated chemical reactivity with hydrophilic reagents, indicate many
residues in regions exposed to solvent in the structure (Chen et al. 1997a, b,
1998; Chen and Rudnick 2000; Androutsellis-Theotokis et al. 2001; Ni et al.
2001; Androutsellis-Theotokis and Rudnick 2002; Henry et al. 2003; Mitchell
et al. 2004; Sato et al. 2004).

In addition to those positions that are clearly in the hydrophilic extracellular
or cytoplasmic domains, cysteines were modified at many positions that the
LeuT structure predicts to be inaccessible from either face of the membrane.
The observation that residues predicted by the structure to be buried were
nonetheless accessible in SERT suggests that other conformations of the trans-
porter expose these residues in other conformations of the protein. Thus, the
form of LeuT that crystallized is likely to represent only one very restricted
conformation of a transporter that must undergo conformational changes to
allow substrates to bind and dissociate from both sides of the membrane. In
fact, the binding site in the LeuT structure contains the substrate and two Na*
ions occluded from both faces of the membrane. Conformational changes are
required to allow these solutes into and out of the binding site.
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Fig. 2 Topology diagram of SERT. The sequence of SERT was aligned with that of LeuTx,
and presented as a topology diagram, using the beginnings and ends of each helix from the
LeuT structure. Shaded residues are those where mutation to cysteine or lysine was found to
introduce reactivity toward hydrophilic compounds such as MTS reagents. Not all positions
were tested, and positions where reactivity was not detected are not marked
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4
The Permeation Pathway

Keller et al. (2004) and Zhang et al. (2005) were able to react cysteines in the
extracellular half of TM10 and the cytoplasmic half of TM5 that were occluded
in the LeuT structure. For example, in the LeuT structure, access of substrate
to the extracellular medium is blocked in part by a salt bridge between Arg-30
and Asp-404 (Yamashita et al. 2005). The corresponding residues in SERT are
Arg-104 and Glu-493. However, in SERT, access in the EL5 region containing
Glu-493 continued up to Pro-499. According to the LeuT model, this position is
in TM10, almostin the middle of the membrane (Fig. 3). An example of the same
phenomenon from the cytoplasmic side of the membrane is in intracellular
loop (IL)2, where positions up to Tyr-289 were found to be accessible to reagents
on the cytoplasmic side. In the LeuT structure, Phe-203, which corresponds
to SERT Tyr-289 is in TM5 more than halfway across the membrane from IL2
(Fig. 3; Yamashita et al. 2005). It is noteworthy that TM5 and TM10 are related
in that each one is the last TM in the two repeated 5-TM structural units that
make up the core of the structure. The space between the intracellular end of
the exposed region of TM10 and the extracellular end of the exposed region of
TM5 contains binding site residues for leucine and Na* formed by TMs 1, 3,
6, and 8. Thus, the accessibility of residues in TM5 and TM10 might indicate
that these helices form part of the permeation pathway that allows substrates
to enter and exit their binding sites.

In the LeuT structure, leucine is occluded, and there is no pathway for it to
dissociate either to the periplasmic or cytoplasmic sides of the membrane (Ya-
mashita et al. 2005). Although leucine is occluded in the crystal structure, only
a few residues block its exit to the periplasmic (external) side of the membrane.
However, there is almost 20 A of packed protein structure separating leucine

EN T

LeuT LVMFLN. .KSLDEMDFWAGTIGVVFFGLTELIIFFWIF
SERT LTLTSGGAYVVTLLEEYATGPAVLTVALIEAVAVSWEY

| Exposed region |

LeuT SILIRGISKGIERFAKIAMPTLFILAVFLVIRVFLLE
SERT FSIWK.GVKTSGKVVWVTATFPYIVLSVLLVRGATLP

| Exposed region |

Fig. 3 Exposure of TM domains to aqueous reagents. The sequence of rat SERT was aligned
with that of LeuT in the EL5-TM10 region and the IL2-TMS5 region. The shaded regions
indicate the TM helices and the open boxes indicate the regions that were accessible to
modification with [2-(trimethylammonium)ethyl]methanethiosulfonate (MTSET) (for cys-
teine replacements in EL5-TM10) or (2-aminoethyl)methanethiosulfonate (MTSEA) (for
cysteine replacements in IL2-TM5)
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from the cytoplasmic face of the protein. Taken at face value, the pathways from
the periplasmic and cytoplasmic faces to the binding site would appear to be
quite different. However, another interpretation is that the crystal structure
represents an intermediate in which the cytoplasmic pathway is closed and
the periplasmic pathway is mostly open. The blockade of the periplasmic per-
meation pathway (by Tyr-108, Phe-253, Arg-30, and Asp-404) might even be
properties of an intermediate that is not on the normal reaction path but that is
particularly stable in the crystal. Additional evidence exists that the periplas-
mic permeation pathway is more condensed in the cytoplasmic-facing form
than is suggested by the LeuT structure. Residues in the tip of EL4 (between
TMs 7 and 8), Tyr-107, and Ile-108 form parts of the periplasmic pathway in
LeuT. In SERT, the corresponding residues are largely protected by 5-HT in the
presence of NaCl (Henry et al. 2003; Mitchell et al. 2004), conditions likely to
favor the cytoplasmic-facing form. Because the crystal structure may repre-
sent a form of LeuT close to the periplasmic-facing form, it is quite possible
that—in the cytoplasmic-facing form—the external pathway exists in a more
condensed conformation.

5
The Substrate Binding Site

Evidence from many laboratories (Chen et al. 1997b; Barker et al. 1998, 1999;
Chen and Rudnick 2000; Adkins et al. 2001; Henry et al. 2003; Melamed and
Kanner 2004; Zhou et al. 2004) strongly suggested that the binding site for
the substrate and ions is formed, at least in part, by TM1 and TM3. TM2,
although it is adjacent to both TM1 and TM3 in the primary sequence, does
not contribute directly to the binding site in LeuT, and results from SERT are in
agreement that—although mutations in this region have effects on expression
and Ky for substrate—most of the positions in TM2 were neither accessible
to extracellular reagents nor affected by substrate binding (Sato et al. 2004).
However, mutations in TM2 of DAT have strong effects on the affinity of cocaine
(Chenetal. 2005; Sen et al. 2005) and may represent part of an inhibitor binding
site or it might contribute to the position of TMs 1 and 6. In addition, the LeuT
structure revealed that at least one residue, Leu-137—thought to be part of the
IL1 loop between TM2 and TM3—is actually part of TM2. L137C reacted with
(2-aminoethyl)methanethiosulfonate (MTSEA), and the reaction was inhibited
by 5-HT and cocaine (Androutsellis-Theotokis and Rudnick 2002). Similarly,
Ala-441 was previously thought to be part of IL4 between TM8 and TM9. The
LeuT structure revealed that this position is in TM8 only one helical turn
away from binding site residues. When expressed in intact cells, A441C did not
react with MTSEA, but in membrane preparations MTSEA inactivated A441C
binding activity and this reaction was inhibited by 5-HT and cocaine.

We previously had no indication that other TM domains contributed to the
permeation pathway, although analysis of channel proteins strongly suggested
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that it must consist of more than just TM1 and TM3 (Spencer and Rees 2002).
From the LeuT structure, it is apparent that the two corresponding TMs from
the second 5-TM repeat, TM6 and TMS8, also contribute to the binding site.
It will be important to examine residues in TM6 and TM8 to evaluate their
contribution to the SERT binding site for 5-HT, Na*, and drugs such as cocaine,
amphetamines, and antidepressants.

The structure of LeuT contains two bound Na* ions in proximity to the
bound leucine. The residues responsible for coordination of Na* are not iden-
tical in SERT. The most pronounced difference is that, in LeuT, the leucine
carboxyl group coordinates one of the Na* ions (Nal). In SERT, as in NET and
DAT, the substrate contains no carboxylate group that can fulfill this function,
but there is an aspartate residue at position 98 in SERT (Gly-24 in LeuT) that is
positioned to take its place. Mutation of this aspartate to glutamate or cysteine
was strongly inhibitory for SERT function (Barker et al. 1999; Henry et al.
2003). A second bound Na®' ion in the LeuT structure (Na2) is coordinated
by five residues in the LeuT structure. Three of these residues are identical in
SERT. One of the two non-identical residues coordinates with Na2 through its
carbonyl oxygen, and the other is a Thr-354 in LeuT and an Asp-437 in SERT.
Because Asp-437 could participate in coordinating a Na* ion in SERT similar
to Na2 in LeuT, it is possible that SERT also binds 2 Na* ions. Indeed, previous
results comparing the Na* dependence of 5-HT transport and imipramine
binding by SERT suggested that 2 Na™ ions were involved in the latter process
(Talvenheimo et al. 1983).

However, this poses questions about how Nal and Na2 are related to Na*
ions cotransported with substrate. Some transporters in the NSS family, such
as GAT-1 and GlyT1b, are known to transport 2 Na* ions with each substrate
molecule (Keynan and Kanner 1988; Roux and Supplisson 2000). SERT Na™*
stoichiometry has been determined by two methods and found to be 1 Na* per
5-HT (Talvenheimo et al. 1983; Quick 2003). The Na* binding stoichiometry of
LeuT is 2, but the Na™ stoichiometry for transportis unknown. Many interesting
mechanistic questions remain to be answered regarding ion coupling in SERT.
Is binding stoichiometry always the same as transport stoichiometry, or is it
possible that only 1 of the 2 Na* ions in the structure is transported? Similarly,
does the single sodium symported with 5-HT by SERT represent a single bound
Na® ion, or is an additional, non-transported Na* bound to SERT? Does either
of the Na* sites predicted in SERT by the LeuT structure represent the site used
for K* antiport? How is C1~ cotransport coupled to 5-HT in SERT?

6
Conformational Changes

Many of the positions indicated by Fig. 2 to react with MTS (methanethio-
sulfonate) reagents are not close to the binding site for substrate and ions as
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defined by comparison with the LeuT structure. And yet, for many of these
positions, reactivity is sensitive to the presence of 5-HT or cocaine. Because of
their distance from the substrate binding site, it is unlikely that these residues
are directly occluded by 5-HT or ion binding, but the changes in reactivity are
likely to reflect conformational changes in response to occupation of the bind-
ing site. Furthermore, many of the changes that were observed required not
just 5-HT, but Na* and CI~ as well, suggesting that the change in accessibility
represented entry of SERT into the transport cycle.

As discussed in the previous section, two residues in TM3 were identi-
fied as being close to the substrate binding site. Part of the evidence for this
conclusion was the observation that 5-HT could protect a cysteine at those
positions from modification by MTS reagents (Chen et al. 1997b). Further
studies demonstrated that 5-HT protected even in the absence of Na*, indi-
cating that 5-HT binding was not Na*-dependent (Chen and Rudnick 2000).
Thus, it was important to discover that in many SERT cysteine mutants, the
effect of 5-HT on reactivity of a cysteine residue required Na* (Androutsellis-
Theotokis et al. 2001) or both Na® and CIT (Mitchell et al. 2004; Sato et al.
2004).

To put these various ion requirements in perspective, it is helpful to consider
the likely transport pathway for SERT, as deduced from a variety of approaches
(Rudnick 2002). In this pathway, Na*, C1~, and 5-HT all bind from the extracel-
lular side of the membrane to form a quaternary complex with the transporter
(see Fig. 1). Only when this complex is formed will the transporter undergo
a conformational change to expose the 5-HT binding site to the cytoplasm.
After dissociation of Na*, C1™, and 5-HT to the cytoplasm, the binding site can
accept a K* ion that allows a second conformational change, returning SERT
to its original extracellular-facing conformation. After K™ dissociation to the
extracellular medium, the cycle can start over. A key feature of this process is
the requirement for a particular set of solutes (either Na*, ClI~, and 5-HT or
K™) to be bound before the protein can change conformation. This require-
ment is responsible for the stoichiometric coupling of 5-HT, Na*, CI~, and K*
(Rudnick 1998).

Because conformational changes that affect the accessibility of the 5-HT and
ion binding sites are such a critical part of the mechanism, it is important to
define each of the potential conformations. We assume that there is a form of
SERT in which the 5-HT and ion binding sites are directly accessible from the
extracellular medium. This conformation is represented by the upper part of
Fig. 1 and will be referred to as the “extracellular-facing form.” Another confor-
mation (the lower part of Fig. 1) must release 5-HT and ions from their binding
sites to the cytoplasm and this will be referred to as the “cytoplasmic-facing
form.” There may be intermediate forms, such as the form of LeuT in the crystal
structure, in which the binding sites are exposed to neither side. These forms
will be referred to as “occluded.” The pathways from the binding site to the
extracellular medium or the cytoplasm that are properties of the extracellular-
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facing and cytoplasmic-facing forms, respectively, will be referred to as the
extracellular and cytoplasmic permeation pathways, respectively.

It would be useful to assign the various changes in cysteine accessibility
with different states of the transporter, so as to understand which parts of the
protein participate in the conformational changes accompanying binding and
transport reactions. It is possible to assign some changes with binding and
others with the transport steps. For example, cysteines at some positions (such
as 1172C and Y176C) were protected by 5-HT or inhibitor binding, did not
depend on Na*, and were protected both at 25 °C and 4 °C (Chen and Rudnick
2000). This can be interpreted as a simple steric occlusion of the reactive
residue, which is a property of the outward-facing transporter and does not
require conformational changes.

At other positions (such as Cys-357), both 5-HT and inhibitors protected
against cysteine modification, but the protection required Na* and was ob-
served at 25 °C but not 4 °C (Androutsellis-Theotokis et al. 2001). This behavior
suggests an allosteric effect due to a conformational change that occurs when
both 5-HT and Na* are bound to SERT. It probably does not represent the
translocation step, because the protection was seen with both 5-HT and the
non-transported inhibitor cocaine. Apparently, binding induced a conforma-
tional change that precedes the translocation event.

A third set of residues (such as S404C and Y107C and 1108C) were pro-
tected only by 5-HT and not cocaine, and the protection required both Na*
and CI™ (Henry et al. 2003; Mitchell et al. 2004). This behavior probably rep-
resents the conformational change that actually translocates 5-HT across the
membrane. The reasoning is as follows: (1) The effect is allosteric, suggesting
a conformational change, since some residues were protected (Mitchell et al.
2004) while others were potentiated (they reacted faster with MTS reagents
when 5-HT, Na*, and Cl~ were present) (Sato et al. 2004). (2) Only substrates
but not non-transported inhibitors such as cocaine promote the change in
reactivity (Mitchell et al. 2004; Sato et al. 2004). (3) Other SERT substrates,
such as MDMA, could replace 5-HT (Sato et al. 2004). These data suggest that
the presence of 5-HT, Na*, and Cl~ transforms SERT from a predominantly
extracellular-facing conformation to one that is predominantly cytoplasmic-
facing, having transported 5-HT and released it on the cytoplasmic side of the
membrane.

The ability to manipulate the state of SERT and to determine the effects
on accessibility of cysteine residues placed at specific positions will allow
the testing of possible transport mechanisms. The goal is to understand how
the conformational changes within SERT lead to alternate accessibility of the
binding site from the two sides of the membrane. To accomplish this goal, it
will be necessary to use biochemical approaches with the functional protein in
its native environment. The structure of LeuT provides a framework for these
studies, but it does not provide much information about dynamic changes in
the transporter structure.
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7
Future Directions

Many aspects of SERT structure remain unresolved despite the major advance
in our understanding provided by the structure of LeuT. As described above,
the difference in ion coupling between SERT and LeuT must be reflected in
differences in the structure of the substrate binding site. In addition, there
are three regions of SERT where the structure of LeuT provides little or no
information. The first of these is EL2, which is much longer in SERT than in
LeuT. EL2 is likely to be important for functional expression of SERT because
replacing part or all of it with its corresponding sequence from NET led to
a protein inactive for transport (Stephan et al. 1997; Smicun et al. 1999). The
additional sequence not present in LeuT includes glycosylation sites (Tate and
Blakely 1994) and a highly conserved pair of cysteine residues likely to form
a disulfide (Chen et al. 1997a). Mutations in these cysteines, or modification
of one when the other was mutated, led to severe loss in activity (Chen et al.
1997a). Thus, it is likely that the parts of EL2 that are unique to animal members
of the NSS family are functionally important in ways that are not addressed by
the LeuT structure.

SERT, like most neurotransmitter transporters, contains much longer NH,-
and COOH-terminal regions than does LeuT. The N-terminal region of SERT
has been implicated in the regulation of ion conductance by syntaxin la (Quick
2003). It is likely that these domains are important for regulation through
interactions with other intracellular pathways. The NH;,- and COOH-terminal
regions are also likely targets for agents that control the subcellular localization
of SERT, as has been demonstrated for the related norepinephrine and GABA
transporters (Perego et al. 1997; Muth et al. 1998; Gu et al. 2001; Farhan et al.
2004). The structure of these domains and their potential interaction with the
intracellular face of the central region of SERT are still unknown, and will
doubtless be the subject of future study.

Because they show a static structure, the images of LeuT cannot tell us how
transporters in this family move substrate and ions from the cell exterior to
the binding site and then to the cytoplasm. These movements require con-
formational changes involving the transmembrane domains and possibly also
the hydrophilic loops that connect them. Moreover, these movements are trig-
gered by the binding of appropriate substrates and ions to the transporter (in
the case of SERT, Na*t, Cl~, and 5-HT for the forward reaction and K* for the
return). Understanding the mechanism by which these binding events allow
and control the conformational changes, and comprehending the nature of the
conformational changes themselves, are important goals for future research in
this area.
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Abstract SLC6 transporters, which include transporters for y-aminobutyric acid (GABA),
norepinephrine, dopamine, serotonin, glycine, taurine, L-proline, creatine, betaine, and
neutral cationic amino acids, require Na* and Cl~ for their function, and this review covers
the interaction between transporters of this family with Na* and Cl~ from a structure-
function standpoint. Because detailed structure-function information regarding ion inter-
actions with SLC6 transporters is limited, we cover other proteins cotransporting Na* or
CI™ with substrate (SLC1A2, PutP, SLC5A1, melB), or ion binding to proteins in general
(rhodanese, ATPase, LacY, thermolysine, angiotensin-converting enzyme, halorhodopsin,
CFTR). Residues can be involved in directly binding Na* or Cl7, in coupling ion binding
to conformational changes in transporter, in coupling Na* or CI~ movement to transport,
or in conferring ion selectivity. Coordination of ions can involve a number of residues, and
portions of the substrate and coupling ion binding sites can be distal in space in the ter-
tiary structure of the transporter, with other portions that are close in space thought to be
crucial for the coupling process. The reactivity with methanethiosulfonate reagents of cys-
teines placed in strategic positions in the transporter provides a readout for conformational
changes upon ion or substrate binding. More work is needed to establish the relationships
between ion interactions and oligomerization of SLC6 transporters.
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1
Introduction

The focus of this chapter is on ion interactions for members of the Na*,Cl™-
dependent neurotransmitter transporter family [SLC6; for gene nomenclature
used here see the special issue on solute carriers in the European Journal of
Physiology (Hediger et al. 2004)] from the standpoint of structure-function:
Which residues bind Na* or CI~ to influence substrate interaction? Genes of
the SLC6 family encode proteins including Na*,Cl™-dependent transporters
for y-aminobutyric acid (GABA) (GAT1, SLC6A1; GAT2, SLC6A13; GATS3,
SLC6A11), norepinephrine (NET, SLC6A2), dopamine (DAT, SLC6A3), sero-
tonin (SERT, SLC6A4), glycine (GLYT2, SLC6A5), taurine (TAUT, SLC6A6),
L-proline (PROT, SLC6A7), creatine (CT1, SLC6AS8; CT2, SLC6A10), glycine
(GLYT1, SLC6A9, betaine (BGT1, SLC6A12), and neutral cationic amino acids
[ATB(0+), SLC6A14] (For a recent review, see Chen et al. 2003). Because de-
tailed structure-function information regarding ion interactions with SLC6
transporters is limited (please see “Note Added in Proof™ on p. 89 for recently
crystallized LeuT), we will cover other proteins cotransporting Na* or CI~ with
substrate, or ion binding to proteins in general. Over the years, our labora-
tory has been interested in the DAT, and we will include information on DAT
residues playing a role in the impact of ions on substrate and blocker affinity.

2
Cotransport of Na* and CI~ with Substrate in SLC6 Family

Extensive information has been collected on the cotransport of Na* and Cl™ in
the SLC6 family. Recent reviews have dealt with the various approaches to mea-
sure stoichiometry (Rudnick 2002) and a generally agreed upon stoichiome-
try—depending on the SLC6 member—of 1-3 Na*:1 Cl™:1 substrate (with C1~
in one case being required but perhaps not translocated; Chen et al. 2003). For
DAT there is evidence for different multisubstrate mechanisms in rat tissue
compared with human DAT (hDAT) expressed in HEK-293 cells (McElvain
and Schenk 1992; Povlock and Schenk 1997; Earles and Schenk 1999). Thus,
in the same laboratory where DAT in rat striatum and nucleus accumbens
appears to bind DA or Na* first (randomly) followed by Cl~ last (McElvain
and Schenk 1992; Povlock and Schenk 1997; however see Amejdki-Chab et al.
1992b), hDAT in HEK-293 cells binds two Na* ions first, DA second, and CI~
last (Earles and Schenk 1999). In addition to the possibility of a species differ-
ence in such DAT properties, one should consider that neuronal DAT expressed
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in a nonneuronal environment might display different properties, potentially
involving posttranslational modifications as a function of expression environ-
ment.

3
Residues Controlling Na* Modulation

3.1
SLC6 Family

Within the SLC6 transporter family of which DAT is a member, residues in
SERT (SLC6A4) and GAT1 (SLC6A1) have been implicated in Na* modulation.
Penado et al. (1998) found that mutation of 7Asn368, 7Gly376, or 7Phe380
(first numbers denote transmembrane domain (TM)) in rat SERT (rSERT)
impaired 5-HT (serotonin) transport at both low (15 mM) and high (150 mM)
outside [Na*], whereas mutation of many surrounding residues selectively
impaired uptake at low [Na*]. This is consonant with a role of these residues in
Na* binding or coupling of Na* binding to other steps in 5-HT translocation.
Alternatively, these residues interact with other residues that govern the proper
conformation of the Na* binding site. Mager et al. (1996) reported that Trp68
at the top of TM1 in GAT1 affects Na* sensitivity of transport of the substrate
GABA, with W68L mutation shifting the ECsg for Na™ in supporting transport-
associated current from 44 to 6.8 pM. In addition, the interaction between Na™*
and GAT1 was measured in oocytes expressing GAT1 by either [Na*]- or
voltage-jumping to elicit charge movement resulting from the synchronized
removal of Na* from the transporters (Mager et al. 1996). The symmetry
between the current observed with the jump and that when the original [Na*]
or voltage is restored reflects the reversibility of the process and is in agreement
with the current representing ion binding/unbinding and not ion permeation
(Mager et al. 1998); for an additional different model see Grossman and Nelson
(2003). The ECs¢ for Na* in supporting charge movement shifted from 43 to
2.7 mM by W68L mutation; because the maximal charge movement was similar
between WT and W68L, it was concluded that the mutant bound Nat more
tightly. One possibility is that intracellular [Na*] could exceed the K4 for Na*
binding to the intracellular face of the mutant GAT1, preventing efficient release
of Na* into the cytoplasm and thereby efficient transport. In our studies on the
corresponding mutant W84L of hDAT (SLC6A3), we also found that Na* was
more potent in stimulating binding of the DAT blocker 2f-carbomethoxy-3§-
(4-fluorophenyl)tropane (CFT) (see Chen et al. 2002; and compare panels A
and B in Fig. 1).

However, the plateau of binding was elevated in W84L DAT (Fig. 1B vs A),
and we concluded the coupling between Na* and CFT binding, not Na* binding
itself, was enhanced by the mutation. It is possible that DAT and GAT1, and
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Fig. 1 A-C CFT affinity and DA inhibitory potency as a function of Na* concentration.
A Wildtype (WT); B W84L; C D313N. Cell membranes were incubated with 4 nM [H]CFT
for 15 min at 21°C in HEPES-Tris buffer containing various concentrations of Na*-ISE.
Results are shown as the percentage of the binding affinity (1/Kp) or inhibitory potency
(1/K;) at zero [Na™]. The K4 values for CFT at 0 and 20 mM [Na*] were 95.3 and 11.6 nM at
WT, 74.5 and 2.22 nM at W84L, and 38.8 and 2.45 nM at D313. The K; values for DA at 0 and
20 mM [Na*] were 7.3 and 6.27 pM at WT, 7.0 and 5.04 pM at W84L, and 6.3 and 4.25 pM
at D313. Values represent means + SEM (standard error of mean) of 6 or more experiments
performed in triplicate. *p < 0.05 versus the corresponding value for WT group (Dunnett’s
test). (Reprinted with permission from Chen et al. 2002, Fig. 4 therein)

the role of the Trp at the top of TM1, differ in the interaction with Na*, but it
should also be kept in mind that the kinds of measurement of Na* interaction
in the current experiments on DAT are not the same as those in the study of
Mager et al. (1996) on GAT1.

Our study (Chen et al. 2002) and that of Mager et al. (1996) agree on one
important point: For DAT, the Na* stimulation of CFT binding—along with
data on the effect of uptake blockers and Zn?* (see Chen et al. 2002, 2004b;
and below)—suggests that W84L mutation hinders the ability of DAT to adopt
the inward-facing state, whereas for GAT1,GAT1 W68L mutation appears to
block GAT1 at a point in the transport cycle after the binding of Na* but
before that of GABA, hindering the completion of the transport cycle with
release of Na* into the cytosol (Mager et al. 1996). Consonant with both sets
of data is the idea that mutation of Trp at the top of TMI1 locks the trans-
porter in the outward-facing state. Thus, the set point for the conformational
equilibrium of the transporter can be perturbed by removal of a residue such
as Trp at the top of TMI, generating more of the outward-facing state that
is poised for binding Na*. For DAT, this state also binds CFT with higher
affinity. The gradual increase in CFT potency upon raising [Na*] (Fig. 1) can
be interpreted according to the two- or multiple-state model proposed for
G protein-coupled receptors (Leff 1995; Wade et al. 2001; Parmentier et al.
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2002): The apparent affinity of a ligand is a function of the distribution be-
tween active and inactive states, and we measure a time-averaged affinity for
the continuously interconverting states changing back and forth numerous
times within the time window of the binding assay. The gradual increase in
affinity upon raising [Na*] occurs with not only CFT, but also other blockers
of DAT, and the Na* dependency curves are more steep for the W84L mutant
(Fig. 2).

As mentioned above, it appears that W84L DAT favors the outward-facing
conformation. In consonance, 10 pM Zn?* —a concentration constraining DAT
in an outward-facing-like state (Loland et al. 1999, 2002)—is less effective in
enhancing [*H]CFT binding in W84L than in WT (Fig. 3A), which is to be
expected if W84L were already prone to be in the outward-facing state prior
to treatment with Zn?*. The Zn?>*-induced conformational changes impede
[*H]DA uptake to the same extent in WT and W84L (Fig. 3B).
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Fig. 2 Relationship between Na* and K.p, (apparent equilibrium dissociation constant) for
uptake inhibitors as measured by inhibition of [*’H]CFT binding. Cells were incubated with
2 or 4 nM [*H]CFT and various concentrations of the indicated compounds for 15 min. The
Na* concentration in the assay was varied by isotonically replacing NaCl with N-methyl-p-
glucosamine (NMDG)-CL. Data are expressed as fold decrease in the K,pp upon addition of
Na*. The fold decrease is calculated as the ratio of the K,pp at 0 mM Na™ to the Kypp at 5,
20, 60, or 130 mM Na*. Shown are means * SE of 4-8 experiments performed in triplicate.
The Kpp values in the absence of Na* were 56.6, 238, 514, and 304 nM for CFT, GBR 12909,
cocaine, and benztropine, respectively, in WT. The corresponding values were 17.3, 542,
98.7, and 966 nM at W84L, and 15.6, 123, 94.1, and 394 nM at D313N. *p < 0.05 versus the
corresponding value for WT (Dunnett’s test). (Reprinted with permission from Chen et al.
2004b; Fig. 4 therein)
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Fig. 3 A,B Relative response of [*H]CFT binding and [*H]DA uptake to Zn?* upon mutation
of W84 and D313. A [*H]CFT binding. Cells were incubated with 4 nM [*H]CFT and 10 pM
Zn%" in a Na*-free and NMDG-CI substituted buffer for 15 min. Data are expressed as
percentage stimulation of the binding in the absence of Zn?**. B [*H]DA uptake. Cells were
incubated with 10 nM [*H]DA and 10 uM Zn?" in regular Na*-containing buffer for 5 min.
Data are expressed as percentage inhibition of the uptake in the absence of Zn?>*. Shown are
means=SE of three experiments performed in triplicate. *p < 0.05 versus the value at WT
(Dunnett’s test). (Reprinted with permission from Chen et al. 2004b, Fig. 8 therein)

Another DAT construct with a mutation in the top of TM6, D313N, also
appears to favor the outward-facing conformation as suggested by the dimin-
ished effect of Zn** on [*H]CFT binding (Fig. 3A). Both W84L and D313N
display higher affinity for CFT and cocaine in the absence of Na* (Chen et al.
2004b), consonant with both mutants being enriched with transporters occur-
ring in the outward-facing state preferred by cocaine and its analogs. Na* can
still further increase the proportion of outward-facing mutant transporters, as
shown by the gradual increase in affinity of DAT blockers for D313N and W84L
(Fig. 2).

At a high Na* concentration of 130 mM, we conceptualize most DATSs to be
in the outward-facing conformation (Fig. 4, compare panels A and B). In order
to accommodate the observation that D313N hDAT cells display a lower affinity
for DA than W', we depict an obstruction in the external entry path for DA
(gray area in Fig. 4C). Thus, fewer of the outward-facing-like states can accept
extracellular DA, causing a lower affinity for DA measured for the average of
continuously interconverting states.

Our results on DA recognition in hDAT cells point to the importance of
considering access of DA in addition to DA’s affinity for its binding site. As
illustrated in Fig. 4, in intact cells (panels A, B, and C), limitation of access
alters apparent DA binding, in contrast to broken membrane preparations
(panels D and E) where DA can access either outward- or inward-facing DATs
in medium bathing both sides of the membrane.
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Fig.4 A-E Cartoon of access model for DA at the DAT, illustrating the initial conformational
state for ligand binding. A WT cells in Na™-free media. Most transporters reside in inward-
facing states where DA binding sites are inaccessible from the extracellular side. B WT cells
at 130 mM Na®. Binding of Na* to a more extracellularly located site increases the fraction
of the outward-facing state, stimulating the binding of externally applied DA by enhancing
external access. C D313N cell at 130 mM Na*. The gray region making the external entry
path narrower symbolizes the problem in external access to DA binding site. Thus, fewer of
outward-facing-like states can accept extracellular DA. D WT membranes in Na*-free media.
Although most transporters reside in a state resembling the inward-facing state adopted in
these membranes when actually part of the intact cell, this does not affect DA access, because
DA can approach its binding site from both sides of the membrane. E WT membranes at
130 mM Na*. Na* binding causes conformational redistribution: Intracellular Na* binds
to a separate site, increasing the fraction of the inward-facing state. This does not affect
DA binding because it has access from both sides. Features of DA binding to membrane
preparations of D313N resemble those described for WT

3.2
SLC1A2 in SLC1 Family

Kanner’s group has extensively studied Na* modulation of the high-affinity
glutamate transporter GLT-1 (also known as EAAT2), member (SLC1A2) of the
SLC1 glutamate/neutral amino acid transporter family (Kavanaugh et al. 1997;
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Zhang et al. 1998; Zhang and Kanner 1999). All this work took place before the
high-resolution structure came out in 2004 of the crystallized Gltpy, a glutamate
transporter homolog from the archaeon Pyrococcus horikoshii by Yernool et al.
(2004). In the following paragraph, we will compare the findings from the bio-
chemical approaches summarized here with the anatomical features revealed
by the crystal. GLT-1 cotransports three Na* ions with glutamate, followed by
countertransport of K*; it has been proposed that K* binds at a site previously
occupied by one of the Na* ions (Kavanaugh et al. 1997). Whereas Glu404 in
TM?7 influences K* coupling, the neighboring residue Tyr403 conveys both K*
and Na* affinity (Zhang et al. 1998). The data were interpreted in the context of
nonidentical but partially overlapping binding sites for potassium and sodium.
It is important to note that in this case conservative mutations were studied,
E404D and Y403F, showing the need for the precise nature of the side chain
of the acidic or aromatic amino acid for the cation interaction. Interestingly,
Y403C can be protected against methanethiosulfonate (MT) by transportable
substrates but is sensitized to it by the nontransportable dihydrokainate, sug-
gesting alternating access for the 403 position (Eliasof and Jahr 1996). Another
residue, Ser440, is implicated in Na* selectivity (Zhang and Kanner 1999).
Ser440 is located at the extracellular face of the re-entrant loop between TM7
and 8, likely close to the binding site for glutamate (see Kanai and Hediger 2004,
and see below: the crystal structure of the archaeal glutamate transporter ho-
molog). S440G mutation enabled not only Na*, but also Li* to drive transport,
depending on the nature of the residue at position 443 (Zhang and Kanner
1999). S440C and S443C were sensitive to (2-aminoethyl)methanethiosulfonate
(MTSEA) and [(2-trimethylammonium)ethyl]MT (MTSET), both positively
charged, and (2-sulfonatoethyl)MT (MTSES, negatively charged); in S440C,
glutamate, but not Na* alone, protected. Likely, glutamate obstructed access
of MT to the 440 position, consonant with close vicinity of position 440 to the
substrate binding site. Position 443 was not protected by glutamate, suggesting
it was further away from the glutamate site. Because (1) S440C was protected
against MTSET by p-aspartate and dihydrokainate in both sodium and lithium
media, and (2) lithium impaired substrate translocation in WT, it appears that
a step after substrate binding conveys sodium selectivity. Zhang and Kanner
(1999) propose that one of the carboxyl groups of the transported acidic amino
acid participates in liganding the cotransporting Na*, thereby conferring Na*
selectivity. The phenomenon of substrate providing one of the liganding groups
is seen also in other cases of cation binding to proteins (see Sect. 3.4).

Many of the above findings with biochemical approaches are in excellent
agreement with the anatomical indicators from the crystallized glutamate
transporter homolog Gltp, mentioned above (Yernool et al. 2004). The findings
regarding Ser440 constitute one example. The eukaryotic Ser440 corresponds
to archaeal Gly354 in Gltpy, and Gly354 is located in the tip of helical hairpin 2
(HP2) in the crystal (Yernool et al. 2004); the aligned eukaryotic Ser440 in
GLT-1 is depicted by Kanai and Hediger (2004) in the B-portion of the re-
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entrant loop between TM7 and 8. Gly354 in crystallized Gltpy, is within 5 A
of the substrate binding site hinted upon in the crystal by the contours of
non-protein electron density near the interface between HP1 and 2 conform-
ing to the size of a glutamate molecule. According to this depiction of the
substrate binding site, Arg397 is on the polar face of TMS8, poised to interact
with the y-carboxy group of glutamate. Arg397 corresponds to Arg447 in eu-
karyotic glutamate transporters, and the guanidinium group of this residue in
EAAT3 (also referred to as EAAC-1, or SLC1A1) has been proposed to interact
with the y-carboxy group of the substrate glutamate based on biochemical
evidence (Bendahan et al. 2000). Again in agreement with biochemical find-
ings, Arg397 in the crystal structure interacts by a m-cation mechanism with
Tyr317, aligned with eukaryotic Tyr403. As detailed above, Tyr403 is crucial
for both Na* and K* affinity (Zhang et al. 1998). Arg397 in Gltpy, is also close to
Gln318, corresponding to eukaryotic Glu404 which is involved in K* coupling.
Thus, the combined biochemical and crystal information points to a common
pathway for transported substrate and ions, with the crystal results providing
a tremendously enhanced view of the transporter parts lining the substrate
pathway. It is also important to note here that the crystal information for Gltpy,
indicates the existence of the transporter in a tetramer, with each protomer
carrying its separate set of sites interacting with ions and substrate.

33
PutP and SGLT1 in SGLT Family

PutP is a sodium/proline transporter, a member of the SGLT gene family
which is also referred to as the sodium/substrate symporter family, or SSSF
gene family. SLC5 transporters, such as SGLT1 (gene SLC5A1) discussed in
the next paragraph, are part of this larger 220-member SGLT gene family.
Properties, ligand specificity, and cell or tissue expression vary widely within
the family, with some members even showing substrate permeation that is
not coupled to sodium transport (Wright and Turk 2004). PutP transports
proline coupled to Na* in a 1:1 stoichiometry according to an ordered binding
mechanism (Wright 2001). Asp55 at the top of TM2 appeared to be essential
for transport, and only replacement with Glu rescued some uptake activity
(Quick and Jung 1997). This D55E mutant displayed a 50-fold reduced affinity
for sodium while transporting proline with relatively unaltered Kp,, consonant
with Asp55 being directly involved in Na* binding. Highly decreased apparent
affinity for sodium was also observed upon removal of the hydroxyl groups at
the positions of either Ser340 or Thr341, suggesting that TM9 contributes to
an ion translocation pathway of PutP (Jung 2002). In consonance, the nearby
Cys344 in TM9 is thought to be involved in the binding of Na* and proline
(Hanada et al. 1992). Substitution of a Ser residue residing in TM2 close to
Asp55, Ser57, reduces the apparent affinity of both proline and sodium, but
increasing [pro] restores the sodium affinity to a near-normal value, suggesting
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close cooperativity between substrate and sodium sites, and, possibly close
proximity for these sites in the tertiary structure of PutP (Quick et al. 1996;
Pirch et al. 2002; Jung 2002). Asp55 has been proposed to interact directly with
the coupling ion Na*, and position 57 becomes more accessible to sulfhydryl
reagents in the presence of Na*, likely indicating a conformational change
in this region of the protein induced by Na* (Quick et al. 1999). Arg40, at the
bottom of TM2, is thought to be close to the ion binding site and involved in the
coupling of downhill Na* transport with proline accumulation, but probably
does not make direct contact with either Na* or proline (Quick et al. 1999).
A common motif, which includes Gly328, Ala366, Leu371, Gly375, and Arg376
in PutP of Escherichia coli, is present in several Na* symport carriers, and it has
been proposed to be essential for Na* recognition or binding (Deguchi et al.
1990). However, Arg376 does not appear to reside at the sodium binding site,
according to a study by Yamato et al. (1994), casting doubt regarding a specific
role of this entire motif in Na* interaction with Na* symport carriers.

As PutP, the Na™-glucose cotransporter SGLT1 is a member of the SSSF gene
family; SGLT1 belongs to the SLC5 family, which is part of SSSE. Appreciable
effort has been devoted to uncovering residues controlling Na* modulation
of sugar transport by this transporter. Thus, Lo and Silverman (1998a, b)
and Vayro et al. (1998) point to the region 162-173 [EL (extracellular loop)
connecting TM4 and 5] as forming the pathway that external Na* takes to
reach its binding site. From experiments on sensitivity of Cys replacements to
sulfhydryl reagents of the MT type, residues 163, 166, 170, and 173 are likely
facing externally in the SGLT1 folded structure. Meinild et al. (2001) reexam-
ined position 166 (Ala), measuring transport function electrophysiologically
in oocytes expressing SGLT1. Compared with WT, A166C had a slightly in-
creased apparent affinity for Na*, but decreased affinity for sugars. Reacting
A166C with positively charged MTSET or MTSEA prevented sugar transport
but not binding; the results combined led to the conclusion that Alal66 is not
directly involved in Na* binding and that the conformational change in the
Na* pathway induced by Na* binding proceeds normally. Rather, position 166
was proposed to be involved in the interaction between the Na* and sugar
pathways. Alal66 in EL2 is likely close to Asp454 in EL5 (connecting TM10
and 11) in the tertiary structure of SGLT1, and the negative charge on Asp454
appears to play an important role in coupling Na* and sugar uptake (Diez-
Sampedro et al. 2004). For cation selectivity in SGLT1, Asp204 is crucial in the
intracellular loop (IL)3 (connecting TM5 and 6; Quick et al. 2001), as is the
aligned Asp187 in the related transporter PutP (Quick and Jung 1998).

34
Other Transporters or Pumps

The melibiose carrier of E. coli (melB) cotransports sodium and melibiose or
other a-galactosides (Wilson and Ding 2001). Although the melibiose perme-
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ase prefers Na*, it can also use H" or Li* for cotransport. From studies in
which Asp residues were replaced with Ser, Tyr, Leu, Cys, Asn, Gln, or Glu, and
the resultant mutants were examined for Na* or H*/melibiose cotransport,
a hypothetical Na* binding site was proposed in which Na*™ was coordinated
by 1Aspl0, 2Asp55, 2Asp59, and 4Asp124 (again first numbers denote TM)
(Wilson and Ding 2001).

In a number of cases where proteins were susceptible to crystallization, Na*
binding has been studied by X-ray diffraction of crystals soaked in the absence
and presence of Na*; identification of cation sites is based on anomalous
difference Fourier peaks. With this technique, Hol, Kalk, and colleagues (Lijk
et al. 1984; Kooystra et al. 1988) characterized binding sites for Na*, Cs*, and
NH4* in rhodanese, a thiosulfate sulfurtransferase; this enzyme binds divalent
metal ions, possibly to these same cation sites, although this is not required for
catalytic activity. The Na* binding site is composed of the main-chain carbonyl
oxygens of Glu71, Val72, and Lys249 (Lijk et al. 1984), whereas the Cs™ site has
the additional main-chain carbonyl oxygen of Asp272 as well as the side-chain
oxygen of the same Asp, equidistantly oriented around the cation (Kooystra
et al. 1988).

The same approach when applied to bovine Hsc70 ATPase fragment, points
to coordination of Na* by six ligands: the carboxyl of Asp10, the carbonyl
oxygen of Tyr15, two H,O molecules of the Mg?™ cluster, one internal H,0, and
the oxygen of f-phosphate of ADP (the substrate) (Wilbanks and McKay 1995).
The latter is an example of a substrate itself providing liganding to a cation. The
enzymatic activity of Hsc70 ATPase is facilitated by monovalent cations, with
K* more effectively activating than Na*; in consonance, the difference Fourier
X-ray analysis shows a repositioning of the B-phosphate with Na* compared
to KT, which affects the interaction between cation and substrate (Wilbanks
and McKay 1995).

In a final example of cation binding uncovered by X-ray crystallography,
the lactose permease of E. coli (LacY) has been studied by Abramson et al.
(2003). This 12-TM transporter uses the downhill electrochemical proton gra-
dient to achieve uphill substrate accumulation. Cotransport of cation (H*) and
substrate (lactose) is thought to occur in an ordered fashion, with protonation
followed by substrate binding, outward- to inward-state conversion, and release
of first substrate and then proton. Crystals were obtained with a LacY mutant
arrested in the inward-facing conformation, and difference Fourier analysis
was applied to delineate the binding pocket for the high-affinity lactose analog
f-p-galactopyranosyl-1-thio-p-p-galactopyranoside (TDG) (Abramson et al.
2003). Because proton sites cannot be visualized directly in crystals, results
from studies with LacY mutants were used to depict residues in the crystal
involved in proton translocation and coupling. Sites interacting with substrate
and sites interacting with coupling ions appear to involve appreciably distal
domains, with TMs 1, 4, 5, and 11 providing residues interacting with substrate,
and TMs 8, 9, and 10 providing residues for H" translocation and coupling. The
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areas comprising the substrate-interactive residues in TMs 1, 4 are removed
in space from that occupied by ion-reactive residues in TMs 9-10, and are
depicted on the separate arms of the portions of the transporter that form the
outward- and inward-facing conformations of the transporter (Abramson et al.
2003). Other portions of the substrate- and ion-interacting areas are close by.
Thus, residues Argl44 in TM5 and Glu269 in TM8 are thought to be coupled
with a salt bridge when substrate binds (interacting with Argl144 through hy-
drogen bonding) and the transporter adopts the inward-facing conformation.
Upon release of substrate and proton in the cytoplasm, the outward-facing
conformation is re-formed with breakage of the 144-269 salt bridge.

4
CI~ Binding to Proteins and CI~ Modulation of Transport Proteins

Mechanisms underlying the interaction between Cl™ and transporters have
been studied less intensely than those for Na™ interaction. For DAT, it is known
that CI” stimulates substrate binding (Amejdki-Chab et al. 1992a, b; Wall
et al. 1993; Gu et al. 1994; Li and Reith 1999) and that the effect depends on
the type of substrate (Li et al. 2002). Chimera studies have advanced a role
in CI” interactions for TMs 1-2 and TMs 9-12 (Syringas et al. 2000, 2001;
see end of this section), but it is not known which residues are involved.
Residues of proteins interacting with Cl™ could themselves bind CI™, or be
involved in other ways in modulating Cl™ sensitivity. As far as anion bind-
ing to proteins is concerned, such binding depends on the charge density
of the anion in turn regulating the ability to bind water molecules and in-
teract with basic groups on proteins (Di Stasio 2004). Small ions of high
charge density (kosmotropes, among anions: F~) bind water strongly, whereas
large monovalent ions of low-charge density (chaotropes, among anions: Cl~,
Br~, I") bind water molecules weakly. In general, oppositely charged ions
of equal water affinity can form inner sphere ion pairs (Collins 2004). The
positive charges on proteins [derivatives of ammonium ion (lysine), guani-
dinium ion (arginine), and imidazolium ion (histidine)] are all weakly hy-
drated and thus can form inner sphere ion pairs with the weakly hydrated
anion chloride. In comparison, strongly hydrated anions such as fluoride in-
teract with proteins indirectly, via intervening water molecules. Anions which
have a lower charge density than CI~ (in order of progressively lower charge
density: Br~, I7) are more weakly hydrated and bind more tightly to pro-
teins (reverse Hofmeister series). The partial positive charge on amide NH
groups (Asn, Gln) is also weakly hydrated and can bind weakly hydrated an-
ions (Collins 2004).

Although the binding of anions such as CI™ to various proteins appears to
be site-specific, little is known about their possible binding site(s) (Di Stasio
2004). The interaction between Cl~ and the metalloproteinase thermolysin
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causes a lowering of the Ky, for hydrolysis of tripeptides such as Gly-Phe-Ala
(Yangetal. 1994). This is thought to result from binding of Cl™ to Arg203, which
competes for the salt bridge between Arg 203 and Asp170, thereby allowing
substrate binding (Yang et al. 1994). In another metalloproteinase, carboxypep-
tidase A, C1™ is thought to compete for substrate binding by binding to Arg145,
with this arginine being the recognition site for the C-terminal carboxylate of
the substrate peptide (Williams and Auld 1986). Again, within the category of
metalloproteinases, CI”~ enhances substrate binding to angiotensin-converting
enzyme, likely by binding to a critical Lys residue (Shapiro and Riordan 1983;
Bunning and Riordan 1987). A Cl™-Arg108 interaction (in this case, hydrogen-
bonded) is postulated for halorhodopsin, which uses light energy to pump
halide ions (Braiman et al. 1994), and clinical evidence implicates Argl17 in
ClI™ transport by cystic fibrosis transmembrane conductance regulator (CFTR)
(Dean et al. 1990). A binding site for CI™ has been described by Wilbanks and
McKay (1995) in crystals of the same Hsc70 ATPase fragment discussed above
for Na* binding (Sect. 3.4). In this crystal, the CI~ binding site is composed
of Asp32, GIn33, and Lys126, involving the amide, the eN, and the {N of the
respective amino acids (Wilbanks and McKay 1995).

Transporter residues could be involved in the impact of CI~ on transporter
function without themselves binding Cl™. For example, residues could play
a role in coupling the conformational change induced by ion and substrate
binding to the conformational change associated with substrate translocation.
According to the alternate access model, CI~ binds with Na* and substrate
to the outward-facing state, a reorientation takes place exposing the solutes
to the internal compartment, and ions along with substrate dissociate rapidly
from the inward-facing state (Cao et al. 1998; Rudnick 2002). The reorientation
step in the former sequence is often (also in this text) referred to as the
translocation step, although the transporter may not actually be “moving” the
substrate appreciably, as viewed parallel to the plasma membrane. An example
of this can be seen in the comparison of the inward-facing state of the LacY
transporter of E. coli with bound substrate (as determined by crystallography)
and the outward-facing state with substrate (as deduced from crosslinking
experiments and molecular modeling; see Fig. 5 in Abramson et al. 2003).
In this alternate access model, residues could affect the distribution between
inward-facing and outward-facing states.

For hDAT, Loland and colleagues (2002, 2004) and our group (Chen et al.
2004a) have advanced evidence for a role of residues Lys264, Tyr335, Asp345,
and Asp436 in the conformational equilibrium between outward- and inward-
facing conformations, with a mutation of them leading to a greater proportion
of DAT residing in the inward-facing state. Both the N-terminal portion (TMs
1-2) of DAT and SERT have been implicated in Cl™ sensitivity of substrate
uptake (Syringas et al. 2000, 2001; Barker et al. 1999), as well as the C-terminal
portion (TMs 9-12) of DAT (Syringas et al. 2000, 2001). It is not known whether
CI™ permeation, or just recognition, is required for these interactions. For the
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SERT, there is evidence for a common pathway for 5-HT and CI~ (and Na%)
involving TM1 and Asp 98 in particular (Barker et al. 1999).

5
Comments on Transporter Residues Governing Na* and CI~ Modulation
of Transport

In considering the above studies on Na* modulation, one can recognize a num-
ber of salient issues. Thus, residues can be involved in directly binding Na™,
in coupling Na* binding to conformational changes in the transporter, in
coupling the driving force of the transmembrane Na* gradient (i.e., Na* move-
ment) to transport, or in conferring cation selectivity. Coordination of cations
such as sodium can involve a number of residues, up to six. Binding sites for
substrate and coupling ions can be distal in space in the tertiary structure
of the transporter, with other segments of the transporter being responsible
for the coupling process. The reactivity with MT reagents of cysteines placed
in strategic positions in the transporter can provide a readout for conforma-
tional changes upon ion or substrate binding. In general, residues that have
been shown to bind Na* include: acidic amino acids donating electronegative
oxygen atoms for cation interaction; aromatics (Trp, Tyr, Phe) coordinating
cation binding through m electrons; and main chain carbonyl oxygens of vari-
ous amino acids. In addition, water molecules and substrate oxygen have been
implicated in Na* binding in some cases.

From the above-discussed studies on Cl~ modulation, again it is clear that
more than one residue can be involved in binding of this anion. Portions of
transporter domains interacting with substrate and chloride can be close in
space. For the SERT, the Blakely group has advanced evidence for a common
pathway for the substrate 5-HT and the ions Na* and CI~ involving TM1 and
Asp98, in particular (Barker et al. 1999). No information is available distin-
guishing residues involved in directly binding CI~, in coupling CI~ binding to
conformational changes in transporter, in coupling C1”~ movement to transport,
or in conferring anion selectivity. To our knowledge, no studies are available
on protection by Cl™ against reactivity with MT reagents of cysteines placed
in strategic positions in monoamine or other transporters. Also, no informa-
tion is available as to whether Cl~ binds more tightly to the outward- than
inward-facing state. In general, residues shown to bind CI™ include: Lys, Arg,
and His, which—as weakly hydrated positive charges on protein—bind the
weakly hydrated anion Cl~; weakly hydrated partial positive charges on amide
NHs of Asn and Gln, which can also bind Cl™7; and the main-chain amide of
other amino acids.

It is becoming increasingly clear that transporters in the SLC6 family occur
in oligomeric form (Hastrup et al. 2001, 2003; Torres et al. 2003; Baucum et al.
2003; Sitte et al. 2004). It is not yet known whether multimeric organization in
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SLC6 is required for transport activity. Experiments with coexpression of dif-
ferent proportions of a SERT construct sensitive to MT compounds and another
insensitive construct point to a functional interaction between SERT protomers
(Kilic and Rudnick 2000). Seidel et al. (2005) advance evidence for influx and
efflux of substrate through coupled but separate protomers in monoamine
transporters oligomers. The GLUT1 (Zottola et al. 1995) and LacS$ transporter
(Veenhoff et al. 2001) occur as oligomers (tetramers and dimers, respectively)
in the plasma membrane, and in both cases it is thought that each subunit in the
complex sustains cotransport of substrate and Na*. However, there is cooper-
ativity between transporter units (dimers for GLUT1 and monomers for LacS)
that is evident for ion gradient-driven uptake of substrate but not for substrate
exchange. This can be explained if the reorientation of the empty carrier in one
unit is coupled to translocation of a fullyloaded carrier in another unit (Zottola
et al. 1995; Veenhoff et al. 2001). More work is needed to establish the rela-
tionships between ion interactions and oligomerization of SLC6 transporters.
Even if transport itself is not affected by oligomerization, the effect of transport
blockers may be impacted (Hastrup et al. 2003), which could influence other
transporter properties such as the ability to carry ion currents (Rudnick 2002).
If defects in SLC6 transporter oligomerization turn out to be involved in specific
diseases, it would add a new potential target for therapeutic intervention.

Note Added in Proof This article was written before the recently puplished crystal structure
of a bacterial homologue of the Na*, Cl™-dependent neurotransmitter transports from
Aquifex aeolicus, the LeuT g which cotransports leucine and Na* (Yamashita et al., Nature
2005 [Sept]:437:215-223). Located halfway across the membrane bilayer, at the unwound
regions of TM1 and 6, are two Na* binding sites with interacting residues in TM1, 6, 7,
and 8.LeuT does not co-transport CINa~. Rore more details on Na* binding sites on LeuT
in relation to those on mamallan counterparts, please see the chapter by Rudnick in this
volume (pp 59-73).
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Abstract Traditionally, substrate translocation by neurotransmitter transporters has been
described by the alternate access model. Recent structural data obtained with three dis-
tantly related transporters have also been interpreted as supportive of this model, because
conformational correlates were visualized (inward-facing conformation, occluded state).
However, the experimental evidence is overwhelmingly in favour of a more complex mode
of operation: Transporters also exist in conformations that do not seal the permeation path-
way. These conformations support a channel-like activity, including random permeation of
substrate and co-substrate ions in a single-file mode. It is likely that the channel-like activity
is modified by the interaction of the transporters with accessory proteins and regulatory ki-
nases. Finally, channel-like activity is instrumental to understand the mechanism of action
of amphetamines.

Keywords Channel mode - Current - Amphetamine - Cocaine -

Oligomer-based countertransport model - Depolarization

1
Introduction

Synaptic transmission is achieved by Ca**-dependent release of vesicular neu-
rotransmitters, such as serotonin (5-HT), dopamine (DA), norepinephrine
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(NE), y-aminobutyric acid (GABA) and the excitatory amino acid glutamate
(EAA). Transporters for neurotransmitters play a key role in removing neu-
rotransmitters from the synaptic cleft, hence terminating the actions of these
substances on their corresponding receptors and limiting their effects both in
magnitude and duration.

Early experiments yielded insights into the sodium- and chloride-depen-
dent transport mechanism and established the concept that the sodium gra-
dient provided the driving force. In 1966, Jardetzky proposed the “alternate
access model” for the function of the transporters, in which a binding site for
substrates and co-substrates is alternately accessible from either the extracel-
lular space or the cytoplasm (Jardetzky 1966). In 2003, the crystal structure of
lactose permease of Escherichia coli became available; this transporter is an
intensely studied member of the major facilitator superfamily of transporters
(Abramson et al. 2003).

The structural data were consistent with an alternative access model as
the mechanism of transport, and a “rock-and-switch” model was put forth
to account for the structural rearrangement required for the conformational
transition between inward- and outward-facing conformation. In this latter
model, binding of substrates is proposed to trigger the movement of two
helices; this is transmitted to the two lobes of the protein, which follow suit
by rigid body motion and thus either seal access to the cell interior (outward-
facing conformation) or to the external milieu (inward-facing conformation).
Subsequently, the structure of a bacterial homologue of a neuronal glutamate
transporter was solved (Yernool et al. 2004).

While this structure was completely different from all known structures
(including that of other transporters), it also displayed features that were
consistent with an alternate access model; in this structure, however, substrate
access is most readily controlled by two hairpin-regions, which may act as gates
on either side of the membrane and thus block the aqueous pathway. Most
recently, LeuT, the leucine transporter of Aquifex aeolicus was crystallized
(Yamashita et al. 2005); LeuT is a homologue of neuronal sodium chloride-
dependent neurotransmitter transporters. Accordingly, the protein consists
of 12 membrane-spanning helices, with the first 10 transmembrane domains
(TM) forming the protein core. TM1 and TM6 are not continuous helices; they
both contain an unwound region in the helical structure.

Together with TM3 and TMS8, these unwound regions were visualized as
binding sites for substrate and sodium ions. Indeed, residues in these areas
are highly conserved throughout the neurotransmitter transporter families,
and mutations abolish both substrate binding and transport. By using cys-
teine mutagenesis experiments, it was possible to make predictions about the
tertiary structure of transporters, and together with random mutagenesis ex-
periments it was possible to identify residues important for substrate binding
and translocation (Barker et al. 1994, 1999; Barker and Blakely 1998; Bismuth
etal. 1997; Chen et al. 1997; Goldberg et al. 2003; Ponce et al. 2000). The crystal-
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lized structure captured the binding site in an occluded state, separated from
both the extracellular space and the cytoplasm. The mechanistic implication
for the transport process was proposed by the authors as an “alternate access
model” with at least three conformational states: open to outside, occluded
and open to inside.

Thus, these three snapshots of transporters highlight the fact that the prob-
lem of alternate access may be solved by very different and unrelated structural
means. Interestingly, in the structure of LeuT, the substrate binding side was
devoid of water molecules, and there wasn’t any other evidence for an addi-
tional aqueous pathway through the transporter protein. This was surprising
because, in spite of the analogy of the structures and the predicted (alternate
access) model, several properties of NSS (neurotransmitter:Na* symporter)
cannot be explained by a simple alternating access model (Adams and DeFe-
lice 2003; DeFelice and Blakely 1996; Sitte et al. 2001; Sonders and Amara 1996).
Patch-clamp experiments revealed that neurotransmitter transporters do not
only facilitate the transport of neurotransmitter into the cell, they also support
an excessive ion flux (Fairman et al. 1995; Galli et al. 1995; Mager et al. 1993,
1994; Wadiche et al. 1995). This high conductance of neurotransmitter trans-
porters is reminiscent of a ligand-gated ion channel, although the currents of
the transporters are much smaller than those of ion channels. This view of
the transporter as a “pump with a channel” does not exclude the alternating
access model for transport activity, but it renders the transport mechanism
more complicated than previously expected (Sonders et al. 2005). The issue is
succinctly summarized by Accardi and Miller who concluded: “transporters
and channels may be separated by an exceedingly fine line” (2004). In fact, in
the structures of both—LeuT and the glutamate transporter—segments of the
proteins can also be conceptually treated as gates that may open simultaneously
and thus convert the transporter into a channel.

Subtle differences in primary structure suffice to cross the line between
transporter and channel: This is best exemplified by a comparison of the
sodium-glucose transporter SGLT-3. In pigs, this transporter does translo-
cate glucose, but in people it is a glucose-activated Na*-channel and thus
a glucose sensor (Diez-Sampedro et al. 2003). Conversely, both bacterial (Ac-
cardi and Miller 2004) and mammalian chloride channels are actually H*/Cl™-
antiporters (Scheel et al. 2005). The 5-HT transporter of the fruit fly Drosophila
melanogaster differs substantially from its mammalian counterpart. It displays
an electrogenic uptake and extraordinarily high currents, with approximately
50 charges carried per 5-HT molecule (at —80 mV) compared to 5-12 charges
for their mammalian orthologues. This channel-like mode can also be observed
for the substrate translocation: At high concentrations, substrate permeation is
consistent with a single-file model (see Sect. 4), which is indicative of diffusion
through a pore (Petersen and DeFelice 1999).
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2
Electrophysiological Background in a Nutshell

One common property of the family of neurotransmitter transporters is the
dependence on sodium ions for the transport process (Mager et al. 1994, 1996;
Rudnick 1997; Storck et al. 1992). Reuptake of substrate is indirectly coupled
to the hydrolysis of ATP, for it is contingent on the movement of sodium ions
down its concentration gradient. Thus, the sodium gradient provides the net
driving force for this secondary active transport process. Since ions are carriers
of charges, the reuptake of neurotransmitter is always associated with a flow
of electrical charges across the cell membrane.

Note that, in theory, a flow of charges will not necessarily result in a macro-
scopic steady-state current: If the transport cycle of serotonin transporter
(SERT) translocated one positively charged sodium ion from the outside of the
cell to the inside and subsequently counter-transported one positively charged
potassium ion from the cytoplasm out of the cell, the prediction would be that
no current can be measured. There would be a flow of charges, but the net
flow of the overall process would be zero. Theoretically, this movement of ions
may be revealed in clamp experiments by an increased noise upon transporter
activity.

Generally the term “electrical current” (I) describes the movement of
charges (dQ) in a certain time interval (d?):

=%

= (1)

The amount of moving particles depends on the potential difference, which
provides the driving force for the movement, and by the resistance which
opposes the movement. This connection between current (I), voltage (E) and
resistance (R) is described by Ohm’s law:

I=— 2)

More commonly the conductance (g) is used to describe Ohm’s law, which
is the reciprocal of the resistance:

I=¢"E (3)

The charge of an ion is a multiple of the elementary charge of an electron,
which amounts to 1.67!° C (coulomb). Assuming one monovalent ion crossing
the membrane every second, a theoretical current of 1.671% A is measured.
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3
Coupled and Uncoupled Currents

The stoichiometry of the reuptake process in neurotransmitter transporters
has been thoroughly investigated (Rudnick 1998). Over the past few years,
i.e. in particular after cloning of the transporter DNA made heterologous ex-
pression possible, our knowledge has considerably increased concerning the
ions involved in various currents. Generally speaking, the charge that shifts
across the cell membrane through one transport cycle varies from zero (elec-
troneutrality) to a maximum of 2 charges, depending on the transporter. The
expected transport-associated current (It) can be calculated by multiplying
the maximal uptake velocity (Vmax), the net flow of electrons per transport
cycle (z) and the charge of one electron (e):

It = Viax ' 2%e (4)

To estimate the transport-associated current elicited by one transporter,
it is necessary to know the turnover rate of the transporter, which can be
determined by dividing the maximal uptake velocity of the transporter by the
number of transporters on the cell surface. However, this is contingent on the
availability of high-affinity inhibitors which can be used as radioligands. In
their absence, it is possible to estimate the number of transporters at the cell
surface by analysis of the transient currents, which are elicited by voltage jumps.
A prerequisite for this method is the presence of capacitive currents, which
is the case in rat GABA transporter 1 (GAT) (Mager et al. 1993). Depending
on the transporter and the analysed system, approximately 0.3-20 substrate
molecules are carried back into the cell cytoplasm per second. The current (I1)
can be calculated by substitution of Vi, with the number of transporters (N)
multiplied by the transport rate (T):

It = N*T*Z*e (5)

For neurotransmitter transporters, both the turnover rate and the numbers
of transporters on the surface are comparatively small (that is, by comparison
to other pumps), and the expected ion flux produced by the transporter would
be very small and hardly detectable with available electrophysiological equip-
ment. Nevertheless, all of the neurotransmitter transporters, even those with
predicted electroneutrality of the overall process, show a measurable current
in clamped experiments. Measurements of substrate-elicited current greatly
exceed the predicted size, and therefore the transport of substrate alone can-
not directly account for the recorded current levels. Accordingly, the former
theoretical considerations needed further modifications (Galli et al. 1995; Lin
et al. 1996).
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In contrast to the transport-associated currents with fixed stoichiometry,
evidence suggests that this “current in excess” (I¢) is caused by formation
of a pore within the transporter molecule. This novel view of transporters
was a motivation to apply a wide range of electrophysiological approaches
that are used to investigate ion channels. Hence, the analogies between neu-
rotransmitter transporter and ion channels were subsequently documented
by determining single-channel events, channel conductance, reversal poten-
tials and mole fraction, as well as by noise analysis (Cammack and Schwartz
1996; Fairman et al. 1995; Fairman and Amara 1999; Galli et al. 1996; Petersen
and DeFelice 1999). Nevertheless, currents elicited by ion channels are vast
compared to currents associated with transporters.

The movement of ions through a pore is not coupled to a fixed stoichiometry,
but dependent on the conductance of the channel (g), the probability to find
the channel in an open state (p), the number of channels—or in our case
transporters (N)—and the driving force for the ion, which is the difference of
the membrane potential (Ep,) and the reversal potential for the ion (Ey):

Ic = g"p*"N"(Em — Ex) (6)

The macroscopic current, which is measured in clamp experiments as the
sum of both the transport-associated current It and the uncoupled channel-
like current Ic. Application of substrate and subsequent binding to the trans-
porter results in an increase of the turnover rate of the transporter (It), and it
increases the open probability (Ic) or the channel conductance.

The opening of a channel can be described as a small burst of charge-flux
through the membrane, comparable to a rectangular impulse. The opening
probability reflects both the duration of one burst—thus the mean open time
of a single channel—and the frequency of occurrence of the events.

4
The Single-File Model

The observations summarized above can be reconciled with an extended al-
ternate access model by assuming that the transporter functions as a sodium-
driven pump that displays some additional channel-like features. In other
words, the uncoupled current I through the channel reflects the noise of the
transport process. In principle, however, the uptake of substrate is mediated
by a sodium gradient, and one transport cycle has a well-defined and fixed
stoichiometry.

For some transporters, it has nevertheless been proposed that the trans-
porter-associated pore not only conducts ions, but it is also permeable to the
substrate of the transporter. This means the same rules apply for neurotrans-
mitters as for other channels: The substrate follows its electrochemical gradi-
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ent. In this model, three factors contribute to the rapid clearing of extracellular
neurotransmitter:

1. Monoamines are positively charged molecules, therefore the membrane
potential drives them into the cell.

2. Storage of neurotransmitter in vesicles keeps the intracellular concentration
of transmitter low, thus keeping the reversal potential for the neurotrans-
mitter positive.

3. The pore is also permeable to sodium (and chloride), and no ion can slip
past another ion.

This would causes an additional driving force for neurotransmitter uptake
by the sodium gradient, because each neurotransmitter molecule which enters
the pore is consecutively pushed through the channel by sodium and chloride
ions (Adams and DeFelice 2002). The single-file model shows no well-defined
transport cycle and consequently no fixed stoichiometry. In this case, speaking
of “stoichiometry of the transport process” reflects a mean value of transported
ions per molecule substrate.

This model is backed by observations in potassium channels, where the crys-
tallographic structure of the highly conserved selectivity filter of the channel
showed a single-file, permeating pore (Mackinnon 2003).

5
Transient Currents

The membrane of cells provides an electrically isolating layer between the
cytoplasm and the external environment of the cell. This configuration is
equivalent to a capacitor.

The insulating layer of a capacitor separates charges, which results in a po-
tential difference across the insulating medium. The connection between the
amount of separated charges (Q) and the resulting potential difference (E) is
the capacitance (C).

Q=C'E (7)

The capacitance is determined by the geometry of the layer, and by a material
constant of the isolating media, the dielectric constant.
Combining Eq. 1 and Eq. 7 gives the current/voltage relation of a capacitor:
dE
I=C"— 8
5 (8)
With Eq. 8 in mind, it is possible to estimate the current response of a mem-
brane when applying a rectangular voltage jump. The term dE/dt describes the
slope of the membrane potential. For a rectangular impulse, the slope is very
high for a short time as the signal changes, and zero at all other times. Thus,
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the expected current response is an infinitesimal short spike of infinite height
as the potential changes.

If resistance is introduced into the model, the current spike induced by the
voltage pulse becomes smaller and broader, because the maximal current is
limited to E/R. Substitution of I with E/R in Eq. 8 and solving the differen-
tial equation gives the resulting time course of the current. Like many other
processes in nature, it decays exponentially with the time constant 1. The time
constant (1) of this decay is calculated by multiplication of the resistance (R)
and the capacitance:

1=R*C (9)

A voltage jump on the membrane as performed in patch-clamp experiments
clamps the membrane to a new potential. Initially, the capacitor (the mem-
brane) holds the former voltage. The newly applied voltage drives charges to
the insulating layer, thus recharging the membrane. The membrane potential
changes exponentially to the new applied voltage with the time constant as
described in Eq. 9. A voltage jump from a negative potential to a positive po-
tential shifts exactly the same amount of charge as the returning jump from
positive to negative, but the algebraic sign changes.

Taken together, the transient currents are the result of charge movements,
with the capacitance of the membrane as storage for charges. Upon application
of voltage jumps, neurotransmitter transporters reveal additional charge move-
ments in the electrical field of the membrane, which are detected as transient
currents. These charges can be assigned to either rapid binding or unbinding
of ions to the transporter. Alternatively, these transient currents may be the
result of a movement of charged residues within the transporter molecule.

For SERT, a special behaviour of the transient currents has been described,
which is distinct from the capacitive transient currents of other neurotrans-
mitter transporters (Mager et al. 1994). Capacitive transient currents resemble
charge movements, but charged particles do not cross the insulating mem-
brane. In SERT, a voltage jump from positive to negative potential gives rise
to larger current than the corresponding jump from the negative to positive
potentials. The behaviour may be explained by a short, burst-like opening of
a channel, resulting in an additional flow of charges across the membrane bi-
layer. These transients are referred to as “resistive” transient currents, because
the additional charges can be explained by a resistor placed in parallel to the
capacitor.

6
Leak Current

In some neurotransmitters, a detectable current can be found even under
resting conditions that is in the absence of neurotransmitter substrate. Under
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physiological conditions, these tonically active conductances are carried by
Na* or CI™ (Lin et al. 1996; Mager et al. 1994; Sonders et al. 1997). Because the
leak current is not associated with any substrate translocation, it can be inter-
preted only as the result of channel openings. This leak current highlights the
similarity between transporter and ion channel, because it can be accounted for
only by the presence of a conducting pore within the transporter. In addition,
the permeation pathway can also conduct other ions, e.g. lithium or potassium.

Inhibitors of the uptake process do not block only the uptake of substrate,
but they also reduce the macroscopic current, thereby revealing the size of the
leak current. In the absence of Na*, substrate can still bind to the transporter
but it cannot be translocated. The leak conductance is also seen in Na*-free
media, an observation which also stresses the existence of a distinct operat-
ing mode of the transporter. Application of lithium to SERT does not only
permit lithium to permeate through the transporter, it also induces an addi-
tional conformational change, which contributes to the higher single-channel
conductance for lithium than for sodium (Ni et al. 2001). Usually the size of
the leak amounts to 10%-20% of the maximal substrate-induced current. The
physiological relevance of the leak current has been questioned, because it
is not detected in neurons. Therefore the leak current has been ascribed to
the artificial conditions arising from heterologous expression of transporters
in non-neuronal cells: It is, for instance, conceivable that the absence of syn-
taxin 1A (or related neuron-specific syntaxins) unmasks a leak current which
may be suppressed by the tight association of syntaxin to the aminoterminus
of the transporter (Beckman et al. 1998; Deken et al. 2000; Horton and Quick
2001; Quick 2003). However, in neurons the leak current may escape detec-
tion because it is too small by comparison to the many additional interfering
conductances (Ingram et al. 2002).

7
Is There a Physiological Role for Transporter-Associated Currents?

Up to now, the physiological role of the uncoupled currents remains enigmatic
for most neurotransmitter transporters. Nevertheless, it is safe to conclude that
the uncoupled currents can indeed have an influence on transmembrane po-
tential, as shown for dopamine transporter (DAT) (Carvelli et al. 2004; Sonders
and Amara 1996) and the glutamate transporter (see chapter by R.J. Vanden-
berg, this volume). The uncoupled currents of the transporters for 5-HT, GABA
and NE are carried by Na™ ions, hence the conducted charges depolarizes the
cell. The channels of the glutamate transporters and the dopamine transporter
are permeable for anions (usually chloride; Ingram et al. 2002; Meinild et al.
2004), therefore the membrane potential is shifted in the direction of the CI~
reversal potential by a switch of these transporters to their channel mode.
Because the range of the membrane potential overlaps with the range of the
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reversal potential for Cl17, the net effect can either result in hyperpolarization
or depolarization of the cell membrane, depending on the actual membrane
potential and the reversal potential for CI~ (Ingram et al. 2002; Meinild et al.
2004; Sulzer and Galli 2003). Monoamine substrates are translocated as charged
species (Berfield et al. 1999). Hence, a negative membrane potential provides
an additional driving force, which is underscored by a mutation in DAT (DAT-
Y335A; see chapter by K. Norgaard-Nielsen and U. Gether, this volume). This
mutated transporter displays large Na*-leak currents, which clamp the mem-
brane potential to depolarized levels. Accordingly, uptake of dopamine by
DAT-Y335A is abolished, but it can be restored in the presence of Zn?*. Zn?*
is likely to be a physiological ligand of DAT (Norregaard et al. 1998; Richfield
1993) and induces an additional anion conductance through the transporter
pore (Meinild et al. 2004). Finally, substrate-associated uncoupled currents
have been shown to affect the membrane potential and thus modulate the
excitability in neurons (Falkenburger et al. 2001; Ingram et al. 2002).

Drugs of abuse (e.g. cocaine and amphetamine) and therapeutically used
antidepressants target neurotransmitter transporters (Iversen 2000). Eleva-
tion of synaptic monoamine concentrations is thought to induce such clini-
cal effects. However, it is clear that these compounds, in addition, affect the
transporter-associated currents. As inhibitors of the transporter, antidepres-
sants and cocaine block the substrate uptake and, thus, transport-associated
currents. Interestingly, the leak current can also be blocked by administration
of these drugs (Khoshbouei et al. 2004; Sitte et al. 1998; Sonders et al. 1997)
and by substrates (including amphetamines, see following section; Sonders
et al. 1997). It is not known if the altered conductance of the transporter has
any impact on the reinforcing and addictive properties of cocaine or on the
mood-stabilizing effects of antidepressants. The beneficial clinical effect of an-
tidepressants (that is, the resolution of abnormal mood states) is only observed
after a prolonged treatment (2-3 weeks), while occupancy of the transporter
and, hence, inhibition of neurotransmitter reuptake is seen immediately after
initiation of treatment. The mechanistic basis for this delay is not understood,
but it is thought to arise from adaptive changes in gene expression caused by
chronic blockage of SERT and NET (see chapters by H. Bénisch and M. Briiss,
and by K.-P. Lesch and R. Mgssner, this volume). It is conceivable that the
altered electrical properties of the neurons (resulting from long-term suppres-
sion of leak currents through SERT and NET) contribute to the adaptation
induced by antidepressants.

More recently, doubts have been cast on the physiological relevance of
transporter-associated currents, because they have been considered an arte-
fact arising from heterologous expression. In neurons, transporters interact
with several proteins (Bjerggaard et al. 2004; Farhan et al. 2004; Torres et al.
2001); these regulated associations are thought to be important for targeting
and delivery of transporters to their destination, i.e. the synaptic specialization
where they are enriched in a ring peripheral to the active zone. They may also
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affect internalization and endosomal recycling. In addition, these interacting
proteins are likely to affect the electrophysiological properties of the trans-
porter, because their binding to intracellular domains are likely to impinge
on the structure of the transporter. This is exemplified by syntaxin 1A, which
associates with the amino terminus of several transporters (GAT1, SERT, NET;
see chapter by M.W. Quick, this volume). Upon binding to SERT, syntaxin
eliminates sodium-driven leak current and abolishes substrate-induced excess
current, but it does not interfere with the velocity of substrate translocation.
Thus, in the presence of syntaxin the current is coupled stoichiometrically
to the transport cycle (Quick 2003; for a detailed account, the reader is also
referred to the chapter by M.W. Quick in this volume).

8
Currents and Amphetamines

Amphetamine and amphetamine congeners [e.g., 3,4-methylene-dioxy-met-
amphetamine (MDMA), “ecstasy”], methamphetamine (“ice”) or ampheta-
mine (“speed”) target the monoamine transporters DAT, NET and SERT (Sulzer
etal. 2005). Amphetamines induce transport reversal and lead to a pronounced
efflux of neurotransmitter via the transporter (Pifl et al. 2005). Thus, in vivo,
amphetamines cause non-exocytotic release of monoamines—that is, DA, 5-
HT and NE/epinephrine. The proportion of the effect depends on the relative
efficacy of each compound in inducing reverse transport in DAT, SERT and
NET, thus accounting for the difference in biological effects elicited by different
compounds.

For the past 25 years, amphetamine-induced carrier-mediated outward
transport has been explained by the “facilitated exchange diffusion hypothe-
sis” (Fischer and Cho 1979). In this model, release of substrate is contingent on
prior uptake of the amphetamines by the transporter. Therefore the potency
of a drug to elicit efflux is predicted to be proportional to the affinity of the
compound for the transporter. Contrary to this prediction, it has been shown
that the releasing action of different amphetamine derivates does not correlate
with their affinity for the individual transporter (Hilber et al. 2005).

There are many more observations that are not accounted for by the model of
facilitated exchange diffusion, not the least of which is the fact that in neurons
the substrate (i.e. the neurotransmitter) is actually not available for counter-
transport because it is stored in vesicles. Under physiological conditions, there
are different processes that keep the cytosolic concentration of monoamine
neurotransmitters low. (1) The reserpine-sensitive, proton-driven vesicular
monoamine transporter (VMAT-1 and VMAT-2) retrieves neurotransmitters
into the synaptic vesicles. Monoamines that escape the action of VMAT are
rapidly degraded by the action of monoamine oxidases (MAO-A and MAO-B)
and to a lesser extent by catechol O-methyltransferase (COMT; Seiden et al.
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1993). Hence, amphetamines must also exert an action on synaptic vesicles
and/or degradation. The “weak base hypothesis” provides a unifying concept
that also takes vesicular uptake and degradation of neurotransmitter into ac-
count: In this model, amphetamine exerts three types of actions that contribute
to transport reversal (Sulzer et al. 1993; Sulzer et al. 1995). (2) Amphetamines
enter the cell via the transporter as charged substrates. In the unprotonated
form, amphetamines can subsequently diffuse through the membrane back
into the synaptic cleft and thus be available for another round of transporter-
mediated uptake. Therefore one molecule of amphetamine can cycle repeatedly
between the interior of the cell and the extracellular space; this cycle is thought
to lead to accumulation of Na*, CI™ and H" in the cytoplasm (Rudnick 1997).
(3) Amphetamines interfere with vesicular uptake of monoamines by compet-
ing for VMAT and, upon accumulation in the vesicles, by their buffering action,
which dissipates the pH gradient. (4) Finally, amphetamines also inhibit the
degradation of monoamines by MAO.

The weak base hypothesis effectively explains how substrate becomes avail-
able on the cytoplasmic side of the transporter. However, it does not readily
account for the propensity of the transporter to mediate efflux of substrate.
In fact, while transporters can function bidirectionally, substrate influx is the
preferred mode, and this is evident from the fact that the Ky for inward trans-
port is several orders of magnitude lower than that for outward transport (Sitte
et al. 2001, 2002).

There are three effects that may contribute to amphetamine-induced sub-
strate efflux:

1. The action of amphetamines is—in part—contingent on protein kinase C
(PKC)-mediated (Kantor and Gnegy 1998) and Ca**/calmodulin-dependent
phosphorylation (Kantor et al. 1999); this was first observed for DAT but
subsequently confirmed for NET (Kantor et al. 2001) and SERT (Seidel
et al. 2005). It is at not clear how amphetamines cause activation of PKC
(Giambalvo 1992a, b) and of Ca?*/calmodulin-dependent protein kinase,
but the stimulation is dependent on intracellular Ca?* (Giambalvo 2003).
The pleiotropic actions of kinases may allow for the recruitment of many
different mechanisms that afford transport reversal, e.g. phosphorylation-
dependent inhibition of Na*/K*-ATPase (Kazanietz et al. 2001) which fa-
vours intracellular accumulation of Na*. However, there is circumstantial
evidence for a direct action of PKC isoforms on transporters. Truncation
of the 22 N-terminal residues of DAT eliminates the ability of DAT to un-
dergo PKC-dependent phosphorylation (Granas et al. 2003) and suppresses
reverse transport induced by amphetamine (Khoshbouei et al. 2004); the
amphetamine-induced reverse transport is also blunted after mutational
replacement of the five serine residues in this segment of DAT by alanine
(Khoshbouei et al. 2004). Most recently, the relevant isoform was identified
as PKC B(II) (Johnson et al. 2005).
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2. Amphetamines induce a pronounced Na*-current; there is a good correla-
tion between the size of the elicited currents and the potency of different
amphetamine congeners to release DA or 5-HT (Gerstbrein et al. 2005; Hilber
et al. 2005; Sitte et al. 1998). In the alternate access model (see also chapter
by G. Rudnick, this volume), the local accumulation of intracellular Na™* is
predicted to favour the accumulation of transporters in the inward-facing
conformation and thus render the transporter more prone to support sub-
strate efflux. In addition, in the presence of amphetamine, the membrane
potential is shifted to positive values such that the electrochemical gradient
favours outward transport (Khoshbouei et al. 2003).

3. Finally, binding of amphetamines may favour the channel mode; in other
words, in the presence of amphetamine, the pore may be stabilized and
support efflux. Evidence for this mode has recently been obtained by am-
perometry (Kahlig et al. 2005): Brief spike-like elevations of extracellular
neurotransmitter can be detected in the presence of amphetamine but not
of substrate dopamine. These spikes are consistent with fast release of neu-
rotransmitter through a channel. Because of the inherent limits of am-
perometry, it is difficult to quantitate the relative proportion of dopamine
that is released by spikes and by continuous efflux. The ratio is at 9:1
in favour of continuous efflux (Kahlig et al. 2005); this estimate suggests
that amphetamine does allow the transporter to cycle efficiently through
outward- and inward-facing conformations and that the channel-like mode
is a comparably rare event. However, the very fact that one, in principle,
can detect a contribution of a channel mode to outward transport also sup-
ports the concept that oligomeric assembly of neurotransmitter transporters
is relevant to amphetamine-induced reverse transport. Evidently, a single
transporter moiety can hardly allow for permeation of amphetamine and
simultaneously support the efflux of dopamine. It is much more plausi-
ble to assume that amphetamine triggers the channel mode in an adjacent
transporter moiety within the oligomeric complex (Seidel et al. 2005).

Thus, more than a century after their first use in people, amphetamines
still represent a pharmacological enigma. However, these compounds have
been instrumental in uncovering the various modes in which transporters
can operate. In addition, the large diversity of regulatory inputs that impinge
on monoamine transporters have been—in part—unravelled in the quest to
understand how they elicit their actions.
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Abstract Glutamate transporters are a family of transporters that regulate extracellular
glutamate concentrations so as to maintain a dynamic and high-fidelity cell signalling
process in the brain. Site-directed mutagenesis has been used to investigate various aspects
of the structural and functional properties of these transporters to gain insights into how
they work. This field of research has recently undergone a major development with the
determination of the crystal structure of a bacterial glutamate transporter, and this chapter
relates the results from mutagenesis experiments with what we now know about glutamate
transporter structure.
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1
Glutamate Transporters

Glutamate is the predominant excitatory neurotransmitter in the mammalian
central nervous system and activates a wide range of ionotropic and metabo-
tropic receptors to mediate a complex array of functions. The extracellular
glutamate concentration is tightly controlled by a family of glutamate trans-
porters (EAATs)—expressed in both neurons and glia—that serve to maintain
a dynamic signalling system between neurons. The failure or down-regulation
of EAAT function will lead to elevations in extracellular glutamate concentra-
tions, causing excessive stimulation of glutamate receptors which, if prolonged,
will result in excitotoxicity and cell death. These processes are thought to un-
derlie the pathogenesis of ischaemic brain damage following a stroke and also
various neurodegenerative disorders, such as amyotrophic lateral sclerosis and
Alzheimer’s disease.

This chapter shall review the current understanding of the functions of
glutamate transporters and the closely related neutral amino acid transporters.
It will then describe some of the site-directed mutagenesis studies that have
been used to better understand the molecular basis for how these proteins work.
This field of research has entered a very interesting phase because the crystal
structure of a bacterial glutamate transporter has recently been determined.
This development will greatly facilitate a better understanding of how these
proteins work and, in discussing the mutagenesis work, this review will attempt
to relate the conclusions to what is now known of the structure of these proteins.

Five human EAAT subtypes have been cloned and are termed EAAT1-5
(Arriza et al. 1994, 1997; Fairman et al. 1995), but in other species the homo-
logues are termed GLAST1 (rat equivalent of EAAT1) (Storck et al. 1992), GLT1
(rat equivalent of EAAT2) (Pines et al. 1992) and EAACI (rabbit equivalent of
EAAT3) (Kanai and Hediger 1992). In addition to L-glutamate, all five EAATSs
transport L-aspartate and D-aspartate; EAAT3 also transports L-cysteine. This
family of transporters also includes the neutral amino acid carriers, ASCT1
and ASCT2, which are selective for alanine, serine, cysteine and threonine
(Arriza et al. 1993; Shafqat et al. 1993; Utsunomiya-Tate et al. 1996). The five
cloned glutamate transporter subtypes share 50%-60% amino acid sequence
identity with each other and 30%-40% identity with the two neutral amino
acid carriers (see Fig. 1). In addition, various splice variants of the transporters
have been described (Sullivan et al. 2004; Utsunomiya-Tate et al. 1997).

2
lon/Flux Coupling Determines the Concentrating Capacity of the Transporters

Glutamate transport is coupled to the co-transport of three Na* ions and one
H* followed by the counter-transport of one K* ion (Fig. 2). Theoretically,
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Fig. 1 Amino acid sequence alignment of human glutamate transporters (EAAT1, EAAT2,
EAAT3), the human neutral amino acid transporter (ASCT1) and the bacterial glutamate
transporter (Gltph). Transmembrane domains 1 through 8 and the hairpin loops 1 and 2 are
indicated by bars above the sequence. Amino acid residues that are discussed in this chapter
are highlighted with circles (glutamate binding), triangles (cation binding) and diamonds
(chloride permeation)

this coupling ratio can support a transmembrane glutamate concentration
gradient exceeding 10° under equilibrium conditions, and allows the trans-
porters to continue removing glutamate over a wide range of ionic conditions
(Zerangue and Kavanaugh 1996b). In addition to contributing to the driving
force of transport, countertransport of K* ions by the EAATs appears to be
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Fig.2 Schematic representation of the stoichiometry of ion flux coupling of EAATs and ASCTs.
The number of Na* co-transported with neutral amino acids has not been determined. The
ion coupling properties of Gltph have not been determined

necessary to facilitate the re-orientation of the transporter from an inward- to
outward-facing conformation, so as to allow the transporter to continue the
cycle (Kavanaugh et al. 1997).

Although ASCT1 and ASCT2 are members of the same family of trans-
porters, they differ in their ion-coupling mechanism. Uptake of alanine by
ASCT1 is coupled to the movement of Na* ions, but in contrast to the EAATS,
ASCT1 does not utilize K* ions or protons (Zerangue and Kavanaugh 1996a).
The lack of K™ and H* coupling may explain why the ASCT1 functions as an
exchanger as apposed to a transporter. After the substrate is taken across the
membrane via ASCT1 and into the cell with the obligatory Na* ion(s), the
substrate is released, but instead of binding K™ and completing the cycle, the
ASCT]1 re-binds Na* and another neutral amino acid and returns the amino
acid to extracellular solution.

3
Uncoupled lon Currents Associated with Glutamate Transporters

In addition to this stoichiometric conductance, sodium-dependent glutamate
binding to the EAATs activates an anion conductance which has the follow-
ing lyotropic selectivity sequence: thiocyanate (SCN™)>ClO4~>NO3™>I">Br~
>Cl™>F >>gluconate where SCN™ is the most permeant anion (Fairman et al.
1995; Wadiche et al. 1995a). Although this uncoupled anion conductance re-
quires glutamate and Na* binding to the transporter, the direction of anion
flux is independent of the rate or direction of glutamate transport. EAATs
also allow a glutamate-independent chloride leak conductance (Otis and Jahr
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1998; Vandenberg et al. 1995) that differs in its anion selectivity sequence from
the substrate-activated chloride conductance (Melzer et al. 2003; Ryan et al.
2004). The physiological relevance of these uncoupled anion conductances is
not fully understood, but it has been suggested that the chloride conductance
may act as a voltage clamp. The two positive charges that move into the cell
with each transport cycle will depolarize the cell membrane and reduce the
driving force of glutamate into the cell. If chloride ions enter the cell during
glutamate transport, the degree of depolarization may be limited or they may
even cause hyperpolarization, depending on the chloride ion gradient across
the membrane. This may occur for a number of reasons: first, to maintain the
membrane potential so as to maintain an optimal rate of transport; second, to
stabilize the membrane potential and reduce the excitability of the cell; third,
to reduce energy consumption by the cell that otherwise would be required to
re-establish the resting membrane potential.

Although the neutral amino acid transporters ASCT1 and ASCT?2 have dif-
ferent cation coupling mechanisms, they both allow uncoupled chloride con-
ductances (Grewer and Grabsch 2004; Zerangue and Kavanaugh 1996a). Given
the high degree of amino acid sequence identity between the EAATs and the AS-
CTs, it is highly likely that that the transport mechanism and chloride channel
properties of the two subfamilies of transporters will be related.

4
The Structure of a Bacterial Glutamate Transporter

The mammalian glutamate transporters show 20%-35% sequence identity
with a number of Na*- and H*-dependent glutamate transporters from bac-
teria, with the degree of identity most striking in the transmembrane domain
structures (Fig. 1). The crystal structure of a bacterial glutamate transporter
(Gltph) has recently been determined; and based on the degree of sequence
identity with the mammalian counterparts, it is very likely that they will form
similar structures (Yernool et al. 2004). The transporter is a homomeric trimer
in the shape of a bowl sitting within the membrane (Fig. 3A). It contains an
aqueous basin facing the extracellular solution and a pointed wedge structure
facing the intracellular solution. Each protomer is wedge shaped and comes
together to form a structure with a three-fold axis of symmetry (Fig. 3B). The
protomers contain a number of unusual secondary structure features. There
are eight transmembrane (TM) domains that vary in length from 19 to 49
residues and two helix-turn-helix motifs or hairpin loops termed HP1 and
HP2. The C-terminal half of each protomer is the most highly conserved re-
gion between bacterial and mammalian homologues and contains HP1 and
HP2, which have been implicated in forming the glutamate recognition site
(Fig. 3B, see discussion below). HP1 and HP2 of each protomer do not come
into close contact with the HPs of the other protomers, which suggests that
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Fig. 3 A,B The crystal structure of the bacterial glutamate transporter Gltph. A Gltph is
a homotrimeric complex with a three-fold axis of symmetry. This view of the trimer from
the extracellular surface looks down through the transporter. B The structure of a single
protomer. HP1, HP2, TM7 and TMS are indicated with arrows

each protomer contains a separate glutamate recognition site and is capable of
transport.

5
Mutational Studies of Mammalian Glutamate Transporters

5.1
General Considerations and Approaches

The following sections shall give an overview of the site-directed mutagenesis
studies that have provided insight into the structural and functional proper-
ties of glutamate transporters. Most of these studies were carried out without
knowledge of the three-dimensional structure of the transporters, and the
following sections shall go through some of these studies and also highlight
how they fit in with what we now know about the structure. Mutagenesis can
be a very powerful tool to identify crucial amino acid residues responsible
for structure and function, but there are a number of potential pitfalls that
can generate misleading results. In particular, there are multiple reasons why
a mutation may cause a loss of function. These include: loss of critical in-
teractions between the substrate and the protein; disruption of interactions
between amino acid residues that prevent crucial conformational changes re-
quired for function; disruption of interactions between residues that prevent
formation of a stable protein; disruption of interactions that are required for
protein-protein interactions that are necessary for formation of the oligomeric
complex or the targeting of the protein to the correct location within the cell.
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The most reliable interpretations of data from mutant proteins are where some
of these possibilities can be ruled out. For example, for a non-functional mu-
tant transporter it would be desirable to show that the protein is expressed at
the cell surface and that at least some functional aspect of the transporter is
maintained, such as the ability to function as a chloride channel. This would
give greater confidence that the mutation causes a subtle structural change that
is crucial for full function but does not cause large-scale structural changes in
the protein.

In many instances, the mutagenesis results for glutamate transporters fit
in well with what we now know about the structure, but there are others
which do not. It should be borne in mind that the crystal structure represents
one conformation of the protein, yet the transporter must undergo significant
conformational changes to perform the function of transport. In some in-
stances, mutagenesis experiments that do not fit with the static structure may
yield information about possible conformational changes that are required for
transport.

5.2
Structural Studies Using Site-Directed Mutagenesis

In the initial papers describing the amino acid sequences of three different but
closely related glutamate transporters, hydropathy plots were used to predict
the TM topology. Despite very similar plots, the authors of the three papers
came up with three different models (Kanai and Hediger 1992; Pines et al.
1992; Storck et al. 1992). The hydropathy plots were complicated because of
the presence of a number of charged residues within the mainly hydrophobic
C-terminal domain. The C-terminal half of the protein is particularly well
conserved between transporter subtypes, including the bacterial glutamate
transporters; and based on this observation, it was speculated that the C-
terminal half of the protein contained the glutamate and ion binding sites.
Most structure-function studies have focused on this region.

5.2.1
Cysteine-Scanning Mutagenesis

Cysteine-scanning mutagenesis (Akabas et al. 1992, 1994) is a very useful
technique for obtaining structural information of integral membrane proteins.
Single cysteine residues are introduced at defined sites and their accessibility
probed with a variety of sulfhydryl-reactive reagents. Residues in a protein that
are accessible from the extracellular side of the membrane can be modified
by both permeable and impermeable reagents in whole cells, whereas residues
that are accessible from the cytoplasmic side of the membrane can only be
modified with membrane-permeable reagents in whole cells. Residues that are
buried within the protein structure are not modified at all, and those facing the
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lipid bilayer are usually not modified because the reagents are most reactive in
an aqueous environment or are poorly soluble in the lipid phase.

To gain insights into the structure of glutamate transporters, the groups
of Amara and Kanner used cysteine-scanning mutagenesis with a particu-
lar emphasis on the C-terminal half of the protein. Working with EAAT]I,
Seal and Amara (1998) mutated each residue between A395 to A414 to cys-
teine and, after checking the functional status of each mutant to confirm
that the protein generated formed the correct structure, they probed the
accessibility of the residues to sulfhydryl reagents. Both A395C and A414C
are accessible to the bulky charged MTS reagents MTSET ([2-(trimethyl-
ammonium)ethyl]methanethiosulfonate) and MTSES (2-sulfonatoethyl-meth-
anethiosulfonate) and were suggested to lie at the extracellular surface. Many
of the residues in between were less reactive, but react with the membrane
permeable reagent MTSEA [(2-aminoethyl)methanethiosulfonate], which sug-
gests that the intervening residues are less exposed and partially buried within
the membrane region. This region is not sufficiently long to form an a-helix
that is capable of traversing the membrane, and from this it was suggested that
this region may form a “re-entrant” loop structure (Seal and Amara 1998).
Grunewald et al. (1998) conducted similar studies on GLT1 and also found evi-
dence for a re-entrant loop, but the location of this loop is somewhat different.
Further extensive cysteine-scanning mutagenesis has been carried out by both
groups (Grunewald and Kanner 2000; Grunewald et al. 2002; Seal et al. 2000),
and whilst similar models were developed, there are a number of interesting
differences. The topology diagrams presented in Fig. 4A and B summarize
a large body of evidence. The main difference between the two models is in
the location and number of re-entrant loops and the degree with which the
flexible loop structures extend into the membrane region. It is very interest-
ing to compare these models with the topology as determined from the crystal
structure of the bacterial glutamate transporter (Yernool et al. 2004). Although
anumber of features of the topology were predicted, the exact locations of the
re-entrant loops and TM regions do not all fit with the crystal structure. The
two re-entrant loops turn out to be two a-helical hairpin structures connected
by flexible loop structures (see Fig. 4C). It is noteworthy that some of the TM
domains are considerably longer than was predicted by the cysteine-scanning
methods. In particular TM2, TM3 and TMS5 are tilted and are up to 50 amino

A B c
Fig. 4 A-C Membrane topology models of glutamate transporters. A The model predicted
by Seal et al. (2002) and B the model predicted by Grunewald et al. (2002). These models

were proposed based on cysteine-scanning mutagenesis studies (see text for details). C The
membrane topology of Gltph as determined by X-ray crystallography (Yernool et al. 2004)
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acids. The reasons for the discrepancies between the models can also be put
down to the unusual topology observed in the crystal structure, with a large
aqueous accessible basin structure that extends half way through the mem-
brane. Given that there are no precedents for such an unusual structure, it is
not surprising that the predictions based on cysteine-scanning were open to
multiple interpretations.

5.2.2
Cross-Linking of Cysteine Mutants

Proximity relationships between different domains of transporters have been
determined by cross-linking pairs of cysteine residues introduced at various
sites. In Fig. 4A there are two re-entrant loops containing residues that are
accessible from the extracellular surface, and the extent of modification of these
residues with sulfhydryl reagents is reduced in the presence of glutamate. This
suggests that residues from both loops may be in close proximity, and Brocke
et al. (2002) tested this idea in GLT1 by introducing cysteine pairs within the
two loop regions and investigating whether a variety of pairs can come in
sufficiently close contact to allow disulfide bonds to form. A412C (TM7 in
crystal structure) and V427C (first arm of HP2 in crystal structure) formed
a disulfide bond, and A364C (loop region within HP1 in crystal structure)
formed a disulfide bond with S440C (loop region with HP2 in crystal structure).
Furthermore, the formation of disulfide bonds in both cases could be prevented
by either dihydrokainate or glutamate, which suggests that the hairpin loops
are in close proximity and are involved in glutamate/dihydrokainate binding to
the transporter. In the crystal structure of the bacterial glutamate transporter,
the two hairpin loops and TM7 are in close proximity, which is consistent with
the cross-linking studies.

Our group has also used a similar strategy to identify regions that may be in
close proximity to the chloride channel domain of EAAT1 (Ryan et al. 2004 also
see Sect. 6 below). In this study, we attempted to identify residues that were in
close proximity to TM2. Cysteine mutants of TM2 residues were paired with
cysteine mutants in TM7, the second arm of HP2 and TM8 and the only com-
binations that led to disulfide bond formation were between Q93C (TM2) and
V452C (HP2) and between R90C (TM2) and V452C (HP2). Thus, TM2 must
come into close proximity to HP2, which suggests that the chloride channel
may be in close proximity to the glutamate translocation domain (see Sect. 6).
However, in the crystal structure of the bacterial glutamate transporter, the
equivalent residues are not sufficiently close to form a disulfide bond. At first
glance these results would appear to be contradictory, but it should be remem-
bered that the crystal structure represents a single conformational state of the
transporter, and we know that transporters must undergo significantly con-
formational changes during the transport process. Therefore, it is conceivable
that both results are correct, but reflect different conformational states. The
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conformational changes that the protein undergoes will be discussed further
toward the end of this chapter.

53
Substrate Recognition and Translocation

A number of site-directed mutagenesis approaches have been used to identify
the glutamate and ion binding sites on glutamate transporters. Three different
mutagenesis methods that have generated insights into the molecular basis for
transporter function are: the study of chimeras between closely related, but
pharmacological and functionally different transporters; site-directed mutage-
nesis of highly conserved charged or polar residues in the C-terminal domain;
and introduction of cysteine residues and then using sulfhydryl-reactive agents
to probe the glutamate recognition site. This review will provide examples of
how these approaches have been used and relate these results to what we now
know of the structure of the bacterial glutamate transporter.

5.3.1
The Use of Chimeras to Define Functional Domains

The first approach to define substrate and ion binding sites involved using
chimeric transporters derived from EAAT1 and EAAT2 (Mitrovic et al. 1998;
Vandenberg et al. 1995). The glutamate transporters EAAT1 and EAAT2 show
some distinct pharmacological and electrophysiological differences. Some
of the pharmacological differences include: Kainate, dihydrokainate and 3-
methylglutamate are potent blockers of transport by EAAT2, but have no
effect on the other EAATs (Arriza et al. 1994; Vandenberg et al. 1997); 4-
Methylglutamate is a blocker of EAAT2, but is a substrate for EAAT1 (Van-
denberg et al. 1997); and the K5 for L-serine-O-sulfate transport by EAAT1
is tenfold lower than the Ky 5 for EAAT2 (Arriza et al. 1994; Mitrovic et al.
1998; Vandenberg et al. 1998b). The glutamate-activated chloride conductance
mediated by EAAT1 is also significantly larger in EAAT1 compared to EAAT2
(Wadiche et al. 1995b). These differences were exploited in attempts to define
ligand binding domains and the chloride channel of glutamate transporters
(Mitrovic et al. 1998; Vandenberg et al. 1995). A number of chimeras were gen-
erated, but only a small proportion formed functional transporters. This is not
surprising given what we now know about the homo-trimeric structure of the
transporters. Whilst it is not possible at this stage to assign pharmacological
differences to single amino acid differences between the transporters, the use
of chimeras suggested that HP2 and TMS8 play a role in conferring differences in
substrate selectivity, and HP1, HP2, TM7 and TM8 combine to determine sen-
sitivity to transport blockers such as kainate and 3-methylglutamate (Fig. 5).
The observations that 3-methylglutamate and 4-methylglutamate are blockers
of EAAT2 whilst 4-methylglutamate is a substrate for EAAT1 are intriguing
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EAAT1 Insensitive to kainate
Insensitive to kainate EAAT2-like substrate selectivity

L L

EAAT2 Insensitive to kainate
Sensitive to kainate EAAT1-like substrate selectivity

WS ol

Fig.5 Definition of functional domains of glutamate transporters through the use of chimeras
generated from EAAT1 and EAAT2. The membrane topology model is adapted from the
crystal structure of the bacterial glutamate transporter, Gltph. HP2 determines substrate
selectivity, whereas the combination of HP1, HP2, TM7 and TM8 determines the sensitivity
toward transport blockers, such as kainate

because they suggests that there must be quite subtle differences in the way
in the ligands bind to the two transporters. At this stage, there is no clear
understanding of the molecular basis for these differences. However, the de-
termination of the crystal structure, with a possible glutamate bound to the
transporter, should make it possible to begin to address this question in a more
directed manner. The first sites to be targeted would include residues within
the HP structures and TM7 and TM8.

5.3.2
Glutamate and lon Binding Sites

For glutamate and the co-transported ions to pass through the membrane, they
must interact with polar or charged residues within the TM domains. A num-
ber of groups have targeted for mutagenesis charged or polar residues that are
highly conserved between glutamate transporter subtypes. Pines et al. (1995)
identified five negatively charged residues in the C-terminal half of GLT1, which
they postulated might be involved in the transport process. Glutamate 404
within TM7 has received particular attention. Glutamate binding to the E404D
transporter was not affected, but transport was greatly impaired. In contrast,
transport of D- or L-aspartate is similar to the rate of transport by wild-type
transporters. These observations were initially interpreted as meaning that
E404 plays a crucial role in discriminating how bound substrates are trans-
ported through the protein (Pines et al. 1995). However, further investigations
into the electrophysiological properties of the E404D mutant have identified
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additional features that provide insight into the molecular events required for
transport (Grewer et al. 2003; Kavanaugh et al. 1997). The E404D mutation
renders the transporter insensitive to K*, but still allows Na*-dependent ex-
change and the chloride channel to function (Kavanaugh et al. 1997). Thus, in
the wild-type transporter, K* binds to E404 to allow the transporter to com-
plete the cycle. The mutant does not bind K*, and so the transporter cannot
complete the cycle but does allow exchange. It is interesting to note that the
neutral amino acid transporter ASCT1 contains a glutamine residue at the po-
sition corresponding to E404 of the GLT1. ASCT1 behaves as an exchanger, as
opposed to a transporter, and also does not require K* to function (Zerangue
and Kavanaugh 1996a). The single amino acid switch at this crucial site may
explain the insensitivity to K* and also why it behaves as an exchanger as
opposed to a transporter.

An additional role for E404 has been proposed from the work of Grewer
and colleagues (Grewer et al. 2003; Watzke et al. 2000). Working with EAACI
(EAAT3) these investigators demonstrated that a H* binds to the transporter
before glutamate and then the complex is translocated through the protein.
The binding of glutamate is strongly pH-dependent, and it was concluded
that there is a crucial residue with an ionizable sidechain with a pK, of ap-
proximately 8. Following translocation of glutamate through the membrane,
dissociation of glutamate from the transporter is controlled by a shift in the
pKa of the residue by at least 1.5 pK units. Presumably such a residue would lie
in close proximity to the glutamate binding site. The residue corresponding to
E404 in EAACI is E373 and Grewer et al. (2003) investigated in more detail the
pH-dependent transport properties of EAAC1-E373Q. The mutant transporter
does not catalyse net transport of glutamate, but does allow Na*-dependent
glutamate exchange, which is consistent with the observations of Pines et al.
(1995) and Kavanaugh et al. (1997). In contrast to wild-type EAACI, glutamate
binding to the mutant is pH-independent. This suggests that E373 may provide
the pH-sensitive site required for H* binding and transport. Furthermore, to
complete the transport cycle, the H* needs to be released before K* can bind.
The E373Q mutant does not release a proton, and the sidechain remains un-
charged after release of glutamate. Thus, the reasons why the EAAC1-E373Q
and GLT1-E404N are not capable of net transport are twofold. First, the E
sidechain needs to be protonated prior to binding glutamate from the external
surface and deprotonated after release of glutamate to the intracellular side.
Second, the de-protonated sidechain may then bind K* and re-orientate the
empty transporter such that the glutamate binding site is facing the extracel-
lular surface.

The roles of amino acids in the immediate vicinity of E404 in GLT1 have also
been investigated (Zhang et al. 1998). Y403 appears to contribute to K* cou-
pling as well as influence Na* selectivity. The Y403F mutant is insensitive to K*
and functions as an exchanger with many similarities to the E404N mutant. The
Y403F also shows higher affinity for Na*, and in contrast to wild-type GLT1,
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the alternate cations Li* and Cs™ can substitute for Na* in catalysing exchange.
This suggests that the Na* recognition site is likely to be in close proximity to
this part of the transporter. Two residues within the loop structure of HP2 also
play a role on ion discrimination. In GLT1, mutations of S440 or S443 generate
transporters in which Li* can partially substitute for Na* in supporting trans-
port. In EAAT], 3, 4 and 5 these residues are glycine (at position equivalent to
440) and glutamine (at position equivalent to 443). Single mutations of these
residues in GLT1 have the greatest level of Li*-supported transport, whereas
the double mutant S440G/S443Q has considerably less Li*-supported trans-
port. These observations suggest that the combination of residues is required
to confer ion selectivity and that this may be achieved with two serines or
a glycine with a glutamine (Zhang and Kanner 1999).

Glutamate contains two negatively charged carboxyl groups, and it is rea-
sonable to postulate that positively charged residues may be required to provide
specificity in catalysing the transfer of glutamate through the transporter. The
roles of two arginine residues within TM8 have been investigated (Bendahan
et al. 2000; Borre and Kanner 2004). Mutation of R447 in EAAC1 (EAAT3) to C,
E, G or S renders the transporter unable to transport p-aspartate, but the mu-
tants are able to transport L-cysteine and L-serine. L-Cysteine is transported
by both the wild-type EAAC1 and the R447C mutant, but, in contrast to the
wild-type, acidic amino acids are unable to compete with L-cysteine for bind-
ing to the mutant transporter. Thus, R447 appears to form part of the initial
binding site for glutamate, and the positively charged sidechain at this position
may be required to bind to the negatively charged carboxyl group of glutamate.
In addition to the disruption of glutamate recognition by the R447C mutant
transporter, the transporter shows impaired K* coupling. From these observa-
tions it has been proposed that R447 sequentially binds glutamate and K* ions
and thereby enables the coupling of the two fluxes (Bendahan et al. 2000). R445
in EAACI also appears to influence cation coupling of transport. Application
of *H-glutamate to the R445S mutant under voltage clamp at —60 mV gener-
ates a charge-to-flux ratio that is approximately 30-fold greater than the ratio
observed for wild-type EAACL. The extra current is due to uncoupled Na*
and K* ion fluxes through the transporter. Thus, the R445S appears to relax
the coupling of Na*/K* and glutamate and allows additional cations to flow
through the transporter in an uncoupled manner (Borre and Kanner 2004).

Cysteine-scanning mutagenesis has also been used to identify potential
glutamate and/or Na™ binding sites on the transporter. In the series of studies
from the Amara and Kanner groups (see Sect. 5.2.1), a number of approaches
were applied to probe the accessibility of mutant cysteine residues in the
region encompassing TM7 and HP2. Various cysteine mutants within these
regions showed differential sensitivity to sulfhydryl reagents in the presence
and absence of Na* and glutamate. Two interpretations of this type of data
are possible. First, these residues may form part of the glutamate binding site,
so that when glutamate and Na* are bound the sulfhydryl reagent cannot get
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access to the site. Second, glutamate and Na bound to the transporter may
induce conformational changes to another site in the transporter which makes
the site less accessible and consequently less reactive. In EAAT1, A395C in
TM7 is protected from MTS reagents by the presence of glutamate, and both
Y405C and E406C in TM7 show reduced reactivity with MTS reagents in the
presence of Na*t (Seal et al. 1998, 2000). Zarbiv also demonstrated that the
reactivity of Y403C in GLT1 (equivalent to Y405 in EAAT1) was sensitive to
Na* ions and furthermore that glutamate was not able to protect the Y403C
from reacting with N-ethylmaleimide (Zarbiv et al. 1998). N-Ethylmaleimide
is highly permeant through lipid membranes and was suggested to gain access
to Y403C from the internal surface. Thus, Y403 may be alternately accessible
from both sides of the membrane, which is consistent with the prediction that
it plays a crucial role in the translocation process.

Residues in both arms of HP2 have also been investigated in this manner.
In GLT1, a number of cysteine mutants between G422C and S443—in the first
arm of HP2—showed reduced reactivity to MTS reagents in the presence of
the EAAT2/GLT1 selective transport blocker dihydrokainate (Grunewald et al.
2002). In EAAT1, similar reductions in reactivity were observed in the pres-
ence of glutamate for cysteine mutants between L448C and V458C within the
second arm of HP2. These results collectively demonstrate that TM7 and HP2
contribute to the formation of the glutamate binding site of the transporters
and that many residues within these domains undergo significant conforma-
tional changes during the transport process.

5.3.3
Glutamate Binding Site in the Crystal Structure of Gltph

Non-protein electron density, which may be due to glutamate, has been de-
tected in close proximity to TM7, TM8, HP1 and HP2 (Yernool et al. 2004).
However, the currently achievable resolution of the crystal structure is not
sufficient to allow visualization of glutamate or any of its molecular contacts
with the transporter. The putative glutamate molecule in the crystal structure
of Gltph lies beneath the surface of the basin and within 5 A of HP2. HP2
contains residues that correspond to S440 and S443 of GLT1 that have been
implicated in Na* binding (see Sect. 5.2.2), which suggests that the Na* and
glutamate binding sites are intimately linked. On the other side of the putative
binding site are residues from TM7 which include the residues equivalent to
Y403 and E404 of GLT1, which have been implicated in K* and H* binding.
The residue equivalent to R447 of GLT1 in TMS also sits in close proximity to
the putative glutamate molecule, but at present it is not clear whether it is the
y-carboxyl group of glutamate that binds to the R sidechain. Thus, although
much of the mutagenesis data are consistent with the crystal structure, there
are a number of details concerning the precise contacts between glutamate and
the transporter that remain to be established.
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5.4
Zn?* Binding Sites on EAAT1 and EAAT4

Zn?* is co-released with glutamate and modulates the activity of a number of
proteins expressed in excitatory synapses, including glutamate transporters.
Application of Zn** to oocytes expressing EAAT1 causes a reduction in the
rate of glutamate transport, but has no apparent effect on the chloride conduc-
tance (Vandenberg et al. 1998a). Zn2* has no effect on the EAAT2 and EAAT3
transporters, but it inhibits the chloride conductance of EAAT4 with little ef-
fect on the rate of glutamate transport (Mitrovic et al. 2001). The molecular
basis for these differences was put down to the presence or absence of a pair of
histidine residues at the extracellular edge of TM3. Mutation of either of these
histidine residues in EAAT1 (H146 or H156) to alanine abolished the effects
of Zn?* and similarly for the corresponding residues in EAAT4. The first of
these histidine residues is conserved in EAAT2, but the residue corresponding
to the second histidine is a glycine residue. Wild-type EAAT?2 is insensitive
to Zn**, but mutation of the glycine residue to histidine generates a trans-
porter that is sensitive to Zn2* (Mitrovic et al. 2001; Vandenberg et al. 1998a).
The binding of Zn?* to EAAT1 is non-competitive with respect to glutamate
and Na* binding/transport, and therefore the Zn?* binding site is unlikely
to overlap with the glutamate recognition site, but is capable of modulating
the conformational changes required for transport. In the crystallographic
structure, the region corresponding to the Zn?* binding site is located in the
loop region immediately after TM3 and near the top of a crevice that Yer-
nool et al. (2004) speculated may form a lipid modulatory site. Thus, the Zn?*
binding may serve to limit the flexibility of this loop region that in turn may
restrict the movements of HP1, HP2, TM7 and TM8, which may be required
for transport.

5.5
The Chloride Channel Within the Transporter

Glutamate and Na' binding to glutamate transporters activates a chloride
conductance through the transporter (Fairman et al. 1995; Wadiche et al.
1995a). The observation that the rate and direction of chloride flux is uncoupled
from the transport process raised the question as to whether the two functions
are mediated by the same or different pores through the protein. A number
of models have been proposed to explain the dual functions of glutamate
transporters.

The first model proposed by Wadiche et al. (1995a) suggested that chloride
ions permeate the same pore of the transporter as glutamate and the co-
transported ions, and that the binding sites for the various ions and substrates
are closely related (Fig. 6A). Larsson et al. (1996) proposed a similar model
with a single pore, but suggested that the chloride ion binding sites are separate
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Fig. 6 A-C Three schematic models for the dual functions of glutamate transporters.
A A single pore model where glutamate/Na*/H*/K* binding to the transporter forms
the CI” ion binding site. B A single pore model with separate molecular determi-
nants for glutamate/Na*/H*/K* and CI". C A dual pore model with separate pores for
glutamate/Na*/H*/K* transport and the Cl~ channel. Key: large circle is glutamate, small
circles are Na* ions, square is CI; K* and H* ions have been omitted

from the glutamate and co-transported ion binding sites (Fig. 6B). Sonders
and Amara (1996) suggested that there may be a separate pore through the
transporter for chloride ions and that this extra pore may be an intrinsic
property of the transporter or may arise through the association of additional
proteins (Fig. 6C).

5.5.1
Different Conformational States Regulate the Two Functions

There is evidence to suggest that different conformational states of the trans-
porter mediate the transport and chloride channel functions, but whether this
represents different conformational states of the same pore or different pores
altogether has not been established. Whilst investigating the properties of the
extracellular hydrophobic linker region (now identified as the second half of
HP?2 in the crystal structure), the groups of Amara (Seal et al. 2001), Kanner
(Borre et al. 2002) and this author’s group (Ryan and Vandenberg 2002) made
the observations that modification of cysteine mutants of residues within this
domain abolished glutamate transport, but retained glutamate-dependent ac-
tivation of the chloride channel. These results suggest that glutamate binding
and chloride channel activation are not affected, but translocation of glutamate
through the membrane is impaired. Thus, it may be concluded that different
conformational states of the protein are required for transport compared to
channel activation. In support of this conclusion was an earlier observation by
Wadiche and Kavanaugh (1998) that at 4°C, activation of the chloride chan-
nel could occur but transport does not proceed. This suggests that there are
temperature-dependent conformational changes in the transporter required
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for transport that are distinct from the conformational changes that are suffi-
cient for opening of the chloride channel.

5.5.2
Residues that Line the Chloride Channel

In order to distinguish between the single and dual pore models, it is necessary
to identify the molecular determinants for transport and also the chloride
channel. From the previous discussion, the glutamate and Na*/K*/H" binding
sites are located in the two hairpin loops and TM7 and TM8, but it is interesting
to note that many of the mutations that disrupt the transport process do not
affect chloride ion permeation through the transporter, which suggests that
there may be separate molecular determinants.

In solution, ions will be hydrated or surrounded by water molecules, and
for an ion to permeate the lipid membrane of a cell it needs to pass through an
aqueous pore. The selectivity of ion channels is determined by the selectivity
filter, a narrow part of the pore where the ion interacts with the lining of the
channel. The hydrated ion is often larger than the selectivity filter, and to allow
the ion to pass through the filter some or all of the water molecules must
be removed from the ion and be replaced by surrogate water molecules. The
sidechains of serine, threonine and tyrosine can perform this role and form
binding sites for the permeating ions.

TM2 is highly conserved between transporter subtypes and contains a num-
ber of positively charged residues at the intracellular and extracellular edges
and also serine and threonine residues in the TM segment. Mutations of these
residues affect various properties of the chloride channel, but do not affect the
transport of glutamate. First, mutations that change the polarity of residues,
but maintain the size of the residue (such as S102A, S103A, S103V or T106A)
change the relative anion permeability. The S103V mutant has a particularly
striking effect on anion permeation. In the wild-type EAAT1, nitrate is more
permeant through the channel than iodide followed by bromide and then chlo-
ride ions. In the S103V mutant, iodide is the most permeant anion followed
by bromide, nitrate and chloride ions. This change in order of relative perme-
ability is indicative of a change in the way anions interact with the lining of the
channel, and from this observation we made the suggestion that S103 forms
part of the selectivity filter of the channel (Ryan et al. 2004).

Many of the residues within TM2 are accessible to the aqueous environment,
as judged by the reactivity of cysteine mutants of these residues to sulfhydryl-
reactive reagents. The nature of the reactivity has been used to gain further
insight into the structure and also confirm the role of this region in formation
of the anion channel. Cysteine mutants of residues 90 and 93 show a greater
reactivity with the negatively charged MTSES reagent compared to the posi-
tively charged MTSET, which is consistent with this region forming a channel
structure that selects anions over cations. The minimum pore diameter of the
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chloride channel has been estimated to be 5 A (Wadiche et al. 1995a), whereas
the size of the MTSET and MTSES reagents is 5.8 A. Therefore the MTS reagents
are unlikely to penetrate deep into the pore, which may explain why mutants
beyond V96C are unreactive to MTS reagents. However, it was possible to
probe further into the channel by using Hg?*, which is significantly smaller
than the MTS reagents. L99C, S102C and S103C were all modified with Hg2+,
which suggests that these residues also form part of an aqueous pore. Thus,
anumber of residues between R90 and T106 are likely to form an aqueous pore
that influences anion permeation.

5.5.3
Opening the Chloride Channel Gate

Aspartate 112 is in the intracellular loop between TM2 and TM3 (see Fig. 3) and
may also play an important role in chloride channel function. The D112A mu-
tant has a greatly reduced glutamate-activated chloride current, but a greatly
enhanced leak current. This observation suggests that the leak current is me-
diated by the same pore as the glutamate-activated chloride current and also
that D112 may form part of a structure that causes opening and closing of the
channel. It has been postulated that a glutamate residue in the CIC channel sits
within the pore of the channel when in the closed state and prevents chloride
permeation. Upon activation of the channel, the glutamate residue swings out
of the pore to allow chloride ions to pass (Dutzler et al. 2003). D112 may play
asimilar role in EAAT1. In the absence of glutamate and Na* ions, D112 may sit
within the pore, but upon binding of glutamate and Na*, the D112 may move
to allow chloride ions to pass. In the D112A mutant, the channel may be locked
in the open state, so that when glutamate binds there is no additional chloride
conductance. If the leak and glutamate-activated chloride conductances are
mediated by the same pore structure, it is noteworthy that the relative anion
permeabilities of the two states are different. For the anion leak current, I” is
more permeant than NO3~, whereas for the glutamate-activated anion current,
NO3~ is more permeant than I” (Melzer et al. 2003; Ryan et al. 2004). These
differences suggest that glutamate binding alters the conformational state of
the protein and changes the way anions permeate the channel.

6
A Structural Model for the Transport and Chloride Channel Functions
of Glutamate Transporters

The determination of the crystal structure of a bacterial glutamate transporter
has been a major step in beginning to understand how glutamate transporters
work, but it should be remembered that the structure represents only one
conformation and that many structural changes are required for the protein
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to carry out the function of transport. The last section of this chapter shall use
the current structural information and results from a range of site-directed
mutagenesis approaches to speculate on the molecular basis for transport and
chloride channel functions of glutamate transporters.

In 1966, Jardetzky (1966) proposed an alternating access mechanism to ex-
plain how transporters can effectively couple ion gradients to the movement
of substrates across the membrane. The mechanism involves a structure with
two gates that flank the substrate binding site. Opening of the external gate
will allow the substrate to bind within the transporter; and after the external
gate closes, the internal gate opens and allows the substrate to pass through
to the internal solution. Yernool et al. (2004) have suggested that HP2 forms
the external gate and HP1 forms the internal gate of glutamate transporters,
with sections of TM7 and TM8 forming the glutamate and ion recognition sites
(Fig. 7). They suggest that, in the crystal structure, the transporter has both
gates in the closed state. The HP2 gate is sitting on top of the putative gluta-
mate molecule and thereby locking it into place. They also suggest that the HP1
gate in the crystal structure is also closed. A number of the studies of mutant
transporters described above can be used to speculate on the nature of the
conformational transitions required for transport and chloride channel func-
tion. As a starting point, HP2 is likely to undergo considerable conformational
changes upon glutamate and Na* binding (Grunewald et al. 2002; Leighton
et al. 2002). Furthermore, in the crystal structure, the residue equivalent to
Y403 of GLT1 (in TM?7) is buried within the protein; yet we know from studies
of the Y403C mutant that it changes its aqueous accessibility in the presence of
Na' and also that it is accessible from both sides of the membrane (Grunewald
et al. 2002; Seal et al. 2000). Therefore, it is reasonable to suggest that HP2 may
flip between open and closed states (and change its accessibility in the process)
to transiently expose the glutamate and Na* binding sites formed by TM7 and
TM8. The movements of HP2 and the binding of glutamate and Na* ions to
TM7 and TMB8 is likely to impact on the way in which these regions interact
with other parts of the protein. In the crystal structure, HP2 lies approximately
20 A from TM2; yet—in a study of cross-linking cysteine mutants—these two
regions can come sufficiently close to form a disulfide bond. Thus, HP2 must
move substantially inward toward TM2 and in so doing is likely to distort the
position of HP1. These types of protein movements may provide the impulse
to open the internal gate and allow glutamate release into the internal environ-
ment. Once glutamate is released, the unoccupied and negatively charged E404
(GLT1 numbering) may bind K*. Binding of K™ must then cause the closing of
the internal gate followed by opening of the external gate and release of the K*
ion to the extracellular surface.

Another consequence of the movements of HP1 and HP2 is that they would
generate an additional aqueous pore along the side of TM2, which may be the
chloride channel. Although there are clearly separate molecular determinants
for transport and channel functions, the two processes do seem to be physically
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Fig. 7 Proposed transport and channel domains of glutamate transporters. HP1 and HP2
may form the internal and external gates of the transporter with TM7 and TM8 forming the
glutamate/Na*/H*/K* binding sites. TM2 may form part of the Cl~ channel. See text for
details on the suggested movements of the various regions responsible for transport and
channel activation

linked. For example, 5103 is likely to form part of a chloride binding site and
is approximately 6 A from the second arm of HP1. Furthermore, TM7 is likely
to undergo significant conformational changes, and the intracellular edge of
TM7 is in close proximity to D112 of EAAT1 that may form part of the chloride
channel gate. Movements of TM7 relative to TM2 and HP1 may change the con-
formation of D112 to allow the separate gating process for the chloride channel.

The ideas on the conformational changes required for the transport and
chloride channel functions are speculative, and there are many details that
require clarification or investigation. In many respects, this is an extremely
exciting time for transport researchers because with knowledge of the crystal
structure we can now begin to put some of these ideas to the test. The use of
site-directed mutagenesis approaches together with the backup of a structural
framework will no doubt continue to provide very instructive tools to better
understand how these fascinating proteins work.
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Abstract The expression of vesicular glutamate transporters (VGLUTs) 1 and 2 accounts for
the ability of most traditionally accepted excitatory neurons to release glutamate by exocyto-
sis. However, several cell populations (serotonin and dopamine neurons) have been demon-
strated to release glutamate in vitro and do not obviously express these transporters. Rather,
these neurons express a novel, third isoform that in fact appears confined to neurons gener-
ally associated with a transmitter other than glutamate. They include serotonin and possibly
dopamine neurons, cholinergic interneurons in the striatum, and GABAergic interneurons
of the hippocampus and cortex. Although the physiological role of VGLUT3 remains largely
conjectural, several observations in vivo suggest that the glutamate release mediated by
VGLUT3 has an important role in synaptic transmission, plasticity, and development.

Keywords Glutamate release - Vesicular glutamate transport - VGLUT3 -
Neurotransmitter co-release - Dendritic glutamate release

1
Introduction

A number of observations have suggested the release of glutamate by neurons
not traditionally considered to use glutamate as a neurotransmitter. When
grown individually on islands of glia, serotonin neurons form glutamatergic
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synapses onto themselves known as autapses (Johnson 1994). Since the cells
are grown in isolation, the glutamatergic synapses must be formed by sero-
tonin neurons. Dopamine neurons also form glutamatergic autapses in culture
(Sulzer et al. 1998). Interestingly, the processes staining for tyrosine hydroxy-
lase have appeared distinct from those staining for glutaminase, the enzyme
generally associated with glutamate production (Curthoys and Watford 1995),
suggesting segregation of release sites for the two transmitters into distinct
processes. In addition, many reports have described the release of glutamate
from astrocytes in vitro (Parpura et al. 1994; Araque et al. 1998; Bezzi et al.
1998; Araque et al. 2000). Outside the nervous system, glutamate has been
suggested to act as a signal produced by mitochondria to stimulate the re-
lease of insulin from pancreatic -cells (Maechler et al. 1997; Maechler and
Wollheim 1999). Glutamate would presumably act as an intracellular signal
in this case, but the effect apparently requires uptake of the glutamate into
vesicles. Although other work disputes the role of glutamate in insulin release
(MacDonald and Fahien 2000), glutamate has been demonstrated to act as an
independent extracellular signal from multiple endocrine cells including pan-
creatic islet cells and pinealocytes (Moriyama and Yamamoto 1995; Hayashi
et al. 2001; Hayashi et al. 2003; Morimoto et al. 2003). However, it has until
recently remained unclear whether the observations of glutamate release in
vitro reflect a normal function or artifact of culture, with dedifferentiation
resulting in a glutamatergic phenotype.

2
Vesicular Glutamate Transport

The ability to release glutamate as an extracellular signal depends on its storage
inside neurosecretory vesicles that undergo regulated exocytosis. All cells con-
tain glutamate for its role in protein synthesis and intermediary metabolism,
so transport into secretory vesicles defines the cells capable of glutamate re-
lease. Vesicular glutamate transport activity thus identifies the cells that release
glutamate as an extracellular signal.

Like the transport of other classical transmitters into neurosecretory vesi-
cles, vesicular glutamate transport depends on a H" electrochemical gradient
produced by the vacuolar H* pump (Forgac 2000). Transport involves the
exchange of lumenal H* for cytoplasmic transmitter; however, the vesicular
transport of different transmitters differs in its dependence on the chemical
(ApH) and electrical (A¥) components of this gradient (Schuldiner et al. 1995;
Liu and Edwards 1997a). Vesicular monoamine and acetylcholine transport re-
lies primarily on ApH, while vesicular y-aminobutyric acid (GABA) transport
relies more evenly on ApH and AY. In contrast, vesicular glutamate transport
depends almost entirely on AY¥. Vesicular glutamate transport also has sev-
eral other distinctive features: specificity for glutamate rather than aspartate;
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and a biphasic dependence on chloride with 2-10 mM chloride optimal for
transport, apparently due to an allosteric action of chloride at the transporter
(Hartinger and Jahn 1993; Wolosker et al. 1996). These differences in function
presumably account for the lack of sequence similarity among the three major
families of vesicular neurotransmitter transporters.

2.1
Identification of the Vesicular Glutamate Transporters

The vesicular glutamate transporters (VGLUTs) belong to a larger family of
polytopic membrane proteins that were previously implicated in the transport
of inorganic phosphate (Werner et al. 1991). More recently, it has become
apparent that these proteins normally function to transport organic anions,
with one member of the family mediating the transport of sialic acid out of
lysosomes (Morin et al. 2004; Wreden et al. 2005). Mutations in the protein
sialin indeed cause a lysosomal sialic acid storage disorder (Mancini et al.
1991; Verheijen et al. 1999). Other family members have been demonstrated to
confer alarge chloride conductance modulated by substrates (Busch et al. 1996;
Broer et al. 1998), and VGLUT1 has also been shown to confer a substantial
chloride conductance in the membranes from transfected cells (Bellocchio
et al. 2000). The identification of VGLUT1 and 2 has also provided the first
marker for glutamatergic neurons (Bellocchio et al. 2000; Takamori et al. 20005
Bai et al. 2001; Fremeau et al. 2001; Herzog et al. 2001; Takamori et al. 2001;
Varoqui et al. 2002). Indeed, the expression of VGLUT1 and 2 in inhibitory
neurons confers the potential for quantal glutamate release (Takamori et al.
2000; Takamori et al. 2001).

VGLUT1 and 2 show a striking, complementary pattern of expression in the
adult vertebrate brain. Glutamate neurons in the cerebral cortex, hippocam-
pus, and cerebellar cortex generally express VGLUT1, whereas neurons in the
thalamus, deep cerebellar nuclei, and brainstem express VGLUT2 (Fremeau
et al. 2004b). VGLUT1 and 2 exhibit very similar functional characteristics,
including specificity for glutamate, not aspartate, and a biphasic dependence
on chloride. It has therefore remained unclear how the two isoforms might
differ. During early postnatal development of the cortex, hippocampus, and
cerebellar granule cells, VGLUT2 actually precedes the expression of VGLUT1,
then disappears (Miyazaki et al. 2003; Fremeau et al. 2004a). Consistent with
this, VGLUT1 knockout mice show substantial residual synaptic transmission
in the hippocampus and cerebellar parallel fiber synapses of 1-week-old ani-
mals that disappears as the animals age (Fremeau et al. 2004a). The knockouts
also become distinguishable in behavior from wildtype littermates at the same
time (2-3 weeks after birth) that VGLUT2 levels decline in regions normally
destined to express only VGLUT1 in adulthood. After this time, the knockouts
require considerable care, but can survive for several months. The analysis
of VGLUT1 knockout mice in hippocampus thus enables us to compare the
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properties of VGLUT2 with those of VGLUT1 (the predominant isoform in
wildtype animals). Importantly, the analysis in vivo indicates that VGLUT1
and 2 release sites behave distinctly, with no reduction in quantal size or
evoked response in the knockout (Fremeau et al. 2004a). Rather, the VGLUT1
synapses are completely silent in the knockout, and the remaining VGLUT2
synapses appear entirely normal. However, the excitatory transmission de-
presses more rapidly after high-frequency stimulation in VGLUT1 knockouts
than in wildtype, suggesting that the two isoforms differ in their recycling at
the nerve terminal.

2.2
Catecholamine Neurons Express VGLUT2

Although VGLUT]I and 2 account for the release of glutamate by essentially all
known glutamatergic neurons, they were not obviously expressed by the cell
populations (e.g., serotonin and dopamine neurons) suggested to release glu-
tamate in vitro. However, it has become clear that at least some catecholamine
neurons in the caudal brainstem express VGLUT2. Double labeling for VGLUT2
messenger RNA (mRNA) and tyrosine hydroxylase protein (the rate-limiting
step in catecholamine biosynthesis) has shown that most of the catecholamine
neurons in the C1-3, A2 cell groups, and the area postrema express VGLUT2
(Stornetta et al. 2002a). Although the potential role of glutamate released by
many of these cells has remained unexplored, bulbospinal C1 neurons of the
rostral ventral lateral medulla (RVLM), which control blood pressure by regu-
lating sympathetic tone, had been suggested to signal through glutamate (Mor-
rison et al. 1991; Huangfu et al. 1994; Deuchars et al. 1995). Consistent with this
role, hypotension induces c-fos expression within the VGLUT2* RVLM cells
(Stornetta et al. 2002b). Further, bulbospinal RVLM cells differ from other cat-
echolamine populations by failing to express an identified plasma membrane
catecholamine transporter (Lorang et al. 1994), suggesting that glutamate may
in fact be their primary transmitter. A number of catecholamine populations
thus express VGLUT2, but it has not so far been possible to detect VGLUT2 in
vivo in noradrenergic neurons of the locus coeruleus or in serotonergic neu-
rons (Stornetta et al. 2002a). The data with regard to dopamine neurons have
been conflicting. In vitro, midbrain dopamine neurons express VGLUT2 and
this may be independent of the time grown in culture (Dal Bo et al. 2004), sug-
gesting expression in vivo. Recent work has also shown expression of VGLUT2
mRNA by midbrain neurons projecting to the cortex (Hur and Zaborszky
2005), but whether these are dopamine neurons has remained unclear.
Supporting a more generalized role for signaling by glutamate, spinal motor
neurons have recently been shown to form glutamatergic as well as cholinergic
synapses (Nishimaru et al. 2005). The peripheral neuromuscular junction is
purely cholinergic, as indicated from classical studies. However, paired record-
ings of motor neurons and inhibitory Renshaw cells or other motoneurons
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show postsynaptic currents mediated by activation of glutamate as well as
acetylcholine receptors (Nishimaru et al. 2005). Motor neurons indeed express
VGLUT2, which localizes specifically to the terminals formed onto Renshaw
cells and motoneurons, not at the neuromuscular junction. Further, VGLUT2
does not colocalize at these synapses with vesicular acetylcholine transporter
(VAChT), indicating segregation of the release sites for glutamate and acetyl-
choline.

2.3
Glutamate Release by Dopamine Neurons In Vivo

Despite the difficulty identifying a VGLUT isoform expressed by dopamine
neurons, recent work has begun to indicate a physiological role for glutamate
release by dopamine neurons in vivo. Taking advantage of a slice preparation
that includes both the midbrain and the ventral striatum, and the labeling
of live dopamine neurons with green fluorescent protein (GFP), it has been
possible to stimulate ventral tegmental area (VTA) neurons and observe fast,
ionotropic, glutamate-mediated excitatory responses in nucleus accumbens
neurons (Chuhma et al. 2004). The parallel expression of VGLUT2 by caudal
brainstem catecholamine neurons in the RVLM and the expression of VGLUT2
by VTA dopamine neurons in vitro suggests that VGLUT2 may be responsible,
but this remains to be demonstrated.

If dopamine neurons release glutamate in vivo, what roles do the two trans-
mitters play? A recent study of neurons in the prefrontal cortex (PFC) indicates
that the stimulation of dopaminergic afferents from the VTA first produces a se-
ries of rapid excitatory and inhibitory responses at 10-40 ms that is blocked by
glutamate but not dopamine receptor antagonists, suggesting direct activation
of both excitatory and inhibitory neurons in the PFC (Lavin et al. 2005). Al-
though notinhibited by dopamine receptor antagonists, lesion of the dopamine
system with 60H-dopamine eliminates the response, indicating that it is car-
ried by dopamine projections. The acute response to midbrain stimulation is
then followed by an inhibition of spontaneous and potentiation of evoked PFC
firing rates that last minutes—much longer than the increases in dopamine
measured by voltammetry—but are still blocked by dopamine receptor antag-
onists (Lavin et al. 2005). Thus, glutamate may convey a rapid signal about
the timing of phasic dopamine neuron activation; whereas dopamine conveys
longer-lasting modulatory effects that persist long after the actual increase in
dopamine. A full understanding of these two roles will require careful behav-
ioral analysis and identification of the VGLUT isoform expressed by dopamine
neurons. Despite the circumstantial evidence supporting a role for VGLUT2,
additional evidence of VGLUT expression by midbrain dopamine neurons in
vivo implicates another isoform: By in situ hybridization, neurons in the sub-
stantial nigra pars compacta and VTA label weakly but distinctly for the third
isoform, VGLUT3 (Fremeau et al. 2002).
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3
Identification of VGLUT3 in Neurons and Glia

The inability to detect VGLUT1 or 2 expression by multiple neuronal popula-
tions suggested to release glutamate in vitro led to the search for additional
isoforms. In contrast to VGLUT1 and 2, VGLUT3 is expressed at extremely low
levels in the brain and was therefore detected both as a rare cross-hybridizing
sequence and as a closely related sequence in the available genomic databases
(Fremeau et al. 2002; Gras et al. 2002; Schafer et al. 2002; Takamori et al. 2002).
Indeed, the absence of VGLUT3 from complementary DNA (cDNA) expressed
sequence tag (EST) databases attests to its low abundance. VGLUT3 is also
expressed outside the nervous system in liver and possibly kidney, unlike the
other isoforms. In terms of transport activity, however, it has a specificity for
glutamate and biphasic dependence on chloride similar to VGLUT1 and 2. It
has been suggested to exhibit a slightly different dependence on ApH and A¥Y
(Gras et al. 2002; Takamori et al. 2002), but this may simply reflect a difference
in subcellular location, with different components of the H* electrochemical
gradient driving glutamate transport in different vesicle populations and hence
an apparent rather than real difference in ionic coupling.

Inside the nervous system, VGLUTS3 is expressed by a very specific subset
of cells in multiple brain regions. In situ hybridization for VGLUT3 mRNA
shows expression by scattered GABAergic interneurons in the hippocampus
and cortex, particularlylayers 2 and 6; cholinergic interneurons of the striatum;
serotonergic neurons in the dorsal raphe; a novel subset of amacrine cells; and
a small subset of astrocytes (Fremeau et al. 2002; Gras et al. 2002; Schafer
et al. 2002). However, recent work has now revealed the low-level expression
in astrocytes of VGLUT1 and 2 as well as VGLUT3 (Bezzi et al. 2004; Montana
et al. 2004; Zhang et al. 2004). The much stronger expression of VGLUT1 and
2 by neurons had apparently made detection of the low-level glial expression
difficult. Different astrocytes also appear to express different isoforms (Bezzi
etal.2004; Montana et al. 2004; Zhang et al. 2004). Inmunoelectron microscopy
showing expression of VGLUT3 protein on astrocytic endfeet (Fremeau et al.
2002) suggests a particular role for this isoform in the blood-brain barrier,
whereas the others presumably contribute to signaling between neurons and
astrocytes (Araque et al. 1999; Bezzi et al. 2004).

Within neurons, VGLUT3 has a different subcellular location than VGLUT1
and 2. VGLUT1 and 2 localize essentially exclusively to axon terminals, whereas
VGLUTS3 also resides on cell bodies and dendrites of particular neuronal pop-
ulations (GABAergic interneurons of the cortex and hippocampus and striatal
cholinergic interneurons, but not dopamine or serotonin neurons) (Fremeau
et al. 2002). Because different vesicles may exhibit different ApH and A, the
differences in trafficking of VGLUT3 from VGLUT1 and 2 may account for the
apparent differences in ionic coupling. As noted in Sect. 2, the dependence of
VGLUT isoforms on these two components of the H" electrochemical gradient
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may reflect their subcellular location rather than their intrinsic ionic coupling
(Gras et al. 2002; Takamori et al. 2002).

3.1
VGLUT3 in Monoamine Neurons

In situ hybridization for VGLUT3 shows perhaps the strongest labeling in mid-
line and dorsal raphe, suggesting expression by serotonergic neurons (Fremeau
et al. 2002; Gras et al. 2002). However, VGLUTS3 is not detectable in raphe cell
bodies by immunocytochemistry, and thus it remained possible that non-
serotonergic neurons in this region may express VGLUT3. To address this, we
immunostained single-cell, autaptic cultures of raphe neurons, and found that
at least 70% of the 5-HT™ cells also expressed VGLUT3 (Fremeau et al. 2002).
Also, Schafer et al. demonstrated by double in situ hybridization in mouse
brain slices that a majority of serotonin neurons [vesicular monoamine trans-
porter (VMAT) mRNA* and TH mRNA™] in the rostral brainstem raphe nuclei
express VGLUT3 mRNA (Schafer et al. 2002). Consistent with these findings,
VGLUTS3 colocalizes with serotonin, the serotonin transporter (SERT), and the
neuronal VMAT?2 in large boutons bordering stratum radiatum and stratum
lacunosum-moleculare of the hippocampus (Schafer et al. 2002). In other loca-
tions, however, 5-HT and SERT, which often exhibit a linear appearance, do not
colocalize with the punctate VGLUT3 (Somogyi et al. 2004). VGLUTS3 thus lo-
calizes to a subset of serotonergic processes, at least in part because the protein
is expressed by only a subset of serotonergic neurons; but it remains possible
that VGLUT3 confers glutamate release from a distinct population of secretory
vesicles within serotonergic neurons that do not also contain serotonin.
VGLUTS3 is also expressed in caudal brainstem raphe nuclei. In contrast to
neurons of the RVLM that regulate cardiovascular function, neurons in the
rostral medullary raphe pallidus (RPa) and raphe magnus (RMg) control body
temperature through regulation of thermogenesis in brown adipose tissue
(BAT) (Morrison 1999; Morrison 2003). Neurons in the RPa and RMg also ex-
press VGLUT3, and these cells show increased c-fos expression after treatment
with prostaglandin E; to induce fever (Nakamura et al. 2004). By anterograde
and retrograde tract tracing, these neurons project to preganglionic sympa-
thetic neurons in the intermediolateral cell column (IML) of the thoracic spinal
cord. Glutamate application in the IML activates thermogenesis in BAT, and
glutamate receptor antagonists block BAT thermogenesis produced by activa-
tion of RPa neurons (Nakamura et al. 2004), suggesting that glutamate release
conferred by the expression of VGLUT3 in RPa neurons contributes to an im-
portant autonomic response. It is also tempting to consider this descending
pathway from medullary raphe nuclei analogous to the ascending serotoner-
gic, VGLUT3" projections from dorsal and medial raphe nuclei in the upper
brainstem. Despite the presence of serotonin neurons in the rostral medulla,
however, only a minority of the VGLUT3™ cells in RPa are serotonergic (Naka-
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mura et al. 2004). In this case as well, glutamate may thus be the principal
transmitter for these VGLUT3" neurons.

VGLUT3 may also confer glutamate release from dopamine neurons. As
noted in Sect. 2.2, the expression of VGLUT2 by brainstem catecholamine
neurons and the analysis of midbrain dopamine neurons in culture suggest
a role for VGLUT2 (Dal Bo et al. 2004; Hur and Zaborszky 2005). However, in
situ hybridization also provides evidence for expression of VGLUTS3, at least in
the adult (Fremeau et al. 2002).

3.2
Cholinergic Interneurons of the Striatum

In the striatum, tonically active cholinergic interneurons express VGLUT3 (Fre-
meau et al. 2002; Gras et al. 2002). In both dorsal and ventral striatum, VGLUT3
colocalizes essentially completely with the biosynthetic enzyme choline acetyl-
transferase (ChAT) and VAChT in cell bodies as well as processes. The abundant
expression of VGLUT3 by these cells predicts an important role for glutamate
in their signaling. However, many basic questions remain about the mode
of glutamate release: In particular, do VGLUT3 and VAChT colocalize on the
same synaptic vesicles? By electron microscopy, immunoperoxidase staining
for VAChT with immunogold staining for VGLUT3 supports colocalization to
the same processes suggested by the light microscopy (Gras et al. 2002), but
the diffuse nature of the peroxidase stain limits conclusions about localization
to intracellular membranes. The segregation of VAChT and VGLUT?2 in motor
neurons indicates the potential for segregation of VAChT from VGLUTS3, but
the ultrastructural and biochemical evidence does not yet provide definitive
information about the trafficking in striatal interneurons.

3.3
Inhibitory Interneurons of the Hippocampus, Cortex, and Retina

The initial in situ hybridization for VGLUT3 indicated expression in scattered
cell bodies of the hippocampus and superficial layers (2 and 3) of the cortex,
which is suggestive of interneurons (Fremeau et al. 2002). Although certain
interneurons are excitatory rather than inhibitory, antibody staining indeed
confirmed colocalization of VGLUT3 with the biosynthetic enzyme for GABA,
glutamic acid decarboxylase, in both cell bodies and processes. Unlike the
striatal interneurons, however, VGLUT3 colocalizes with only a fraction of
the GABAergic interneurons. These constitute the cholecystokinin* (CCK*)
subset that also expresses the CB1 cannabinoid receptor (Katona et al. 1999)
and preprotachykinin B (Hioki et al. 2004), but does not stain for parvalbumin,
calretinin, vasoactive intestinal peptide, or somatostatin (Somogyi et al. 2004).
The labeled processes form perisomatic synapses in the pyramidal cell layer
of the hippocampus and within layers 2 and 3 of the cortex (Fremeau et al.



The Diverse Roles of Vesicular Glutamate Transporter 3 145

2002; Hioki et al. 2004; Somogyi et al. 2004). Thus, inhibitory interneurons may
release glutamate as well as GABA, and consistent with this, the hippocampal
terminals labeling for VGLUT3 form symmetric rather than the asymmetric
synapses typical of excitatory connections (Fremeau et al. 2002). Interestingly,
previous work had suggested the co-release of glutamate and GABA from
synaptosomes (Docherty et al. 1987), but the physiological role of glutamate
release by interneurons remains a mystery.

A subset of amacrine cells in the retina, generally considered inhibitory
interneurons, also expresses VGLUT3 (Fremeau et al. 2002; Fyk-Kolodziej et al.
2004; Johnson et al. 2004). Many amacrine cells use glycine as their transmitter,
and VGLUT3 indeed colocalizes with glycine immunoreactivity in the cell
bodies of selected amacrine cells. However, the processes labeling for VGLUT3
contain little if any detectable glycine, and the VGLUTS3 at these sites does not
generally colocalize with vesicular GABA transporter (VGAT) (Johnson et al.
2004). VGLUT3 may thus define a subset of glutamatergic amacrine cells, and
the protein does appear in proximity to the metabotropic glutamate receptor
mGluR4. Indeed, the activation of a metabotropic receptor may confer the
inhibitory signal anticipated from interneuronal populations, even though it
is mediated by glutamate.

3.4
Dendritic Release of Glutamate

The dendritic localization of VGLUT3 also has the potential to account for
previous observations of dendritic glutamate release from pyramidal neurons
in the cortex (Zilberter 2000). Although endocannabinoids mediate depolar-
ization-induced suppression of inhibition at certain synapses in the hippocam-
pus, cerebellum, and cortex (Wilson and Nicoll 2002), a similar fast suppression
of inhibition has been reported to occur in an endocannabinoid-independent
manner. In paired recordings of the synapses formed by fast-spiking cortical
interneurons onto pyramidal cells, a cannabinoid agonist does not affect in-
hibitory potentials, nor does a cannabinoid antagonist block the suppression
of these potentials induced by postsynaptic stimulation (Harkany et al. 2004).
To test a role for retrograde release of glutamate in this suppression, the au-
thors took advantage of the unusual features of VGLUT activity. In particular,
they introduced the cell-impermeant, VGLUT inhibitor Evans blue directly into
the postsynaptic cell, and blocked the suppression produced by postsynaptic
stimulation. Because Evans blue is not particularly potent or specific, they also
took advantage of the unusual chloride sensitivity of the VGLUTs, and blocked
the suppression by increasing the chloride concentration in the postsynap-
tic neuron (Harkany et al. 2004). Further, they demonstrated the presence of
VGLUT3 immunoreactivity in the dendrites of pyramidal cells in the cortex.
Weaker than the staining in interneurons, this labeling had not previously been
appreciated, very similar to the expression of VGLUT1 and 2 in glia, which is
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overshadowed by the neuronal expression. Immunoelectron microscopy con-
firms the expression of VGLUTS3 in cortical dendrites (Fremeau et al. 2002;
Harkany et al. 2004). This work indicates yet another locus for physiological
signaling mediated by VGLUT3.

3.5
Expression of VGLUT3 Transiently During Development

Similar to the transient expression of VGLUT2 during early postnatal develop-
ment of the cortex and hippocampus, VGLUT3 appears transiently at selected
locations. Scattered cells migrating from the surface of the ventricles into the
neuropil express VGLUT3, suggesting a role in neural progenitors (Boulland
et al. 2004). Consistent with this possibility, cultures enriched in progenitor
cells also show co-expression of VGLUT3 with nestin, a marker for progen-
itor cells. In the cerebellum, Purkinje cells, which are generally considered
GABAergic, express VGLUTS3 transiently at their terminals in the deep cerebel-
lar nuclei (Boulland et al. 2004). Although the role of glutamate release early
in development remains unknown in most of these cases, recent work in the
auditory system has begun to suggest one possibility.

To determine sound localization, the lateral superior olive (LSO) computes
interaural differences in sound intensity by integrating excitatory input from
the cochlear nucleus with inhibitory input from the medial nucleus of the
trapezoid body (MNTB). During development, the MNTB-LSO synapse un-
dergoes a functional refinement that increases the precision of the tonotopic
map (Kim and Kandler 2003). In addition, the synapse undergoes a switch
in transmitter from GABA to glycine (Kotak et al. 1998). Although GABA is
often excitatory early in development, the MNTB terminals also release glu-
tamate, both in response to electrical stimulation and, to avoid activation of
passing fibers, in response to uncaging of glutamate in the MNTB (Gillespie
et al. 2005). Further, this co-release of glutamate with GABA is transient, and
coincides with the expression of VGLUT3 at the MNTB-LSO synapse. Although
the developmental role of transient glutamate release at this synapse remains
unclear, the results suggest yet another synapse where the glutamate release
mediated by VGLUTS3 has a physiological role.

4
Conclusion

In summary, work in a variety of systems has suggested the co-release of
glutamate with a variety of other transmitters including serotonin, dopamine,
GABA, and acetylcholine. In many cases, VGLUT3 appears responsible for the
ability of these cell types to release glutamate. However, the physiological and
developmental roles of this release remain unknown.
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Abstract The extraneuronal monoamine transporter (EMT) corresponds to the classical
steroid-sensitive monoamine transport mechanism that was first described as “uptake,” in
rat heart with noradrenaline as substrate. The organic cation transporters OCT1 and OCT2
are related to EMT. The three carriers share basic structural and functional characteristics.
Hence, EMT, OCT1 and OCT2 constitute a group referred to as non-neuronal monoamine
transporters or organic cation transporters. After a brief general introduction, this review
focuses on the critical analysis of substrate specificity. We calculate from the available liter-
ature and compare consensus transport efficiency (clearance) data for human and rat EMT,
OCT1 and OCT?2, expressed in transfected cell lines. From the plethora of inhibitors that
have been tested, the casual observer likely gets the impression that these carriers indiscrim-
inately transport very many compounds. However, our knowledge about actual substrates is
rather limited. 1-Methyl-4-phenylpyridinium (MPP*) is an excellent substrate for all three
carriers, with clearances typically in the range of 20-50 pl min~! mg protein™!. The second-
best general substrate is tyramine with a transport efficiency (TE) range relative to MPP* of
20%-70%. The TEs of OCT1 and OCT2 for dopamine, noradrenaline, adrenaline and 5-HT
in general are rather low, in the range relative to MPP* of 5%-15%. This suggests that OCT1
and OCT2 are not primarily dedicated to transport these monoamine transmitters; only
EMT may play a significant role in catecholamine inactivation. For many substrates, such as
tetraethylammonium, histamine, agmatine, guanidine, cimetidine, creatinine, choline and
acetylcholine, the transport efficiencies are markedly different among the carriers.

Keywords Extraneuronal monoamine transporter - Organic cation transporter -
Transport efficiency - Substrate specificity - Heterologous expression
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1
Introduction

1.1
Structure and Function

The extraneuronal monoamine transporter (EMT) was cloned in 1998 (Griin-
demann et al. 1998c; Kekuda et al. 1998). It corresponds to the classical
steroid-sensitive monoamine transport mechanism that was first described as
“uptake,” in rat heart with noradrenaline as substrate (Iversen 1965; Tren-
delenburg 1988). It is considered, in particular, responsible for the non-
neuronal inactivation of circulating catecholamines (Eisenhofer 2001; Eisen-
hofer et al. 1996). The organic cation transporters OCT1 (Griindemann et al.
1994) and OCT2 (Okuda et al. 1996) are related in amino acid sequence to
EMT. The three carriers share basic structural and functional characteris-
tics. Hence, EMT, OCT1 and OCT2 constitute a group referred to as non-
neuronal monoamine transporters or organic cation transporters (Griinde-
mann et al. 1994; Griindemann et al. 1999; Griindemann and Schomig 2003).
EMT from rat has also been labelled “OCT3” (Wu et al. 1998). However,
EMT does not accept typical organic cations such as tetraethylammonium
(TEA), guanidine, creatinine and choline as substrates (see Sect. 2.4). Fur-
ther, evolutionary distances of EMT to OCT1 and to OCT2 are consider-
ably greater than between OCT1 and OCT2 (see Sect. 3). Thus, the pre-
ferred and well-established designation is extraneuronal monoamine trans-
porter.

Hydropathy analysis predicts that OCT1, OCT2 and EMT are integral mem-
brane proteins with 12 a-helical transmembrane segments. All carriers are
around 555 amino acids long and reside in the plasma membrane. Com-
mon structural features are a large extracellular loop with multiple potential
N-glycosylation sites between transmembrane segments 1 and 2 and multi-
ple potential intracellular phosphorylation sites. Both the N- and C-terminus
probably face the cytosol.

Heterologous expression in oocytes from Xenopus laevis and mammalian
celllines has revealed common functional qualities: (1) A single positive charge
is required on substrates; uncharged, doubly charged or negatively charged so-
lutes are not transported. (2) Decrease of extracellular pH and depolarization
of the plasma membrane reduce velocity of uptake. (3) Transport is indepen-
dent from gradients of Na™ and Cl™. (4) It has been proved by trans-stimulation
that all three proteins are transporters, not just channels. Transport works in
both directions (uptake and efflux). Thus, depending on substrate gradients
across the cell membrane, OCT1, OCT2 and EMT may mediate electrogenic
uniport of a substrate or electroneutral exchange of two substrates (antiport).
(5) By contrast to the neuronal carriers of catecholamines, the affinity of EMT
and relatives for e.g. noradrenaline is rather low (K > 0.5 mmol/l). This is
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compensated by high capacity (high turnover number). (6) EMT and relatives
are relatively resistant to “neuronal” uptake inhibitors such as desipramine or
reserpine.

1.2
Localization

Although our knowledge of transporter tissue distribution is incomplete and
sometimes inconsistent, marked differences are certain. OCT1 is expressed
primarily in liver, and in rodents additionally, and strongly in kidney and
intestine. There is good evidence that OCT1 resides in the sinusoidal membrane
ofhepatocytes and that OCT1 from ratislocated at the basolateral membrane of
S1and S2 segments of renal proximal tubules. The strong sinusoidal expression
in liver suggests that OCT1 may determine systemic exposure to drug and
xenobiotic substrates.

OCT2 is strongly and almost exclusively expressed in kidney, in the straight
partof the proximal tubule (outer medulla, predominantly S3 segment, perhaps
some late S2) (Griindemann et al. 1998b). Much less mRNA has been spotted
in parts of the brain. OCT2 has been detected both in apical (luminal) (Dudley
et al. 2000; Griindemann et al. 1997; Sweet et al. 2001) and in basolateral
membrane compartments (Karbach et al. 2000; Sugawara-Yokoo et al. 2000).
In male rat kidneys, OCT2 is expressed stronger by a factor of about 1.5-3
(depending on the detection method) vs females (Urakami et al. 1999). No
such differences have been found for OCT1 and EMT. The significance of this
difference is unclear.

EMT is expressed, with substantial species differences, in many but not
all tissues. Expression levels vary widely between organs and during organ
development (e.g. in placenta). Consistently high expression has been re-
ported for placenta and heart. Recent reports indicate strong expression of
EMT in the area postrema (Haag et al. 2004; Vialou et al. 2004). Expres-
sion in the kidney is universally low. Expression of EMT in glia cells is
well documented (Inazu et al. 2003; Russ et al. 1996). However, there are
two recent reports which suggest expression also in neurons (Kristufek et al.
2002; Shang et al. 2003). EMT co-localizes with MAO-A in mouse placenta
(Verhaagh et al. 2001) and with MAO-B in rat area postrema (Haag et al.
2004).

13
Genes, Polymorphisms and Knock-Out Mice

OCT1, OCT2 and EMT are members of the amphiphilic solute facilitator (ASF)
family of transporters (gene symbol group SLC22) (Eraly and Nigam 2002;
Schomig et al. 1998). The genes of OCT1 (SLC22A1), OCT2 (SLC22A2) and
EMT (SLC22A3) are most likely descendants from a single original gene, since
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they code for related amino acid sequences and they cluster closely together
in a conserved region, on chromosome 6 in human (6q26-27) and on chromo-
some 17 in mouse. The intron-exon structures of all human genes have been
elucidated (Griindemann and Schomig 2000b; Hayer et al. 1999).

Gene and transcript variability in humans has been investigated in some
detail. Mutations could considerably affect absorption, distribution and elim-
ination of drug substrates. However, no data on the clinical consequences of
polymorphisms of the SLC22A1-3 genes are available so far.

Alternative splicing of OCT1h (h, human; r, rat; m, mouse) has been re-
ported; the implications are unclear (Hayer et al. 1999). Several single amino
acid substitutions have been found for OCT1h that reduce or eliminate uptake
of 1-methyl-4-phenylpyridinium (MPP") into Xenopus oocytes, i.e. Arg61Cys,
Cys88Arg, Gly220Val, Pro341Leu, Gly401Ser and Gly465Arg (Kerb et al. 2002;
Shu et al. 2003). The frequent Phel120Leu mutation and the deletion of Met420
did not affect transport activity. The Ser14Phe variant exhibited increased
transport activity.

For OCT2h, a splice variant has been presented, again with unclear conse-
quences (Urakami et al. 2002). Eight non-synonymous mutations (Pro54Ser,
Phel61Leu, Metl65Ile, Metl65Val, Ala270Ser, Ala297Gly, Arg400Cys and
Lys432Gln) have been detected (Leabman et al. 2002). Some of the mutant
carriers have been analysed for Ky, of uptake of MPP™" into oocytes, but a com-
parison of transport efficiencies is not available.

In contrast to OCT1 and OCT2, the human gene of EMT is highly conserved.
Direct sequencing revealed three synonymous mutations and four intronic
polymorphisms but no amino acid exchanges in 100 Caucasians (Lazar et al.
2003). These findings suggest strong evolutionary pressure to preserve the
amino acid sequence of EMTh.

The functions of OCT1, OCT2 and EMT have also been investigated with
transgenic mice. In OCT1 knock-out mice, hepatic uptake and intestinal excre-
tion of organic cations was reduced (Jonker et al. 2001). No OCT2 knock-out
mice are available (Jonker and Schinkel 2004), but in OCT1/OCT2 double
knock-out mice, renal secretion of organic cations was abolished (Jonker et al.
2003). EMT knock-out mice are viable and fertile (Zwart et al. 2001). It is not
entirely clear whether the available EMT knock-out represents a full knock-
out, since an aberrant EMT transcript was detected. In adult hearts, MPP*
levels were reduced by 72% for knock-out mice. After injection of MPP* into
pregnant females, accumulation of MPP* was reduced threefold for homozy-
gous mutant embryos but not for placenta or amniotic fluid. EMT has also been
implicated in the regulation of salt-intake, since EMT-deficient mice exhibited
increased ingestion of saline under thirst and salt appetite conditions (Vialou
et al. 2004).
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2
Substrate Specificity

2.1
Analysis of Transport Efficiency

To understand the physiological purpose and the pathophysiological signifi-
cance of a carrier protein, two major characteristics must be scrutinized: sub-
strate specificity and localization. In this review we focus on substrate speci-
ficity. Many papers and reviews deal exhaustively with inhibitors (Koepsell
2004; Koepsell et al. 2003; Suhre et al. 2005). Unfortunately, the reported
K;i-values are not as consistent as one would expect, e.g. Kjs of OCT2r for
decynium22 have been reported that differ more than 1,000-fold (14 umol/l
(Okuda et al. 1999) vs 12 nmol/l (Griindemann et al. 1998b). Moreover, it must
be stressed that it is not possible to tell whether an inhibitor is actually a sub-
strate. Since the chief function of a carrier is to transport substrates rather than
to be the target of inhibitors, the differential analysis of the substrate spectrum
is much more important.

In order to discriminate between good and poor substrates, one must de-
termine the transport efficiency (TE), which is defined, analogous to catalytic
efficiency for enzymes, by kcat/Km. This ratio takes into account the affinity
(Km) and turnover number (kcat) of a carrier for a particular substrate. A good
signal-to-noise ratio is important to accurately measure or even detect trans-
port activity, but it is not related to TE. Noise corresponds to non-specific
uptake, which covers diffusion, endocytosis, the activity of endogenous car-
rier(s) and extracellular binding. Non-specific uptake is measured by using (1)
sufficient specific inhibitor to completely block the carrier, (2) a control cell
line without expression of the particular transporter or (3) ice to freeze the
carrier. Signal corresponds to specific uptake (also termed “expressed uptake”
in heterologous expression systems), which is calculated from total uptake
minus non-specific uptake to gauge uptake of solute mediated exclusively by
the expressed carrier. Thus, a good signal-to-noise ratio must not indicate at
all that the carrier runs at full capacity, it may simply reflect low uptake into
control cells (as for TEA).

It was our aim here to systematically analyse available literature for trans-
port efficiency of EMT, OCT1 and OCT?2, both from human and rat. It is not
possible to extract TEs true to the definition, since not a single turnover num-
ber has been determined for these carriers so far. For this, one would have to
determine the number of active carriers (Ejot,1) in the plasma membrane. We
can, nevertheless, determine TE from Viax/Kp, which is a measure directly
proportional to kcat/Km (since Viax = kcat*Eiotal)- Any day-to-day or lab-to-
lab variation can be compensated if the TE of a reference substrate is measured
in parallel (Griindemann et al. 1999). However, this has hardly been done in
published work from most groups, so this was not an option for our analysis.
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It then follows that TEs in principle are not strictly comparable between differ-
ent groups because of different transporter densities. However, many results
are quite similar across groups, probably because of high-level transporter
expression in different expression systems.

A quantitative comparison of substrate quality on the basis of transport
efficiency can provide important insights. Our basic and simple assumption is
that relevant substrates—because of evolutionary pressure—are transported
with high efficiency. For the physiological substrates, our experience suggests
that transport efficiency should be in the order of 50 pl min™' mg protein™
or higher in mammalian cell lines with regular transporter overexpression
based on strong viral promoters. If the TE is below 1 pl min~! mg protein™!,
then the substrate is probably irrelevant. The power of this approach has
recently become apparent from the discovery of the ergothioneine transporter
(ETT; gene symbol SLC22A4). For years, this carrier, formerly called “novel
organic cation transporter”, OCTN1, was considered a polyspecific transporter
of organic cations with the principal substrate TEA (Tamai et al. 1997; Yabuuchi
et al. 1999) or, another carnitine transporter because of the close sequence
homology with the carnitine transporter OCTN2 (SLC22A5) (Tamai et al.
1998; Tamai et al. 2000). In our experiments, uptake of TEA was detectable
at a reasonable signal-to noise ratio (5.5); however, the TEs were consistently
very low for both TEA (0.8 pl min~! mg protein™!) and carnitine (0.6 pl
min~! mg protein~!), which suggested that the real substrate had yet to be
defined. A substrate lead, stachydrine (alias proline betaine), was discovered
by liquid chromatography (LC)-mass spectrometry (MS) difference shading
(Griindemann et al. 2005), with a TE of about 20 pl min~! mg protein™!. Since
this TE still was not as high as expected for a true substrate, we searched
until we perceived ergothioneine, which displays TEs of 70-195 ul min~! mg
protein™!.

For the following tables in this review we have only considered experi-
ments where the uptake of substrate (which is usually labelled with a radioiso-
tope) into cells [either transfected cell lines or complementary (c)RNA-injected
Xenopus laevis oocytes] was measured directly, as opposed to detection based
on e.g. electrophysiology or fluorescence, which we deem less specific. TE
was calculated preferably as Vinax/Km. Alternatively, TE was calculated as v/S
(where v represents initial rates of specific or expressed uptake, see above;
it follows from the Michaelis-Menten equation v = Via*S /(K + S) that
VIS = Viax/Km provided that S is much smaller than Kp,; if this condition was
clearly violated, TE was calculated as v*(1 + x)/S, where x represents S/Ky,).
The ratio v/Sis also termed clearance, since it denotes the imaginary volume of
incubation buffer cleared completely from substrate by transport activity per
unit time. As the last option, TE was extracted from time courses of uptake (as
the ki, kinetic constant, corrected for uptake into control cells). All TE values
were converted to units of pl min~! mg protein~! where necessary. Estimated
conversion factors were as follows: (1) 10 cells correspond to 0.25 mg protein
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and (2) 1 cm? cell culture dish corresponds to 0.035 mg protein. We have com-
piled separate tables for rat and human orthologues and for Xenopus oocyte
and cell-line expression systems.

The oocyte system certainly has its virtues, but by now we do not consider it
first-choice anymore. In addition to the well-known seasonality and batch-to-
batch variations of transporter expression levels, this is due to the propensity
of the oocyte to generate artefacts. For example, a cRNA was convincingly
shown to induce transport activity for choline (Mayser et al. 1992). However,
in a later paper (Schloss et al. 1994) from the same group it was shown that
the carrier—now called CT1 (SLC6A8)—in fact transports creatine. We have
seen solid uptake of glutamate—which clearly is no substrate of this carrier
(Griindemann et al. 1998a)—induced by the injection of EMTh cRNA. EMTh
has never expressed for us in oocytes, whereas the rat orthologue easily does
(under the same conditions). We have not observed similar oddities in trans-
fected cell lines. In several instances, the oocyte data do not match the cell-line
data at all (cf. e.g. 5-HT and histamine for OCT2h). Hence, in the following
sections, oocyte data tables are not discussed further and consensus TEs have
been computed for cell-line data only.

2.2
ocm

The data available on the transport efficiency of human OCT1 expressed in
transfected cell lines is shown in Table 1. Table 2 lists TEs of OCT1h expressed
in oocytes (note the different units). The data from Table 1 were condensed, as
explained in Box 1, into a consensus series of relative TEs (Fig. 1). It is apparent
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Fig. 1 Consensus TEs for OCT1h
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Table 1 OCT1h expressed in cell lines®

OCT1h - transfected cell line

Substrate Clearance (pl min~! mg protein™!) Exp.
MPP* 48 vIS
Tyramine 9.2 vIS
5-HT 4.0 vIS
Adrenaline 33 vIS
Noradrenaline 2.7 vIS
Dopamine 1.7 vIS
Histamine 0.7 vIS
293 cells, stably transfected (Griindemann and Schémig 2000a)
MPP* 1.5 vIS
TEA 0.4 Vmax/Km
Cimetidine 0.2 vIS
HelLa cells, transiently transfected; 30 min uptake at 22 °C (Zhang et al. 1998)
MPP* 53 Vmax/Km
Agmatine 0.6 vIS
293 cells, stably transfected (Griindemann et al. 2003)
MPP* 0.02 vIS
293 cells, stably transfected (Hayer et al. 1999)
MPP* 0.1 vIS

293 cells, stably transfected (Hayer-Zillgen et al. 2002)

2We have omitted prostaglandins (Kimura et al. 2002) from the table, since our own
experiments suggest that OCTs do not transport PGE; at all (Harlfinger et al. 2005). We have
also excluded v/S data of OCT1h on transport of MPP* (TE = 540 pl min~! mg protein™)
and acetylcholine (TE = 13.2 plmin~! mg protein~!), determined with resuspended CHO
cells (Lips et al. 2005), since, in these experiments, uptake times of 1 s were used. This ultra
short uptake phase would not seem to correspond to the linear phase of continuous uptake
(= initial rate of uptake), which usually lasts for up to 5min (Suhre et al. 2005). It could
instead represent an initial “burst” of uptake activity caused if empty carriers are at first
predominantly oriented with the substrate binding site to the outside. With the membrane
charged negatively at the inside and the carrier charged negatively to attract posi-
tively charged substrates, the empty carrier is expected to favour the outside orientation.
Exp., kind of experiment; MPP*, 1-methyl-4-phenylpyridinium; TEA, tetraethylammonium

that MPP™ is a very good substrate (about 50 ul min~! mg protein™), 3.6-fold
better than TEA (28% relative to MPP*). Note, however, that much lower TEs for
MPP* have also been reported (Table 1), perhaps due to inefficient expression.
Cimetidine (13%) is a notable substrate. The best physiological substrate is
tyramine (19%). The best transmitter substrate for OCT1h is 5-HT (8%); the
catecholamines adrenaline (7%), noradrenaline (6%) and dopamine (4%) are
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Table2 OCT1h expressed in Xenopus oocytes

OCT1h - Xenopus oocyte

Substrate Clearance (pl h™! oocyte™) Exp.
Tributylmethylammonium 3.2 vIS
N-Methyl-quinidine 2.3 vIS
N-Methyl-quinine 1.8 vIS
N-(4,4-Azo-n-pentyl)-21-deoxyajmalinium 1.6 vIS
N-(4,4-Azo-n-pentyl)-quinuclidine 1.1 vIS
Azidoprocainamide methiodide 0.5 vIS
(Van Montfoort et al. 2001)
Bamet-UD2 1.0 Vmax/Km
Bamet-R2 0.3 Vmax/Km
Cisplatin 0 vIS
(Briz et al. 2002)
MPP* 0.2 vIS
TEA 0.1 vIS
(Sakata et al. 2004)
MPP* 11 vIS
Acetylcholine 0.2 vIS
(Lips et al. 2005)
MPP* 0.3 Vmax/Km

(Zhang et al. 1997)

Exp., kind of experiment; MPP*, 1-methyl-4-phenylpyridinium; TEA, tetraethylammonium

transported inefficiently compared with MPP*. Histamine and agmatine (both
at 1%) are virtually not substrates of OCT1h.

Box 1: Calculation of Consensus Transport Efficiencies

The consensus series of relative TEs (Figs. 1-6) were estimated as follows:
(1) Only reports with more than one TE were considered. (2) A substrate
pool was selected with substrates interrelated in more than one report; e.g.
for OCT2h, MPP* hasbeen measured against TEA and cimetidine (Urakami
et al. 2002), TEA against cimetidine (Barendt and Wright 2002) and MPP*
against cimetidine (Dudley et al. 2000). (3) The following function (num-
bered from 1 to n) was defined for each substrate couple separately for each
report: y = log [ratio/(TE1/TE2)], where the ratio is calculated from exper-
imental data, and TE1 and TE2 represent the consensus TEs we want to
determine. This function assumes a log normal distribution of clearances.
If all experimental data were perfectly consistent, then y would be 0 after
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fitting of TEs. For fitting of TEs by non-linear regression (pro Fit 6.0.3 soft-
ware, Quantum Soft, Switzerland; Levenberg-Marquardt fitting, y-errors
unknown), mock data were tabulated in the x column as 1...n, and 0 in
the y column. During fitting, the TE of MPP* was set fixed at 100%. The
software attempts to minimize the sum of square errors (the errors are
given by the y-values) by changing all TEs simultaneously. This procedure
generates a single best set of TEs to describe all reported ratios. (4) With the
consensus TEs, remaining values were adjusted within individual reports
as above (with all consensus TEs set to fixed) if multiple ratios had to be
considered or simply proportionally for just a single ratio.

More data are available for OCT1 from rat expressed in transfected cell
lines than for the human orthologue. The transport efficiencies are shown
in Table 3. Table 4 lists oocyte data for OCT1r. Figure 2 shows the derived
consensus series of relative TEs for OCT1r expressed in cell lines. MPP* (100%)
again is transported 3.7-fold more efficiently than TEA (27%). Surprisingly,
the antidiabetic metformin, a biguanide, is transported as efficiently (26%) as
TEA. The derivates buformin (41%) and phenformin (67%) are transported
even better. Transport of metformin may be clinically relevant, since there is
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Fig. 2 Consensus TEs for OCT1r
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Table3 OCT1r expressed in cell lines?

OCT1r - transfected cell line

Substrate Clearance (pl min~! mg protein™!) Exp.
MPP* 13 vIS
Tyramine 7.5 vIS
Adrenaline 7.2 vIS
TEA 7.0 vIS
Dopamine 5.0 vIS
5-HT 3.7 vIS
Noradrenaline 1.0 vIS
293 cells, stably transfected (Breidert et al. 1998)
MPP* 8.2 vIS
Tyramine 1.5 vIS
Dopamine 0.8 vIS
Adrenaline 0.7 vIS
Noradrenaline 0.6 vIS
5-HT 0.3 vIS
Histamine 0 vIS
293 cells, stably transfected (Griindemann and Schémig 2000a)
MPP* 8.9 vIS
Choline 6.0 vIS
TEA 3.3 vIS
Cimetidine 2.0 vIS
Guanidine 1.0 vIS
Creatinine 0.3 vIS
Histamine 0 vIS
293 cells, stably transfected (Griindemann et al. 1999)
Phenformin 9.6 Vmax/Km
Buformin 5.8 Vmax/Km
TEA 3.8 Vimax/Km
Metformin 3.7 Vmax/Km
CHO-K1 cells (Wang et al. 2002)
MPP* 22 vIS
Agmatine 2.8 vIS
293 cells, stably transfected (Griindemann et al. 2003)
TEA 11 Vnax/Km

HRPE cells, vaccinia virus expression system (Wu et al. 1998)
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Table 3 (continued)

OCT1r - transfected cell line

Substrate Clearance (pl min~! mg protein™!) Exp.

MPP+ 2.5 VmaX/Km
293 cells, stably transfected (Martel et al. 1996)

TEA 6.3 Vmax/Km

MDCK cells, stably transfected (Urakami et al. 1998)

2There are two somewhat incongruent data sets from our group, the older (Breidert et al.
1998) suggesting considerably higher TEs for transmitters than the more recent (Griin-
demann and Schémig 2000a). Since the reason for the discrepancies (cf. e.g. adrenaline
vs noradrenaline) is unclear, we have admitted both data sets into consensus estimation.
We have excluded v/S data of OCT1r on transport of dopamine (TE = 100 ulmin~! mg
protein™!), determined with resuspended 293 cells (Busch et al. 1996a), since, again,
ultra short uptake times of 2s were used (see legend to Table 1). Alanine, glutamate,
3-O-methylglucose and vincristine are not substrates of OCT1r expressed in 293 cells
(Griindemann et al. 1998a). Exp., kind of experiment; HRPE, human retinal pigment
epithelial; MDCK, Madin-Darby canine kidney; MPP*, 1-methyl-4-phenylpyridinium;
TEA, tetraethylammonium

good evidence that OCT1 is involved in lactic acidosis caused by metformin
(Wang et al. 2003). Unfortunately, no data on transport of biguanides by OCT1
from human or by OCT2 or EMT are available.

A report from our group suggests efficient transport by OCT1r of choline
(57%). Similar to OCT1h, tyramine (30%) and cimetidine (19%) are notable
substrates. As explained in the legend of Table 3, the TEs for adrenaline (20%),
dopamine (17%) and noradrenaline (6%) may require revision to lower values,
since a large difference for adrenaline and noradrenaline seems implausible.
Anyway, the catecholamines are not leading substrates. Compared to OCT2
and EMT (see Sects. 2.3 and 2.4, below), the TE for 5-HT (8%) is again rather
high. Finally, agmatine (12%) and guanidine (10%) are mediocre substrates
and creatinine and histamine are virtually not substrates.

2.3
0CT2

The data available on the transport efficiency of OCT2 from human expressed
in transfected cell lines are shown in Table 5. Table 6 shows TEs of OCT2h
expressed in oocytes. The data from Table 5 were again condensed into a con-
sensus series of relative TEs (Fig. 3). It is apparent that MPP* is a very good
substrate (100%), about twofold better than TEA (47%). Surprisingly, data from
a single report (Dudley et al. 2000) suggest that the non-selective B-antagonist
propranolol (370%) is transported about 4 times more efficiently than MPP*.
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Table4 OCT1r expressed in Xenopus oocytes?

OCT1r - Xenopus oocyte

Substrate Clearance (pul h™! oocyte™) Exp.
Tributylmethylammonium 3.4 vIS
N-Methyl-quinidine 2.7 vIS
N-Methyl-quinine 2.6 vIS
N-(4,4-Azo-n-pentyl)-quinuclidine 1.6 vIS
Azidoprocainamide methiodide 1.4 vIS
N-(4,4-Azo-n-pentyl)-21-deoxyajmalinium 0.2 vIS
(Van Montfoort et al. 2001)
MPP* 19 Vmax/Km
NMN 1.3 Vimax/Km
Choline 0.5 Vimax/Km
Preincubation with choline (Busch et al. 1996b)
2’-Deoxytubercidin 3.2 Vimax/Km
TEA 1.6 Vimax/Km
(Chen and Nelson 2000)
MPP* 16 vIS
Acetylcholine 0.4 vIS
(Lips et al. 2005)
Dopamine 12 Vmax/Km
Preincubation with choline (Busch et al. 1996a)
MPP* 5.3 vIS
(Nagel et al. 1997)
Choline 1.3 Vmax/Km
(Sweet et al. 2001)
Pramipexole 4.7 Vmax/Km
(Ishiguro et al. 2005)
Amantadine 3.5 vIS
(Goralski et al. 2002)
TEA 0.8 Vimax/Km

(Griindemann et al. 1994)

2 A recent report (Ishiguro et al. 2005) suggests that the dopamine D2 receptor agonist
pramipexole may be a substrate, but no known substrate was assayed in parallel. Some
large hydrophobic inhibitors such as cyanine 863, quinine and tubocurarine were initially
claimed to be substrates based on electrophysiological measurements (Busch et al. 1996b),
but that view was abandoned after experiments with radiolabelled quinine and quinidine
revealed no transport at all (Nagel et al. 1997). To explain the electrophysiological artefacts,
it was suggested that the inhibitors had blocked the efflux of choline which had been used
to preincubate oocytes. Exp., kind of experiment; NMN, N'-methylnicotinamide; MPP™,
1-methyl-4-phenylpyridinium; TEA, tetraethylammonium
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Table 5 OCT2h expressed in cell lines®

OCT2h - transfected cell line

Substrate Clearance (pl min~! mg protein™!) Exp.
MPP* 30 vIS
Tyramine 19 vIS
Histamine 5.8 vIS
Noradrenaline 3.2 vIS
Adrenaline 3.0 vIS
Dopamine 2.3 vIS
5-HT 0.9 vIS
293 cells, stably transfected (Griindemann and Schémig 2000a)
MPP* 22 vIS
TEA 8.7 Vimax/Km
Guanidine 7.6 vIS
Cimetidine 5.7 vIS
293 cells, transiently transfected (Urakami et al. 2002)
Propranolol 25 vIS
MPP* 5.5 Vimax/Km
Cimetidine 2.2 vIS
OCT2h+tag; mouse IMCD3 cells, transiently transfected (Dudley et al. 2000)
MPP* 47 Vimax/Km
Agmatine 8.2 Vmax/Km
293 cells, stably transfected (Griindemann et al. 2003)
TEA 7.2 Vimax/Km
Cimetidine 2.7 Vmax/Km
CHO-K1 cells, stably transfected (Barendt and Wright 2002)
TEA 5.2 vIS
Creatinine 1.8 vIS
293 cells, transiently transfected (Urakami et al. 2004)
TEA 4.9 Vimax/Km

CHO cells, stably transfected (Suhre et al. 2005)

2 Again, we have omitted prostaglandins (Kimura et al. 2002) from the table (see Table 1).
We have also excluded data on transport of MPP* (TE =169 pl min~! mg protein™') and
dopamine (TE =59 pl min~! mg protein™!), determined from Vpax/K, with resuspended
293 cells, since, again, in those experiments uptake times of 1s were used (Busch
et al. 1998). AZT and levofloxacin are no substrates of OCT2h (Urakami et al. 2002).
Exp., kind of experiment; MPP*, 1-methyl-4-phenylpyridinium; TEA, tetraethylammonium
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Table 6 OCT2h expressed in Xenopus oocytes

OCT2h - Xenopus oocyte

Substrate Clearance (pl h™! oocyte™) Exp.
5-HT 45 Vmax/Km

Memantine 3.0 vIS
Dopamine 1.5 V max/Km
Histamine 0.2 Vmax/Km
Noradrenaline 0.2 Vmax/Km
Preincubation with choline (Busch et al. 1998)
MPP* 11 Vinax/Km
TEA 8.3 Vmax/Km
Choline 6.7 Vmax/Km
NMN 4.0 Vmax/Km
Preincubation with choline (Gorboulev et al. 1997)

MPPt 14 vIS

Acetylcholine 0.6 vIS
(Lips et al. 2005)

Choline 2.1 vIS
(Sweet et al. 2001)
MPP* 3.0 Vmax/Km

(Leabman et al. 2002)

Exp., kind of experiment; NMN, Nl-methylnicotinamide; MPP*, 1-methyl-4-phenylpy-
ridinium; TEA, tetraethylammonium
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Fig. 3 Consensus TEs for OCT2h
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If this ratio can be confirmed, then f-antagonists represent an interesting di-
rection of further substrate search. Guanidine (37%) and cimetidine (27%)
are prominent substrates. The best physiological substrate is tyramine (63%);
this compound, however, has a relatively high passive permeability with cel-
lular membranes (Griindemann et al. 2003), it may not need a carrier’s help.
Further physiological substrates are histamine (19%), agmatine (17%) and cre-
atinine (16%). The catecholamines dopamine (8%), noradrenaline (11%) and
adrenaline (10%), and especially 5-HT (3%) are, in fact, not leading substrates
of this carrier.

The data available on the transport efficiency of OCT2 from rat expressed in
transfected cell lines are shown in Table 7. We have reported authentic OCT2r,
i.e. with a correct C-terminus (Griindemann et al. 1999). It is unclear if the
artificial C-terminus used by other groups affects transport efficiency of OCT2r.
Figure 4 shows the derived consensus series of relative TEs. MPP* (100%) again
is transported about twofold more efficiently than TEA (56%). With the rat
carrier, histamine (57%) and particularly guanidine (95%) are even better
substrates than TEA. Again, tyramine (41%), cimetidine (40%) and agmatine
(39%) are good substrates. A report (Goralski et al. 2002) with resuspended
293 cells suggests that amantadine (47%) is a good substrate too. Creatinine
(11%) and especially the monoamines dopamine (4%), noradrenaline (2%),
adrenaline (3%) and 5-HT (2%) fall off against the other substrates. According
to oocyte studies, choline is a notable substrate of both OCT2h (Table 6) and
OCT2r (Table 8). However, we have not been able to detect OCT2r-mediated
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Fig. 4 Consensus TEs for OCT2r
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Table 7 OCT2r expressed in cell lines

OCT2r - transfected cell line

Substrate Clearance (pl min~! mg protein™!) Exp.
MPP* 50 Vimax/Km
Guanidine 47 vIS
Histamine 28 vIS
TEA 28 vIS
Cimetidine 20 vIS
Creatinine 53 vIS
Dopamine 1.9 Vmnax/Km
293 cells, stably transfected (Griindemann et al. 1999)
MPP* 41 vIS
Histamine 16 vIS
Tyramine 12 vIS
Dopamine 1.4 vIS
Adrenaline 0.7 vIS
5-HT 0.6 vIS
Noradrenaline 0.4 vIS

293 cells, stably transfected (Griindemann and Schomig 2000a)

MPP* 18 vIS
Adrenaline 34 vIS
5-HT 14 vIS
Noradrenaline 1.0 vIS
Dopamine 1.0 vIS
293 cells, stably transfected (Griindemann et al. 1998b)
MPP* 41 Vimax/Km
Agmatine 16 Vimax/Km
293 cells, stably transfected (Griindemann et al. 2003)
TEA 18 vIS
Amantadine 15 vIS
293 cells, stably transfected, resuspended; 3 s uptake; standard buffer (Goralski et al. 2002)
TEA 5.1 vIS
293 cells, stably transfected (Griindemann et al. 1997)
TEA 2.7 Vinax/Km
MDCK cells, stably transfected (Urakami et al. 1998)
TEA 4.7 Vmax/Km
NIH3T3 cells, stably transfected (Pan et al. 1999)
TEA 0.7 Vimax/Km

MDCK cells, stably transfected (Sweet and Pritchard 1999)
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Table 7 (continued)

OCT2r - transfected cell line
Substrate Clearance (pl min~! mg protein™!) Exp.

Choline 2.8 vIS
293 cells, transiently transfected (Arndt et al. 2001)

Exp., kind of experiment; MPP*, 1-methyl-4-phenylpyridinium; TEA, tetraethylammonium

Table 8 OCT2r expressed in Xenopus oocytes

OCT2r - Xenopus oocyte

Substrate Clearance (pl h™! Oocyte™) Exp.
Guanidine 4.2 Vmax/Km
MPP* 4.0 Vimax/Km
TEA 3.6 Vinax/Km
Histamine 2.0 Vmax/Km
NMN 1.4 Vmax/Km
Choline 1.2 V max/Km
Relative Vnax converted to absolute V. with choline data (Arndt et al. 2001)
TEA 0.8 Vmax/Km

MPP* 3.1 vIS
(Okuda et al. 1999)

MPP* 15 vIS

Acetylcholine 0.6 vIS
(Lips et al. 2005)

TEA 0.09 vIS
(Okuda et al. 1996)
TEA 1.7 Vmax/Km
(Sweet and Pritchard 1999)
Choline 0.9 V max/Km
(Sweet et al. 2001)

Amantadine 5.0 vIS
(Goralski et al. 2002)
Pramipexole 0.8 Vmax/Km

(Ishiguro et al. 2005)

Exp., kind of experiment; NMN, N'-methylnicotinamide; MPP*, 1-methyl-4-phenyl-
pyridinium; TEA, tetraethylammonium
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uptake of choline into 293 cells (Griindemann et al. 1999). There is one report
(Arndt et al. 2001) where low uptake of choline (2.8 pl min~! mg protein™!)
into transiently transfected 293 cells has been observed, but no comparison to
a good substrate was made.

24
EMT

The data available on the transport efficiency of EMT from human expressed
in transfected cell lines are shown in Table 9. There is only one report of
expression of EMTh in oocytes (Table 10). Figure 5 shows the consensus se-
ries of relative TEs for EMTh. MPP* again is the reference substrate (100%).
In contrast to OCT1 and OCT2, TEA is not a substrate at all (Griindemann
et al. 1998c). Guanidine (0.8%), 5-HT (0.7%), creatinine (0.6%) and dopamine
(0.4%) are also close to zero. Histamine (41%), tyramine (25%), adrenaline
(18%), agmatine (13%) and noradrenaline (10%) are prominent physiological
substrates. Cimetidine (7%) is not as good a substrate for EMTh as for OCT2.
For EMT from rat—as for OCT1h—information on transport efficiency
determined with transfected cell lines is surprisingly scarce. Table 11 lists
available data. Table 12 shows TEs of EMTr expressed in oocytes. Figure 6
shows the consensus series of relative TEs for EMTr. Compared with EMTh, we
have dramatically higher TEs for noradrenaline (84% relative to MPP") and
adrenaline (66%). Tyramine (72%), histamine (66%) and agmatine (32%) are
high again. TEs for 5-HT (6%) and dopamine (28%) remain relatively low, but
dopamine in particular—by contrast to EMTh—is markedly transported.

Dopamine EMTh

Creatinine
5-HT
Guanidine
Cimetidine

Noradrenaline :
Agmatine

Adrenaline ]
Tyramine
Histamine
MPP*

0 20 40 60 80 100
Relative transport efficiency (%)

Fig. 5 Consensus TEs for EMTh
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Table 9 EMTh expressed in cell lines®

EMTh - transfected cell line

Substrate Clearance (pl min~! mg protein™) Exp.
MPP* 60 vIS
Histamine 31 vIS
Tyramine 20 vIS
Adrenaline 16 vIS
Noradrenaline 7.6 Vmax/Km
5-HT 1.3 vIS
TEA 0 vIS
Dopamine 0 vIS
293 cells, stably transfected (Griindemann et al. 1998c¢)
MPP* 31 vIS
Histamine 11 vIS
Tyramine 6.6 vIS
Adrenaline 4.6 vIS
Noradrenaline 2.7 vIS
5-HT 0.1 vIS
Dopamine 0.1 vIS
293 cells, stably transfected (Griindemann and Schomig 2000a)
MPP* 44 vIS
Histamine 21 vIS
Cimetidine 3.5 vIS
Guanidine 0.4 vIS
Creatinine 0.3 vIS
Choline 0 vIS
293 cells, stably transfected (Griindemann et al. 1999)
MPP* 33 vIS
Agmatine 4.2 vIS

293 cells, stably transfected (Griindemann et al. 2003)

aWe have omitted a data set (in units of plmin~! mg protein~!: MPP: 8.3, TEA: 1.4,
guanidine: 0.9) with EMTh expressed via the vaccinia virus system in human retinal
pigment epithelial (HRPE) cells (Wu et al. 2000), because it is unclear if initial rates
of uptake were determined (uptake time 15min), and the conditions of measurement
were non-physiological (Na*-free uptake buffer, pH 8.5, room temperature instead
of 37°C). We have also excluded data (Hasannejad et al. 2004) on transport (all with
units of pl min~! mg protein™!) of cardiac antiarrhythmics quinidine (16), lidocaine
(180), disopyramide (640) and procainamide (1029), since e.g. the last clearance is
exceedingly high (if 0.25ml uptake buffer was applied per well of cells, then after
5min and with 0.05mg protein per well the uptake solution would be completely free
of substrate), so that we must assume an error in that report. The chemotherapeutic
agent 2-chloroethyl-3-sarcosinamide-1-nitrosourea (SarCNU) has also been suggested
as substrate of EMTh (Chen et al. 1999; Panasci et al. 1996). However, EMT-mediated
uptake of SarCNU in a model of heterologous expression has not been measured yet.
Exp., kind of experimen; MPP*, 1-methyl-4-phenylpyridiniumt; TEA, tetraethylammonium
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Table 10 EMTh expressed in Xenopus oocytes

EMTh - Xenopus oocyte

Substrate Clearance (pl h™! oocyte™) Exp.
MPP* 11 vIS
Acetylcholine 0.02 vIS

(Lips et al. 2005)

Exp., kind of experiment; MPP*, 1-methyl-4-phenylpyridinium

Table 11 EMTr expressed in cell lines?

EMTr - transfected cell line

Substrate Clearance (pl min~! mg protein~!) Exp.
MPPt 32 vIS
Noradrenaline 27 vIS
Tyramine 23 vIS
Adrenaline 21 vIS
Histamine 21 vIS
Dopamine 9.0 vIS
5-HT 1.9 vIS
293 cells, stably transfected (Griindemann and Schomig 2000a)
MPP* 29 vIS
Agmatine 9.2 Vmax/Km
293 cells, stably transfected (Griindemann et al. 2003)
TEA 0.08 Vmax/Km
Guanidine 1.3 vIS
HelLa cells, pH 8.5, vaccinia virus system (Kekuda et al. 1998)
MPP* 50 Vmax/Km

293 cells, stably transfected (Griindemann et al. 2002)

aWe have excluded data on transport of MPP* (7.8 ul min~! mg protein_l; Vmax/Km),
dopamine (1,333 Wlmin~! mg protein™!; v/S) and TEA (0.0085ulmin~! mg protein~’;
Vmax/Km) obtained with EMTr expressed in the HRPE cell line via the vaccinia virus expres-
sion system (Wu et al. 1998). The TE for dopamine indicates an error, since it corresponds
with an uptake time of 30 min to a cleared volume of 40 ml mg protein~!; however, we
gather (Wu et al. 2000) that 0.25 ml was applied per well, which translates into about 5 ml mg
protein™! only. Moreover, there is no time course to judge whether uptake after 30 min still
represents an initial rate or is already close to equilibrium. Finally, non-physiological uptake
conditions were used (Na*-free uptake buffer, pH 8.5, room temperature instead of 37°C).
These shortcomings also apply to another report, where EMTr was expressed in HeLa cells
(Kekuda et al. 1998). It was included in the table, however, to illustrate the low TE for TEA.
Exp., kind of experiment; MPP*, 1-methyl-4-phenylpyridinium; TEA, tetraethylammonium
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Table 12 EMTr expressed in Xenopus oocytes

EMTr - Xenopus oocyte

Substrate Clearance (pl h™! oocyte™) Exp.
TEA 0.9 vIS
Guanidine 0.9 vIS
pH 8.5 (Kekuda et al. 1998)
MPP* 11 vIS
Acetylcholine 0 vIS

(Lips et al. 2005)

Exp., kind of experiment; MPP*, 1-methyl-4-phenylpyridinium; TEA, tetraethylammonium

5-HT

EMTr

Dopamine
Agmaﬁne_
Histamine
Adrenaline .
Tyramine
Noradrenaline

MPP*

0 20 40 60 80 100

Relative transport efficiency (%)

Fig. 6 Consensus TEs for EMTr

3
Roundup

We are convinced that it is important to quantitatively compare the power of
a transporter for various substrates to approach its true nature [rather than
to sort solutes into “yes”, “perhaps”, or “no” substrate categories (Jonker and
Schinkel 2004; van Montfoort et al. 2003)]. The data from Figs. 1-6 suggest
some common features of EMT, OCT1 and OCT2 from human and rat, but also
some prominent differences. It is obvious that the neurotoxin MPP* without
exception is an excellent substrate, with clearances typically in the range of 20-
50 Wl min~! mg protein™!. With the still unconfirmed exceptions of propranolol
(tested only with OCT2h; Dudley et al. 2000) and of agmatine™ —a notional
substrate with a single positive charge (Griindemann et al. 2003)—there is no
better substrate known. MPP™ is also a good substrate of the neuronal cate-
cholamine carriers NET and DAT and the vesicular monoamine transporters
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(VMATSs). However, it is not a physiological substrate. The second-best general
substrate is tyramine—a physiological substrate acquired e.g. from food and
a “trace amine” in the central nervous system (Borowsky et al. 2001)—with
a TE range relative to MPP" of 20%-70%. However, the passive permeability
of tyramine with cell membranes is rather high, i.e. in time, even cells without
carrier will accumulate substantial amounts.

Although there are discordant data sets for OCT1r, it appears that TEs of
OCT1 and OCT?2 for dopamine, noradrenaline, adrenaline and 5-HT in general
are rather low, in the range relative to MPP* of 5%-15%, or 0.5-4 ul min~!
mg protein™! in absolute terms of clearance. This suggests that OCT1 and
OCT?2 are not primarily dedicated to transport these monoamine transmitters.
By contrast, EMT from rat has high TEs for the catecholamines (30%-80%
relative to MPP*, 9-27 ul min~! mg protein™!). Note, however, that we have
observed a phenomenon of transporter activation for EMTr and EMTm—
but not for EMTh—upon stable heterologous expression of these carriers in
293 cells (Griindemann et al. 2002). Thus, transporter activation could be
responsible for the high catecholamine TEs of EMTr. The human orthologue
shows TEs for adrenaline and noradrenaline intermediate between EMTr and
OCT1/0CT2, i.e. 10%-20% relative to MPP*, or 5-10 pl min~! mg protein_l.
There is virtually no EMTh-mediated transport of dopamine and 5-HT. Thus,
the available TE data suggest that only EMT may play a significant role in
catecholamine inactivation. Interestingly, although expression of EMT in the
lung seems to be relatively low (Kekuda et al. 1998), inhibition of uptake of
noradrenaline by EMT into airway smooth muscle cells may contribute to acute
bronchial vasoconstriction caused by inhaled glucocorticoids (Horvath et al.
2001; Horvath et al. 2003; Lips et al. 2005).

TEA at about 30%-50% relative to MPP™, or 5-25 ul min™! mg protein™!, is
a fine substrate for both OCTs. It is not, however, a substrate for EMTh, and,
at 0.08 pl min~! mg protein™?, only a poor substrate for EMTr (Kekuda et al.
1998).

Histamine (at 20%-60% relative to MPP™, or 10-30 pl min~! mg protein™")
and agmatine (similar to histamine for OCT2, half as good as histamine for
EMT) consistently are good substrates for OCT2 and EMT, but not for OCT1.
This opens the possibility that OCT2 and EMT play a vital role in inactivating
or releasing these transmitters. Histamine is involved in inflammation and
allergy, and in the regulation of vigilance and sleep-wake rhythm (Huang et al.
2001). Agmatine has been implicated in control of cellular proliferation and
tumour suppression and may function as a neurotransmitter (Satriano et al.
1999). Guanidine (40%-90% relative to MPP') and its derivatives cimetidine
(25%-40% relative to MPP") and creatinine (10%-20% relative to MPP*) are
accepted particularly well as substrates by OCT2, but not so much by EMTh
and OCT1r.

A number of reports suggest transport of choline in the oocyte expres-
sion system, with large differences in TEs relative to MPP": Table 6, OCT2h,
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75% (Gorboulev et al. 1997); Table 8, OCT2r, 30% (Arndt et al. 2001); Ta-
ble 4, OCT1r, 3% (Busch et al. 1996b). However, we bear in mind the oocyte
choline artefact outlined in Sect 2.1 above (Schloss et al. 1994). There is only
a single report of (low) choline transport in a transfected cell line, medi-
ated by OCT2r (Arndt et al. 2001). We have not observed choline trans-
port for OCT2r and EMTh in 293 cells (Griindemann et al. 1999), but we
have detected transport via OCT1r (57% relative to MPP*). Interestingly, in
a recent report (Lips et al. 2005), transport of acetylcholine in the oocyte
system was consistently low for OCT1h (2.2% relative to MPP*), OCTl1r
(2.6%), OCT2h (4.3%) and OCT?2r (4.2%), and negligible for EMTh (0.2%) and
EMTr (no transport). Clearly, transport of choline and acetylcholine should
be re-examined systematically for OCT1, OCT2 and EMT in transfected cell
lines.

From the plethora of inhibitors that have been tested on EMT, OCT1 and
OCT2, a casual observer might get the impression that these carriers indiscrim-
inately transport very many compounds. However, our analysis of transport
efficiencies shows that our knowledge about actual substrates is rather limited.
Except for cimetidine, no confirmed data are available on transport efficien-
cies of clinically relevant drugs by the human carriers. This is surprising, since
many drugs are cationic and thus potential carrier substrates.

It is possible to regard the carriers as fairly tolerant towards structural
details of their substrates, as long as some basic requirements are met, in par-
ticular a single positive charge. This is similar with the vesicular monoamine
transporters which are not specific for a single transmitter. Thus, the carriers
may transport anything that somehow fits; they may function as a flexible
means to transport many substrates with low to moderate transport efficiency.
This corresponds to a notion of redundant isoenzymes for the elimination of
metabolites and xenobiotics with marginal differences.

Alternatively, we hold it entirely possible that the endogenous key substrates
of the carriers have yet to be discovered. The best physiological substrates
known so far, i.e. tyramine and histamine, use only a fraction of the trans-
port capacity we see for MPP*. And the TEs for MPP* (20-50 pl min™! mg
protein™!) must not be the end of the line in terms of transport power. More-
over, amino acid sequence statistics indicate that OCT1 and OCT2 have an
evolutionary distance (70% identity for the human carriers) that is larger than
the distance (77% identity) between the highly specific transporters for ergoth-
ioneine (ETT) and carnitine (OCTN2). The distance of EMT to both OCT1 and
OCT?2 is still larger (each pair at 50% identity). It is thus conceivable that each
carrier has its specific key substrate; other compounds may be transported of
course, albeit at reduced efficiencies (cf. ETT). The differences outlined above
for histamine, agmatine, TEA and choline support this hypothesis. Moreover,
pharmacological characterization has revealed significant differences in sen-
sitivity to inhibitors, e.g. OCT1 is relatively resistant to some steroids (such as
17p-estradiol and testosterone) and cyanine inhibitors, which are the most po-
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tent inhibitors of OCT2 and EMT (Russ et al. 1993) and O-methylisoprenaline
is more effective on EMT than on OCT1 and OCT2.

In conclusion, a focus on analysis of transport efficiency, integrated with the
respective expression profile, may help substantially to direct further research
and to establish the precise purpose of each carrier. Eventually, the substrate
specificity is key to understanding the physiological and pathophysiological
significance of a transporter.
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Abstract The SNARE hypothesis of vesicle fusion proposes that a series of protein-protein
interactions governs the delivery of vesicles to various membrane targets such as the Golgi
network and the plasma membrane. Key players in this process include members of the
syntaxin family of membrane proteins. The first member identified in this family, syn-
taxin 1A, plays an essential role in the docking and fusion of neurotransmitter-containing
vesicles to the presynaptic membrane of neurons. Syntaxin 1A and other syntaxin family
members have also been shown to interact with, and directly regulate, a variety of ion
channels. More recently, the family of plasma membrane neurotransmitter transporters,
proteins that function in part to control transmitter levels in brain, have been shown to
be direct targets of syntaxin 1A regulation. This regulation involves both the trafficking of
transporters as well as the control of ion and transmitter flux through transporters. In this
chapter, the functional effects of syntaxin-transporter interactions are reviewed, and how
such interactions may regulate neuronal signaling are considered.

Keywords Neurotransmitter uptake - Protein-protein interactions - Regulation -
Syntaxin 1A - Transmitter transport
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1
Introduction

Reliable chemical neurotransmission requires the precise control of spatial and
temporal activity of transmitter in the extracellular space, and inappropriate
transmitter levels are associated with a variety of neurological disorders. For
example, low levels of biogenic amine transmitters, such as serotonin, are as-
sociated with depression (Nutt 2002); high levels of glutamate can result in
spillover of transmitter to neighboring synapses, desensitization of glutamate
receptors, excitotoxicity, and neural degeneration (Arundine and Tymianski
2003). Plasma membrane neurotransmitter transporters play multiple roles
in the central nervous system, many of which are just now being discovered,
but a central role for transporters is in the control of extracellular transmitter
levels. Transporters manage this role in several ways. First, transporters can be
expressed at very high levels near transmitter release sites on neurons and glia
(Chaudhry et al. 1995; Chiu et al. 2002), where they sequester transmitter away
from receptors (Diamond and Jahr 1997) and regulate spillover from the synap-
tic cleft (Ichinose and Lukasiewicz 2002; Overstreet and Westbrook 2003). Sec-
ond, although ionic conditions typically favor the uptake of transmitter from
the extracellular space, transporters can operate in reverse, and nonvesicular
efflux of transmitter contributes to ambient extracellular transmitter levels
(Rudnick 1998). Indeed, efflux is a principal mode of calcium-independent
neurotransmitter release in some systems (Schwartz 1987). Third, the uptake
of transmitter is tied to the electrochemical gradient and the stoichiometry of
the uptake process. The half-maximal effective concentrations for transport
occur in the nanomolar to low micromolar range.

Because transmitter levels need to be accurately regulated, it is not surpris-
ing that cells have developed means to regulate transporters. Much research in
the field of transporters over the past decade has been aimed at understanding
the initial triggers and subcellular pathways that control transporter function.
Such regulation impacts not only the trafficking of transporters to and from
the plasma membrane, but the flux of transmitter through individual trans-
porters. Many of these regulators of transport are described in other chapters
in this book. In this chapter, the role that the plasma membrane SNARE syn-
taxin 1A plays in regulating plasma membrane neurotransmitter transporters
is examined.

1.1
SNARE Proteins

Cell growth, development, and differentiation require the delivery of cell
constituents to appropriate subcellular locations. For membrane-bound com-
plexes, this requires specific targeting of the complex to the correct membrane
(e.g. Golgi, endosome, plasma membrane) and insertion of the complex into
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the membrane without destroying cell integrity. This is accomplished by incor-
porating the complex into a vesicular membrane, delivering the vesicle to the
target membrane, and fusing the vesicular phospholipid bilayer to the target
membrane bilayer. As discussed by Jahn and Stidhof (1999), this fusion reac-
tion is highly bioenergetically unfavorable, and so specific proteins exist that
enhance the fusion process.

Insights into the proteins involved in the fusion process began with in
vitro, cell-free experiments identifying two cytosolic proteins that were pos-
itive regulators of vesicle docking and fusion (Rothman 1994). These are the
ATPase N-ethylmaleimide-sensitive factor (NSF) and its associated partner,
soluble NSF attachment protein (SNAP), which permits NSF to attach to target
membranes. Soon thereafter, proteins in complex with NSF and SNAP were
identified (Sollner et al. 1993). These proteins reside on vesicle and target
membranes and serve as soluble NSF attachment protein receptors (SNAREs).
Interestingly, there are specific SNAREs for specific membranes, and this find-
ing gave rise to the SNARE hypothesis of vesicle docking and fusion (Rothman
and Warren 1994).

One of the most well-studied vesicle fusion events in cells is that of the fusion
of neurotransmitter-containing vesicles to the plasma membrane of neurons,
resulting in transmitter release into the extracellular space. The first SNAREs
to be characterized were plasma membrane-resident, 35-kDa proteins highly
enriched at synapses (and also found in other nonneuronal secretory cells).
They were called syntaxin 1A and 1B (Bennett et al. 1992). There are now 15
known syntaxin isoforms (in humans). Consistent with the SNARE hypothesis,
specific syntaxin isoforms are found on specific subcellular target membranes
in all cell types, and they are thought to be positive regulators of specific
membrane fusion events. Syntaxin isoforms have also been well characterized
in yeast budding and fusion events, supporting a conserved role for SNAREs
in the basic cellular events of all organisms (Bennett and Scheller 1993).

At the nerve terminal, syntaxin 1A forms a highly stable complex with
two other SNAREs: the plasma membrane SNARE SNAP-25, and the vesi-
cle SNARE VAMP-2 (vesicle-associated membrane protein 2; synaptobrevin).
High-resolution structural analysis reveals that four parallel helices make up
the core complex: VAMP-2 and syntaxin 1A contribute one helix each, and
SNAP-25 contributes two (Sutton et al. 1998). This arrangement thus brings
the vesicle in direct opposition to the plasma membrane and readies it for the
fusion event.

Structurally, syntaxin 1A is a 288-amino-acid protein with a single C-
terminal transmembrane domain (TMD); the remainder of the protein is
oriented to the cytoplasm. Proximal to the TMD is a helical region that partic-
ipates in the core complex. It is known as the SNARE motif or the H3 domain,
and it extends approximately from residues 189 to 258. The residues in the
H3 domain are arranged in seven sequential heptad repeats. Residues 1-189
of syntaxin 1A contain three additional helical domains. These additional do-
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mains (HA, HB, HC) likely participate in syntaxin 1A binding to other binding
partners (Weimbs et al. 1997). For example, Munc-18, a negative regulator of
membrane fusion, exerts its inhibition of SNARE complex formation through
protein—protein interactions with the HA, HB, HC, and H3 domains of syn-
taxin 1A (Dulubova et al. 1999).

1.2
Syntaxin 1A Regulation of lon Channels

If the SNARE hypothesis is correct, then the delivery of vesicles containing
membrane proteins to neuronal plasma membranes is dependent upon syn-
taxin 1A and other components of the fusion core complex. And thus, factors
that regulate membrane fusion might be expected to be regulators of the
number of membrane proteins present on the cell surface. However, the story
became much more interesting with evidence showing that syntaxin 1A di-
rectly interacts and functionally regulates calcium channels (for review, see
Zamponi 2003).

Voltage-gated calcium channels are composed of four separate TMD re-
gions that are linked together. One of the linker regions contains a “synprint,”
a stretch of amino acid residues in which SNARE proteins such as syntaxin 1A
and SNAP-25 bind (Sheng et al. 1994). This interaction can be regulated by
a number of different signaling cascades including protein kinase C (PKC), G
proteins, and calcium. The association between syntaxin 1A and voltage-gated
calcium channels raises the possibility that the association may play a role in
synaptic transmission by localizing calcium channels (and calcium) near to
the site of membrane fusion, which is a calcium-dependent process. However,
some data suggest that the interaction does not play a role in localizing this
signaling complex (Zamponi 2003).

Interestingly, syntaxin 1A inhibits calcium channel function directly. Co-
expression of these two proteins in Xenopus oocytes causes a shift in the
current-voltage relationship for calcium channel inactivation. The end result
of this shift is that a larger number of channels are likely to be in the inactive
state, and will be unavailable for opening in response to a nerve terminal volt-
age change (Bezprozvanny et al. 1995). Using botulinum toxins, which act to
cleave syntaxin 1A near its TMD, Stanley (2003) has recently shown that similar
inactivation occurs in neurons. Because calcium channels (and calcium) are
intimately related to the fusion of neurotransmitter-containing vesicles to the
plasma membrane, such a direct interaction and regulation of voltage-gated
calcium channels by syntaxin 1A, although unexpected, was perhaps not too
surprising. However, this was only the first evidence for channel interactions
with syntaxin 1A. The cystic fibrosis transmembrane regulator (CFTR) chlo-
ride channel was soon shown to be another.

Syntaxin 1A physically interacts with CFTR and reduces CFTR-mediated
currents both in Xenopus oocytes and in epithelial cells that normally ex-
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press these proteins. The physical and functional interactions are inhibited by
the high affinity syntaxin-binding protein Munc-18 (Naren et al. 1997). Syn-
taxin 1A stoichiometrically binds to the N-terminal cytoplasmic tail of CFTR.
The modulation of CFTR currents by syntaxin 1A is eliminated by deletion of
the tail or by using the tail as a blocking peptide. The CFTR binding site on syn-
taxin 1A maps to the H3 domain. The chloride current activity of recombinant
AF508 CFTR (i.e., the most common disease-causing cystic fibrosis mutant)
is potentiated by disrupting its interaction with syntaxin 1A in cultured ep-
ithelial cells (Naren et al. 1998). Interestingly, the N-terminal cytoplasmic tail
of CFTR controls protein kinase A-dependent channel gating through a phys-
ical interaction with the regulatory (R) domain of CFTR. Since syntaxin 1A
binds the N-terminal tail of CFTR, it regulates CFTR channel gating through
inter-domain interactions (Naren et al. 1999).

Accumulating evidence shows that ion channel regulation by SNAREs is
a recurring theme. In addition to voltage-gated calcium channels and CFTR
chloride channels, SNARES have been shown to regulate multiple K* chan-
nels and epithelial Na* channels. Additionally, syntaxin 1A regulates plasma
membrane neurotransmitter transporters.

13
Initial Evidence for SNARE Regulation of Neurotransmitter Transporters

Two lines of evidence converged to suggest to us that SNARE proteins may
be involved in the regulation of neurotransmitter transporters. First, we had
recently shown that the rat brain y-aminobutyric acid (GABA) transporter
GAT1 was subject to functional regulation by PKC, and that the change in
function was correlated with a redistribution of the transporter to and from
intracellular locations to the plasma membrane (Corey et al. 1994). Second, it
had been shown that GLUT4, the insulin-sensitive glucose transporter, requires
syntaxin 4 and cellubrevin (a nonneuronal isoform of VAMP) for delivery to
the plasma membrane in adipocytes (Cheatham et al. 1996). Thus, we reasoned
that in order for GAT1 to be regulated by trafficking to and from the plasma
membrane, it might require SNARE-mediated vesicle fusion.

Initial tests of this hypothesis were done in Xenopus oocytes expressing
GAT1 alone or in the presence of syntaxin 1A (Quick et al. 1997). Changes in
the surface expression of GAT1 induced by syntaxin 1A were prevented by acute
injection of botulinum toxin C1 (BoTx C1) or chronic injection of syntaxin 1A
antisense. Stronger evidence for a functional interaction came from experi-
ments in dissociated hippocampal neuron cultures that endogenously express
both GAT1 and syntaxin 1A (Beckman et al. 1998). Disruption of syntaxin 1A
with BoTx or by using syntaxin 1A antisense treatments altered GABA uptake.
More interestingly, coimmunoprecipitation experiments suggested that GAT1
and syntaxin 1A were part of a macromolecular complex in neurons.
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2
Overview of Syntaxin 1A Regulation of Neurotransmitter Transporters

Since the initial studies on GAT1 and syntaxin 1A interactions, interactions
with other neurotransmitter transporters have been investigated. A number of
outstanding laboratories have made important advances in our understanding
of these protein complexes with regard to the nature of their interaction,
their functional effects, and their physiological relevance. These findings are
discussed in this section.

2.1
Glycine Transporters

GLYT1 is the predominant glial glycine transporter. In addition to expression
at glycinergic synapses, GLYTI is also expressed at glutamatergic synapses.
Thus, it is likely that GLYT1 plays a role in regulating the glycine levels nec-
essary for the activation of the N-methyl-p-aspartate (NMDA)-subtype of
glutamate receptor. GLYT2 is the “neuronal” glycine transporter isoform, in
which expression is restricted predominantly to neurons at glycinergic nerve
terminals. In COS-7 cells, Geerlings et al. (2000) showed that cotransfection
of either glycine transporter isoform with syntaxin 1A resulted in an approx-
imate 40% reduction in glycine transport; this reduction could be reversed by
cotransfection with Munc-18. The loss in function correlated with a decrease
in surface transporter expression.

In further analysis of syntaxin 1A regulation of GLYT2, Geerlings et al.
(2001) went on to show that, in purified synaptosomes from brain, GLYT2
immunoreactivity can be found on small synaptic-like vesicles. Under con-
ditions that cause exocytosis of neurotransmitter-containing vesicles, GLYT2
was found to rapidly traffic to the cell surface and then internalize. In the
presence of BoTx C1, which inactivates syntaxin 1A, GLYT2 was no longer able
to reach the plasma membrane, but it did internalize normally. These data
are consistent with the idea that GLYT2 might reside on neurotransmitter-
containing vesicles in the nerve terminal, and that their delivery to the cell
surface occurs in parallel with transmitter release, in a syntaxin 1A-dependent
manner. Alternatively, GLYT2 may reside on a separate vesicle that is subject to
the same forms of regulation as that of neurotransmitter-containing vesicles,
as suggested for the GABA transporter GAT1 (Deken et al. 2003).

More recently, it has been shown that GLYT2 interacts with the PDZ domain
protein syntenin-1 (Ohno et al. 2004). Syntenin-1 is a syntaxin 1A binding
partner. Thus, these three proteins may represent a complex required for the
trafficking and localization of GLYT2 to glycinergic nerve terminals.
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2.2
Amine Transporters

Similar to GAT1 and glycine transporters, serotonin (5-hydroxytryptamine;
5-HT) uptake is reduced when the 5-HT transporter SERT is coexpressed with
syntaxin 1A. Pull-down assays from brain homogenates have revealed a phys-
ical interaction involving the N-terminal tail of SERT (Haase et al. 2001). In
synaptosomes, inhibition of p38 mitogen-activated protein (MAP) kinase sig-
naling or activation of PKC decreases the interaction of SERT with syntaxin 1A
(Samuvel et al. 2005). Thus, the action of these second messengers on SERT
trafficking may be in part through regulation of SERT-syntaxin 1A interactions.
Our work on SERT and syntaxin 1A will be presented in detail in Sect. 4.

To date, little has been done on dopamine transporter (DAT) and SNARE
interactions. Lee et al. (2004), using yeast two-hybrid approaches, identified
interactions between DAT, syntaxin 1A, and the receptor for activated C kinases
(RACK1). This association involves the intracellular N-terminal domain of
DAT. They suggest that such a protein complex would be important in DAT
trafficking and regulation by PKC.

More is known about the consequences of norepinephrine transporter
(NET)-syntaxin 1A interactions (Sung et al. 2003). NET and syntaxin 1A colo-
calize in axon terminals; in cells stably expressing NET, BoTx or syntaxin 1A
antisense treatment reduces NET transport activity. As with SERT, the N-
terminal cytoplasmic domain of NET is necessary for the physical interaction
with syntaxin 1A. PKC activators decrease the levels of NET-syntaxin 1A com-
plexes. Since PKC activation is correlated with an increase in intracellularly
localized transporters, and since syntaxin 1A is a positive regulator of trans-
porter surface expression, this inverse relationship between PKC activity and
transporter-syntaxin 1A complexes makes mechanistic sense.

As will also be discussed herein for GAT1, and as was discussed in Sect. 1.2
for calcium channels and CFTR chloride channels, syntaxin 1A regulates not
only surface availability of excitability proteins but their intrinsic properties as
well. For NET, single channel current activity measured in inside-out patches
is reduced 80% in the presence of a syntaxin 1A cytoplasmic domain fusion
protein (Sung et al. 2003). Thus, syntaxin 1A is a positive regulator of surface
NET expression but a negative regulator of intrinsic NET activity.

2.3
Glutamate Transporters

All of the accumulating evidence suggests that members of the family of Na*-
and Cl™-dependent plasma membrane neurotransmitter transporters are reg-
ulated by syntaxin 1A. How about members of the family of Na*-dependent
plasma membrane glutamate transporters? In oocytes, Zhu et al. (2005) have
recently shown that, in the presence of syntaxin 1A, expression of the glu-
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tamate transporter EAACI is increased on the plasma membrane. However,
glutamate transport is reduced and the anion conductance associated with the
transporter is significantly decreased. These results mirror those found for
NET and GAT1.

3
Details of Syntaxin 1A Regulation of GAT1

As mentioned in Sect. 1.3, our initial investigations using activators and in-
hibitors of PKC showed that GABA uptake could be altered; the PKC effect did
not alter the apparent affinity of the transporter for GABA but did change the
maximal transport capacity (Corey et al. 1994). This result suggested a change
in the number of functional transporters on the plasma membrane, and so
we began to test the hypothesis that GAT1 trafficking occurred in a manner
similar, if not identical, to the trafficking of neurotransmitter-containing small
synaptic vesicles.

3.1
Regulation of GAT1 Trafficking

Redistribution of GAT1 by acute application of PKC agonists and antagonists
implied the trafficking of GAT1 via transporter-containing vesicles. Immuno-
electron microscopy had revealed GABA transporters (Barbaresi et al. 2001) on
vesicle-like structures in presynaptic GABAergic terminals. We isolated vesicle
fractions from synaptosomes and found GAT1 immunoreactivity in fractions
of similar buoyant density to that of neurotransmitter-containing small synap-
tic vesicles (Deken et al. 2003). Purified GAT1-containing vesicles are clear
and 50 nm in diameter. Based upon immunoblot analysis of known vesicle
proteins, GAT1-containing vesicles contain no synaptophysin, a marker for
neurotransmitter-containing vesicles. Conversely, synaptophysin-containing
vesicles appear to contain little or no GAT1. In contrast to synaptophysin-
positive vesicles, GAT1-positive vesicles lack SV2, synaptotagmin isoforms 1
and 2, and the vesicular GABA transporter. Both vesicle populations share the
small G protein rab3a, and the SNARE proteins VAMP and syntaxin 1A. The
lack of the vesicular GABA transporter on GAT1-positive vesicles makes them
unlikely to contain GABA. We hypothesize that GAT1 resides on a vesicle sepa-
rate from neurotransmitter-containing vesicles either because GAT1 traffics at
regions distinct from release, or because neurons need to regulate transporter
expression independent of release. The presence of SNAREs on the GAT1 vesicle
are consistent with a role of these proteins in regulating GAT1 expression.
Using BoTx to cleave and inactivate specific SNARE proteins showed that
these SNAREs regulate GAT1 endogenously (Horton and Quick 2001). Cleavage
of syntaxin 1A causes a decrease in the amount of GAT1 present on the plasma
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membrane of neurons in hippocampal cultures, and a corresponding increase
in cytoplasmic transporter. Thus, syntaxin 1A acts as a positive regulator
of GAT1 surface expression. It is unclear if syntaxin 1A regulation of GAT1
trafficking is due to its conventional role as a SNARE. BoTx B, which cleaves
VAMP, has little effect on GAT1 trafficking (Deken et al. 2000, Horton and
Quick 2001).

It could be that syntaxin 1A regulation of GAT1 trafficking is due to direct
interactions between these proteins, as the H3 domain of syntaxin 1A directly
interacts with GAT1 (to be discussed in detail the following section). However,
the contribution of this interaction to GAT1 trafficking is unclear. Expression
of various syntaxin 1A constructs along with GAT1 in oocytes reveals domains
in addition to the H3 domain that are required to positively regulate GAT1
expression (Horton and Quick 2001).

Syntaxin 1A forms multiple multimeric complexes in brain, and so net-
works of protein-protein interactions could modulate GAT1 trafficking. In
expression systems, we can reverse syntaxin 1A’s regulation of GAT1 traffick-
ing by overexpression of Munc-18 (Beckman et al. 1998). Phosphorylation of
Munc-18, which inhibits its binding to syntaxin 1A, promotes syntaxin 1A’
effects on GAT1. Not only can syntaxin 1A regulate GAT1, but indeed the re-
verse situation is also possible. GAT1 could regulate the availability of other
proteins, such as calcium channels and other components of the docking and
fusion apparatus, to interact with syntaxin 1A. If syntaxin 1A availability is
limiting, then syntaxin 1A’s participation in vesicle release might preclude it
from downregulating transporter function. Thus, transporter function would
be positively linked to neurotransmitter release.

3.2
Regulation of Intrinsic Properties of GAT1

Regulating transporter trafficking is one method for modulating extracellular
transmitter levels; another way would be to regulate the transport process
directly. Syntaxin 1A does this through its direct interactions with GAT1. The
association of GAT1 with syntaxin 1A is mediated predominantly by amino
acids 30-54 in the N-terminal cytoplasmic tail of GAT1 and the H3 domain
of syntaxin 1A. Site-directed mutagenesis that eliminates three aspartic acid
residues (D40, D43, D45) in the N-terminal tail of GAT1 eliminates syntaxin 1A
binding. Measurements of GAT1 function show that syntaxin 1A reduces rates
of GABA flux from 7 per second to 2 per second (Deken et al. 2000).

How might syntaxin 1A inhibit GAT1 turnover rates? Injection of a peptide
corresponding to the fourth intracellular loop of GAT1 (IL4) into oocytes
expressing GAT1 greatly reduces GABA transport rates, similar to that seen
with syntaxin 1A. Mixing the IL4 peptide with a peptide corresponding to the
N-terminal cytoplasmic tail of GAT1 reverses the inhibition. The inhibition,
and direct binding between the two domains, is prevented by mutagenesis of
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charged residues in either the IL4 or N-terminal domains. Syntaxin 1A is unable
to regulate the GAT1 IL4 mutant, suggesting that the GAT1 IL4 domain serves
as a barrier for transport, and this barrier can be regulated by syntaxin 1A via
interactions with the N-terminal tail (Hansra et al. 2004). These interactions
are diagrammed in Fig. 1.

What step in the transport cycle is being affected by syntaxin 1A? In an al-
ternating access model of transport (Hilgemann and Lu 1999), GAT1 exists in
a conformation in which it binds two Na*, one Cl~, and one GABA molecule.
Next, a conformational change occurs to promote translocation across the
membrane. After releasing its substrates, the unbound transporter then reori-
ents. Syntaxin 1A causes reductions in forward and reverse transport; there is

A B

GAT1 GAT1

[ i HIBH i

Syntaxin 1A

D
D
D

Syntaxin 1A

Fig.1A-C Model of syntaxin 1A regulation of GABA flux rates through GAT1. The IL4 domain
of GAT1 inhibits transport. A Interactions between Asp residues (D) in the N-terminal tail
and Arg residues (R) in the IL4 domain positively regulate GABA flux. B In the presence
of syntaxin 1A, the H3 domain binds Asp residues (D) in the N-terminal tail of GAT1,
allowing the IL4 domain to inhibit transport. C The chronic presence of GAT1 substrates
(S) dissociates GAT1 from syntaxin 1A, reversing the inhibition of GABA flux. The size of
the gray arrow illustrates the amount of GABA transport
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also reduction in GABA exchange, a step in transport that bypasses reorienta-
tion (Bennett etal. 2000). Thus, syntaxin 1A likely affects a step in translocation
after substrate binding but which involves both unidirectional transport and
transmitter exchange (Wang et al. 2003).

The reason why syntaxin 1A is a positive modulator of GAT1 surface expres-
sion but a negative regulator of GAT1 transport is unclear. One possibility is
that neurons use syntaxin 1A not only to increase surface expression of GAT1
but also to keep the transporter functionally suppressed until a time when
removal of GABA from the synaptic cleft is required. If true, then substrates
of GAT1 may regulate flux in a syntaxin 1A-dependent manner. Application
of transporter substrates increases GAT1 flux rates, essentially reversing syn-
taxin 1A inhibition (Fig. 1). The substrate-induced rate change requires the
presence of syntaxin 1A, and substrate application results in a decrease in the
fraction of syntaxin 1A that is bound to GAT1 on a time scale comparable to
the substrate-induced change in flux rates (Quick 2002).

4
Syntaxin 1A Regulation of SERT Conducting States

Our recent work has focused on an analysis of SERT-syntaxin 1A interactions
(Quick 2003). Using a number of different biochemical assays, we showed, as
with GAT1, that the H3 domain of syntaxin 1A is required for SERT binding,
and that charged residues in the N-terminal tail of SERT are necessary for
direct syntaxin 1A interactions. Our attention then turned to how this direct
interaction regulates SERT function.

For mammalian SERT, early biochemical approaches using radiolabeled
flux and antagonist binding assays suggested that each transport cycle was
electroneutral, with one Na*, one CI7, and one positively charged 5-HT co-
transported, and one K* counter-transported (Rudnick and Clark 1993). After
cloning of the SERT gene, expression studies and high-resolution electrophys-
iological approaches revealed more complex permeation properties. Rat brain
SERT demonstrates at least four separate conductances when heterologously
expressed (Cao et al. 1997): (1) a 5-HT- and Na*-independent, H*-dependent
leak conductance that is activated below pH 7.0 and which is blocked by SERT
antagonists; (2) a 5-HT-independent, Na*-dependent leak conductance that
is blocked by SERT antagonists; (3) a large 5-HT-independent transient con-
ductance that is revealed during hyperpolarization and is blocked by 5-HT
and SERT antagonists; and (4) a 5-HT- and voltage-dependent conductance
that is associated with 5-HT transport. This latter finding was surprising given
the supposed electroneutral transport process, and it resulted from variable
transport of approximately 7-12 additional charges with each transport cycle.

Under voltage clamp, we examined radiolabeled substrate fluxes in individ-
ual oocytes expressing SERT and syntaxin 1A. The results indicated a substrate
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stoichiometry of 1 5-HT:1 Na*:1 Cl~, and thus suggested an electroneutral
transport process. When syntaxin 1A was cleaved by BoTx, the stoichiome-
try varied with voltage (1 5-HT:7 Na*:1 CI~ at —40 mV; 1 5-HT:12 Na*:1 CI~
at —80 mV). In addition, with BoTx treatment, a 5-HT-independent, Na*-
dependent leak conductance became apparent. Thus, in the presence of syn-
taxin 1A, 5-HT uptake is tightly coupled to ion flux, and 5-HT-induced ionic
currents and 5-HT-independent Na™ leak currents are absent. We refer to this
state as SERT’s coupled flux (CF) mode. When syntaxin 1A is not interacting
with SERT, 5-HT uptake is loosely coupled to ion flux, and 5-HT-induced ionic
currents and 5-HT-independent Na* leak currents are present. We refer to
this state as SERT’s uncoupled flux (UF) mode. These modes are diagrammed
in Fig. 2.

We then showed that the SERT CF and UF modes are present in thalamocor-
tical neurons that endogenously express SERT and syntaxin 1A. With a SERT
N-terminal tail peptide in the pipette to disrupt SERT-syntaxin 1A interac-
tions, immediately after gaining cell access, application of 5-HT failed to elicit
an inward current different from control. However, 15 min after gaining access,
5-HT-induced currents were seen. This revelation of 5-HT-sensitive currents

outside K@ outside
NCserrDIl NI sertDIT

inside inside

A

Na 7-12 Na
1Cl
1 5HT

outside K@ outside
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Fig. 2 A,B Syntaxin 1A regulates conducting states of SERT. A In the absence of serotonin,
SERT shows Na* leak currents. In the presence of serotonin (5HT), substrate translocation
is electrogenic. The current is carried by a variable, voltage-dependent flux of Na* ions. B In
the presence of syntaxin 1A (SYN), the Na* leak conductance is eliminated, and transport
is electroneutral
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(and leak currents) did not occur when a scrambled N-tail peptide was in-
cluded in the pipette. These data suggest that SERT exhibits CF and UF modes
endogenously, and that these states are regulated by syntaxin 1A interactions.

5-HT-independent leak currents and 5-HT-induced transport-associated
currents mediated by SERT act to depolarize the cell’s membrane potential.
Interaction of SERT with syntaxin 1A acts to inhibit this depolarization. The
significance of this depolarization on (1) cell excitability, (2) other physiological
effects of SERT ion fluxes, and (3) the extent to which syntaxin 1A and its
binding partners modulate these effects has yet to be determined.

5
Conclusions

The transporter field has barely scratched the surface with regard to SNARE
regulation of neurotransmitter transport. We know that many members of
the family of sodium- and chloride-dependent plasma membrane neurotrans-
mitter transporters are regulated by syntaxin 1A, and we have begun to map
the sites of interaction. We know that the interaction can regulate both the
trafficking of transporters and their unitary functional properties. We know
that the transporter can exist in large multimeric protein complexes, not only
with syntaxin 1A but with factors that can regulate syntaxin 1A-transporter
interactions. However, many fundamental questions remain. For example, we
do not know which forms of regulation by syntaxin 1A are related to syntaxin
acting in its role as a SNARE, and which are attributable to its direct interac-
tions with transporters. We do not know if transporters can contribute protein
domains to a core complex for fusion. We do not know whether syntaxin 1A-
transporter complexes are restricted to the plasma membrane or whether these
complexes find each other in other subcellular compartments. We have only
begun to examine other SNAREs for their capacity to regulate transporters,
and very importantly, we are only beginning to understand the physiological
consequences of interactions between SNAREs and transporters and whether
reagents can be developed that act on SNARE-transporter interactions for the
treatment of disorders related to abnormal transmitter levels in brain.
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Abstract The dopamine transporter (DAT) is a neuronal phosphoprotein and target for
psychoactive drugs that plays a critical role in terminating dopaminergic transmission
by reuptake of dopamine from the synaptic space. Control of DAT activity and plasma
membrane expression are therefore central to drug actions and the spatial and temporal
regulation of synaptic dopamine levels. DATs rapidly traffic between the plasma membrane
and endosomal compartments in both constitutive and protein kinase C-dependent man-
ners. Kinase activators, phosphatase inhibitors, and transported substrates modulate DAT
phosphorylation and activity, but the underlying mechanisms and role of phosphoryla-
tion in these processes are poorly understood. Complex adaptive changes in DAT function
potentially related to these processes are also induced by psychostimulant and therapeutic
transport blockers such as cocaine and methylphenidate. This chapter provides an overview
of the current state of knowledge regarding DAT phosphorylation and its relationship to
transporter activity and trafficking. A better understanding of how dopaminergic neurons
regulate DAT function and the role of phosphorylation may lead to the identification of
novel therapeutic targets for the treatment and prevention of dopaminergic disorders.

Keywords Dopamine transporter - Phosphorylation - Protein kinase C -
Methamphetamine - Cocaine
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1
Introduction to the Dopamine Transporter

Dopaminergic synaptic transmission controls a number of neurobiological
functions including motor activity, mood, and reward, and abnormalities of
dopamine (DA) signaling are associated with a variety of psychiatric disor-
ders such as depression, schizophrenia, attention deficit hyperactivity disor-
der, drug abuse, and Parkinson’s disease (Carlsson 1987; Roth and Elsworth
1995; Greengard 2001). Dopaminergic signaling initiated by release of neu-
rotransmitter into the synaptic space is followed by termination of trans-
mission via reuptake of DA by the action of DA transporters (DATs) (Giros
et al. 1996). Modulation of DA clearance by regulation of DAT activity and/or
surface expression would therefore greatly affect DA signaling parameters.
Many studies have now documented the acute regulation of DA uptake, and
in some cases this has been demonstrated to occur concomitantly with al-
tered DAT surface expression. The steady-state level of DATs in the plasma
membrane is the sum of the transporter reaching the cell surface via the
biosynthetic pathway, leaving the surface via endocytosis, and returning to the
surface via recycling from the endosomal pools, but the molecular mech-
anisms controlling these processes are unknown. Dysregulation of any of
these steps may therefore be involved in the etiology of dopaminergic dis-
orders by leading to inappropriate DAT surface expression and consequent
aberrant clearance of synaptic DA. Another potential mechanism for regu-
lating clearance is alteration of the intrinsic activity of surface transporters
through changes in substrate affinity or turnover rate. Since the cloning of
DATs over a decade ago, there has been growing interest in the possibility that
DAT activity might be regulated by phosphorylation-mediated processes that
could provide a rapid mechanism for modulating DA clearance in response
to specific physiological stimuli. Here we present an overview of the progress
that has been made regarding the role of protein kinases and phosphatases,
and transport blockers and substrates in the phosphorylation and regulation
of DAT.

1.1
The Na*/CI"-Dependent Neurotransmitter Transporter Family

DAT belongs to the SLC6 family of Na*/Cl™-dependent neuronal membrane
transporters that includes carriers for the neurotransmitter and amino acid
substrates norepinephrine (NET), serotonin (SERT), y-aminobutyric acid
(GAT), glycine (GLYT), taurine, proline, betaine, and creatine (Gainetdinov
and Caron 2003; Chen et al. 2004). The topological structure of these trans-
porters is believed to consist of 12 transmembrane-spanning domains (TMs)
with the N- and C-terminal domains located in the cytoplasm. Considerable
sequence homology is present within the TM domains, which may reflect
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a common mechanism for substrate translocation, while the connecting loops
and cytoplasmic tails are more divergent and may represent sites for unique
characteristics and functions. Substrate translocation by transporters from
this family is driven by the electrochemical gradient generated by the plasma
membrane Na*/K* ATPase. The transport mechanism involves the sequential
binding of Na*, C1~, and DA, and movement of the ions down their concentra-
tion gradient provides the energy to translocate DA against its concentration
gradient (Gu et al. 1994, 1996; Rudnick 1998). Transport has been proposed to
occur by an alternating access mechanism in which external and internal gates
regulate substrate movements (Jardetzky 1966; Rudnick 1998), but the molec-
ular mechanism is not understood and channel-like and oligomeric transport
mechanisms have also been suggested (Rudnick 1998; Pifl and Singer 1999;
Sitte et al. 2001; Carvelli et al. 2004; Seidel et al. 2005). Transport-driven accu-
mulation of intracellular substrate generates the appropriate thermodynamic
conditions to induce reverse transport, resulting in the efflux of substrates
from the intracellular to the extracellular compartments (Fischer and Cho
1979; Liang and Rutledge 1982).

1.2
Interactions with Psychostimulants, Therapeutic Drugs, and Neurotoxins

The monoamine transporters DAT, NET, and SERT are targets for many phar-
macological agents that alter brain function, including abused psychostimulant
drugs, antidepressants, and neurotoxins (Barker and Blakely 1995; Amara and
Sonders 1998; Miller et al. 1999). Because these transporters are found only
in neurons that contain the cognate transmitter, the drugs that affect them
specifically impact those neuronal pathways. Cocaine and related drugs are
competitive transport inhibitors that bind to DAT and block transmitter reup-
take but are not transported. In contrast, amphetamine (AMPH) and metham-
phetamine (METH) are substrates for DAT that inhibit transmitter reuptake by
competing with DA for transport and induce efflux of intracellular DA through
transport reversal. The net effect of these drugs is increased synaptic DA
concentrations and prolonged stimulation of downstream neurons. Although
cocaine and amphetamines similarly affect all of the monoamine transporters,
their reinforcing properties are largely dependent on their interaction with
DAT (Kuhar 1992; Wise 1996).

Monoamine transporters are also the sites of action of several therapeu-
tic compounds that display varying degrees of specificity. Serotonin selective
reuptake inhibitors such as fluoxetine (Prozac, Eli Lilly and Company, Indi-
anapolis), citalopram (Celexa, Forest Pharmaceuticals, St. Louis), paroxetine
(Paxil, GlaxoSmithKline, Research Triangle Park), and sertraline (Zoloft, Pfizer,
New York) and nonselective tricyclics such as bupropion (Wellbutrin, Glaxo-
SmithKline) and nomifensine (Merital, Hoechst-Roussel, Somerville) are used
to treat depression. The nonselective reuptake inhibitors methylphenidate (Ri-
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talin, Novartis, Basel) and mazindol (Mazanor, Wyeth-Ayerst, Collegeville) are
used to treat attention deficit disorder and eating disorders, respectively. In
these cases, the increased levels of neurotransmitters induced by the drugs
ameliorate the effects of the disorders.

In addition, DATs can function as gateways for cell-specific entry of synthetic
and endogenous neurotoxins. At high concentrations, DA and its oxidized
metabolites such as 6-hydroxydopamine, as well as AMPH and METH, gen-
erate free radicals that disrupt cellular respiration and lead to neuronal death
(Miller etal. 1999; Storch et al. 2004). Similar effects are induced by the synthetic
compound 1-methyl-4-phenylpyridinium (MPP*) and structurally related en-
vironmental chemicals such as the pesticide paraquat that are transported into
dopaminergic neurons by DAT (Javitch and Snyder 1984; Gainetdinov et al.
1997). It is thought that cumulative toxic insults from such compounds may
lead to the selective neuronal death found in Parkinson’s disease and other
dopaminergic neuropathologies (Miller et al. 1999; Storch et al. 2004).

2
Dopamine Transporter Phosphorylation

The elucidation of the primary amino acid sequence of DAT revealed the
presence of several potential phosphorylation sites for protein kinases (Giros
et al. 1991; Shimada et al. 1991; Usdin et al. 1991). The predicted intracellular
domains of the human DAT contain 15 serine, 9 threonine, and 5 tyrosine
residues, many of which are found in consensus sequences for protein kinase
C (PKC), cAMP-dependent protein kinase (PKA), cGMP-dependent protein
kinase (PKG), and calcium calmodulin-dependent protein kinase (CaMK).
Some of these sites are highly conserved throughout the neurotransmitter
transporter family, including a PKC/PKG consensus sequence in intracellular
loop 2 and several sites in the N- and C-terminal tails close to TMs 1 and 12
(Vaughan 2004).

Metabolic phosphorylation of DAT with *PO4 has demonstrated that the
human, rat, and mouse isoforms of DATs are phosphoproteins. In both striatal
tissue and cultured cells, DATs exhibit basal phosphorylation that is stimulated
by treatment with PKC activators such as phorbol 12-myristate 13-acetate
(PMA), protein phosphatase inhibitors such as okadaic acid (OA) or the sub-
strates AMPH and METH (Huff et al. 1997; Vaughan et al. 1997; Cowell et al.
2000; Granas et al. 2003; Lin et al. 2003; Cervinski et al. 2005). These treatments
also alter DAT cell surface expression and activity, and the relationship be-
tween phosphorylation and DAT regulation is an active area of investigation.
The most extensively studied kinase with respect to regulation of DAT is PKC,
but several studies indicate contributions from other kinases. DAT activity
has been shown to be modulated by activators and inhibitors of PKA, CaMK,
phosphatidylinositol 3-kinase (PI3K), protein kinase B (PKB/Akt), mitogen-
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activated protein kinase (MAPK), and protein tyrosine kinases (Uchikawa
et al. 1995; Batchelor and Schenk 1998; Doolen and Zahniser 2001; Carvelli
et al. 2002; Lin et al. 2003; Moron et al. 2003; Page et al. 2004; Garcia et al.
2005), but only scant evidence has been obtained to date pertaining to their
potential involvement in DAT phosphorylation. In addition, the physiological
stimuli and receptors that regulate DAT phosphorylation and activity in vivo
are unknown. Activation of the PKC-linked glutamate receptor (mGluR) in
striatal tissue leads to DAT downregulation (Page et al. 2001), but attempts
in our laboratory to detect altered DAT phosphorylation with mGluR-agonist
treatments have been negative (M. Cervinski and R. Vaughan, unpublished re-
sult). In human (h)DAT-transfected EM4 cells, substance P receptors (hNK-1)
are coupled via PKC to the downregulation of DA transport activity and in-
creased DAT phosphorylation (Granas et al. 2003), but this association has not
yet been demonstrated in neuronal tissue.

2.1
Effects of Kinases and Phosphatases

DAT phosphorylation has been characterized by metabolic labeling in rat and
mouse striatal tissue and hDAT and rat (r)DAT heterologously expressing
cells (Fig. 1). In the absence of exogenous treatments, expressed and native
DATSs display a basal level of metabolic phosphorylation that demonstrates the
presence of constitutive phosphorylation and dephosphorylation. Treatment

PMA
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Fig.1 DAT phosphorylation in rat striatal tissue. Rat striatal slices were metabolically labeled
with PO, and homogenized by passage through a 26-gauge needle. Homogenates were
treated with vehicle (basal), 10 uM PMA or 10 uM OA for 15 min followed by DAT solubi-
lization, immunoprecipitation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and autoradiography. ['2°1]-RTI-82 photoaffinity-labeled DATs were immuno-

precipitated and electrophoresed in parallel. Molecular mass markers are shown in kilodal-
tons, and the position of DAT migration is indicated by the bracket

. [125]) RTI-82
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of cells or tissue with PMA leads to a concentration-dependent increase in
DAT phosphorylation that begins within minutes and reaches a plateau by 10-
20 min (Huff et al. 1997; Vaughan et al. 1997). This increase is blocked by PKC
inhibitors such as staurosporine and bisindolylmaleimide and does not occur
with the inactive phorbol isomer 4a-PDD, substantiating the involvement of
PKC. Conventional PKC isoforms (o, BI, BIL, y) have been implicated in PMA-
dependent regulation of hDATs expressed in Xenopus oocytes (Doolen and
Zahniser 2002), and DATs from rat striatal tissue form co-immunoprecipitation
complexes with PKCp; and PKCy;, but not PKCa or PKCy (Johnson et al. 2005).
Consistent with these findings, attempts in our laboratory to demonstrate in
vitro phosphorylation of purified DAT with PKCa as well as PKA, PKG, and
CaMK have been negative. Collectively, these results suggest that PKCf3 and/or
downstream kinases are responsible for phosphorylation and/or regulation of
DATs. However, the signaling pathways and identity of kinases involved in the
direct phosphorylation of DAT remain to be directly demonstrated, leaving
important questions unanswered in this field.

The significant role of protein phosphatases in regulation of DAT phos-
phorylation levels was established by treatment of rat striatal tissue or het-
erologously expressing cells with OA, a broad-spectrum protein phosphatase
inhibitor. This compound produces robust increases in the DAT phosphoryla-
tion level within 5-10 min (Vaughan et al. 1997). In striatal tissue, side-by-side
comparisons show that OA alone produces significantly greater DAT phos-
phorylation increases than PMA alone (Fig. 1). The phosphorylation increase
produced by OA in the absence of exogenous kinase activators reflects the
rate of basal phosphorylation and indicates that, in resting neurons, signifi-
cant tonic phosphatase activity not only maintains DAT in a state of relative
dephosphorylation but can also partially counteract the effects of one of the
strongest known exogenous PKC activators. This robust dephosphorylation
pressure may hinder the identification of endogenous signals promoting in
vivo DAT phosphorylation.

The identity of the phosphatase(s) involved in DAT dephosphorylation has
been examined using phosphatase selective inhibitors. In striatal synapto-
somes, DAT phosphorylation is strongly increased by OA and calyculin at doses
that inhibit both protein phosphatase 1 (PP1) and protein phosphatase 2A
(PP2A), but is only modestly increased by the PP2A-specific inhibitor micro-
cystin (Vaughan et al. 1997), compatible with catalysis of dephosphorylation
by both phosphatases. Similarly, in striatal broken cell homogenates, DAT
phosphorylation is stimulated strongly by a peptide inhibitor highly specific
for PP1 and less strongly by a PP2A-specific inhibitor (Fig. 2; Foster et al.
2003b). Purified PP1 can also dephosphorylate purified >*PO,-labeled DAT in
vitro at physiological substrate and enzyme concentrations, demonstrating the
potential for this enzyme to act directly on DAT in vivo. >2POy-labeled DAT
is not dephosphorylated in vitro by PP2A (Foster et al. 2003b) although the
catalytic subunit of PP2A co-immunoprecipitates with rat striatal DAT (Bau-
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Fig. 2 Inhibition of DAT dephosphorylation by protein phosphatase-specific inhibitors. Rat
striatal slices were metabolically labeled with PO, and homogenized by passage through
a 26-gauge needle. Homogenates were treated with vehicle (basal), 20 nM PP1 inhibitor 2
(I-2), 65 nM PP2A inhibitor 1 (I-1), or 10 uM OA for 30 min followed by DAT solubilization,
immunoprecipitation, SDS-PAGE, and autoradiography. Molecular mass markers are shown
in kilodaltons, and the position of DAT migration is indicated by the bracket

man et al. 2000). Other phosphatases do not appear to be involved, as in vivo
DAT phosphorylation was not affected by the protein phosphatase 2B (PP2B)
inhibitor cyclosporine, and neither PP2B nor protein tyrosine phosphatases
are able to dephosphorylate 32pQ,-labeled DAT in vitro (Foster et al. 2003b).
Together these results provide evidence for the involvement of both PP1 and
PP2A but not PP2B or protein tyrosine phosphatases in dephosphorylation of
DAT. Although further work is needed to verify the action of PP1 and PP2A
on DAT, it is intriguing to speculate that the involvement of two phosphatases
may indicate enzyme-specific roles in various conditions or at distinct DAT
phosphorylation sites. However, the specific residues dephosphorylated by
these phosphatases and in vivo regulation of their activity with respect to DAT
remain unknown.

Far less is known about basal phosphorylation of DAT and its potential
functions. An important unresolved issue is the stoichiometry of basal phos-
phorylation and its relationship to stimulated conditions. It is currently not
known if PMA-stimulated DAT phosphorylation represents additional num-
bers of DATs phosphorylated on the same residues as the basal state or if it
occurs via phosphorylation on distinct serines. The identity of the kinase that
catalyzes basal phosphorylation is also not known, but does not appear to be
PKC or PKA, as basal phosphorylation is not suppressed by PKC inhibitors
or increased by PKA activators (Vaughan et al. 1997; Cervinski et al. 2005).
Some preliminary experiments suggest that constitutive DAT phosphorylation
is partially suppressed by inhibitors of PI3K and MAPK; but this remains to be
verified (Lin et al. 2003).
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2.2
Phosphorylation Sites

A vital step in elucidating the functional significance of DAT phosphoryla-
tion is the identification of phosphorylation sites. Phosphoamino acid analysis
of *2POy,-labeled DAT prepared from either heterologously expressing cells
or rat striatal tissue has demonstrated that basal, PMA-stimulated, and OA-
stimulated phosphorylation occurs primarily on serine (Foster et al. 2002a, b).
A low level of phosphothreonine has been observed, but phosphotyrosine has
not been detected by POy labeling or by anti-phosphotyrosine immunoblot-
ting (R. Vaughan, unpublished result). The phosphorylated region on DAT was
first identified by peptide mapping of >>POy-labeled rat striatal transporters.
These studies demonstrated that N-terminal tail proteolytic fragments of DAT
contain basal, PKC-stimulated, and OA-stimulated phosphorylation, while no
evidence was obtained for *POy labeling of domains containing the C-terminal
tail or interhelical loops (Foster et al. 2002b). The N-terminal tail of rDAT con-
tains eight widely spaced serines, six of which are conserved in hDAT (see
Fig. 3), and additional mapping indicated that the majority of the POy, la-
beling in rDAT occurs in the serine cluster located near the distal end of the
protein. This finding was later confirmed by truncation of the first 22 or 21
residues in human or rat DATs, respectively (Fig. 3), which abolishes basal
and PMA-stimulated transporter phosphorylation (Granas et al. 2003; Cervin-
ski et al. 2005). These results indicate that phosphorylation of expressed and
native protein occurs in the same domain, and the positive detection of N-
terminal phosphorylation by peptide mapping strongly precludes a potential
interpretation of mutagenesis results that the N-terminal tail is not the site
of phosphorylation but its truncation prevents phosphorylation of another
domain. Simultaneous mutation of three PKC consensus sites at serines 262
and 586 and threonine 613 in the hDAT internal loop 2 and C-terminal tail was
reported to prevent PMA-stimulated DAT phosphorylation (Chang et al. 2001).
This result is inconsistent with phosphorylation occurring at N-terminal sites,
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Fig. 3 Schematic depiction of DAT N-terminal tail phosphorylation sites. The N-terminal
amino acid sequences of rat (upper) and human (lower) DATs through transmembrane
domain 1 (TM1I) are depicted with potential serine phosphorylation sites highlighted with
black circles and white letters. Mutants with the deletion of 21 N-terminal amino acids in
rat DAT (A21) and 22 N-terminal amino acids in human DAT (A22) are indicated by the
brackets
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but may be explained by the extended PMA treatment time used in this study
or by the induction of a DAT conformation resulting from mutagenesis that
does not permit phosphorylation at N-terminal sites.

The N-terminal serine cluster contains five serines at positions 2, 4, 7, 12,
and 13 that are identical in rDAT and hDAT, as well as serine 21, which is unique
to rDAT; but the number and position of sites phosphorylated are unknown.
Serines 7 and 21 are the only PKC consensus sites in this cluster, and some
experiments have indicated a loss of PMA-stimulated phosphorylation after
mutation of rDAT serine 7 (Lin et al. 2003). However, rDAT mutants in which all
five distal serines are individually changed to alanine undergo easily detectable
basal and PMA-stimulated phosphorylation (Foster et al. 2003a), suggesting
that PKC-mediated phosphorylation occurs at more than one site and/or at
noncanonical sites. These results suggest the potential for DAT phosphoryla-
tion to be hierarchical or for mutation of a normally phosphorylated site to
induce compensatory phosphorylation at an alternate site.

Another unresolved issue is the identity of the phosphothreonine detected
in phosphoamino acid analysis. No threonines are present in the deleted region
of the 21/22 residue N-terminal truncation mutants, but additional serine and
threonine residues have been examined with respect to downregulation of
DAT activity by mutagenesis in the background of an N-terminal truncation
(Granas et al. 2003). The potential role of phosphothreonine in the function
and regulation of the transporter is not known.

23
Transporter Downregulation

PMA and OA treatments that stimulate DAT phosphorylation also lead to re-
ductions in DA transport activity (reviewed in Zahniser and Doolen 2001;
Vaughan 2004). Two mechanisms postulated to explain transport downregula-
tion are internalization of DAT, which would remove its access to extracellular
substrate, and regulation of intrinsic activity of surface transporters. DATs
rapidly traffic between the plasma membrane and endosomal compartments
in both constitutive and PKC-stimulated manners, and it has been proposed
that increased internalization of DAT by PKC is due to accelerated endocytosis
and attenuated return to the plasma membrane (Daniels and Amara 1999;
Melikian and Buckley 1999; Loder and Melikian 2003). The correlation of DAT
phosphorylation with decreased cell-surface expression and activity led to the
early hypothesis that phosphorylation was a signal for transporter internal-
ization in a manner analogous to G protein-coupled receptor (GPCR) desen-
sitization (Gainetdinov et al. 2004). However, the deletion of the hDAT and
rDAT N-terminal serine clusters that abolishes transporter phosphorylation
does not affect PKC-induced downregulation or internalization, demonstrat-
ing that transporter downregulation can occur in the absence of stimulated
phosphorylation (Granas et al. 2003; Cervinski et al. 2005). More recently,
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motifs that mediate constitutive and PKC-regulated endocytosis but do not
contain serines or threonines have been identified in the DAT C-terminal tail
(Holton et al. 2005). These findings demonstrate that DAT phosphorylation
is not an internalization signal as initially hypothesized and that induction
of PKC-dependent downregulation and endocytosis must therefore occur via
phosphorylation of endocytic components or other DAT-associated proteins.
DAT phosphorylation may therefore serve a different role, such as control of
cell surface transporter function or regulation of later trafficking events.

It is currently not clear if downregulation of transport activity occurs solely
via removal of DATs from the plasma membrane or if other mechanisms that
regulate activity of surface DATs are also involved. Some experiments indi-
cate that PKC-induced downregulation of DA transport occurs more rapidly
than transporter internalization, suggesting the existence of regulatory events
prior to transporter endocytosis (Loder and Melikian 2003). However, electro-
physiological studies suggest that endocytosed transporters are active during
internalization, arguing against catalytic inactivation prior to sequestration
(Kahlig et al. 2004). The resolution of these issues may have important impli-
cations for understanding the function of DAT phosphorylation.

DAT activity is also rapidly modulated both positively and negatively (Zah-
niser and Doolen 2001) by several other signaling molecules/pathways in ad-
dition to PKC that may provide the potential for integrative regulation of DAT
functions by multiple signals. DA transport is increased in a CaMK-dependent
manner by PKA activators (Batchelor and Schenk 1998; Page et al. 2004) and
Ca?* (Uchikawa et al. 1995) without evidence for altered DAT phosphorylation
(Vaughan et al. 1997; Vaughan 2004). MAPK and PI3K have been implicated
in upregulation of DAT function (Carvelli et al. 2002; Moron et al. 2003) as
well as basal DAT phosphorylation (Lin et al. 2003). Decreased DA transport
velocity has been found after treatment with protein tyrosine kinase inhibitors
(Doolen and Zahniser 2001) or nitric oxide (NO) (Lonart and Johnson 1994;
Pogun et al. 1994), although NO-induced increases in DAT activity have also
been reported (reviewed in West et al. 2002; Volz and Schenk 2004). These
results suggest a potential role for these kinases, NO signaling, and PKC in
reciprocal regulation of DAT cell surface levels, possibly by both transporter
phosphorylation-dependent and -independent mechanisms.

24
Effects of Substrates

In addition to exogenous phosphorylation modulators, another class of treat-
ments that regulates DAT activity includes the transported substrates DA,
AMPH, and METH. Pretreatments of cells or tissue with these compounds
induce rapid reductions in transport activity and dynamin-dependent trans-
porter internalization, both of which are blocked by cocaine and PKC inhibitors
(Saunders et al. 2000; Sandoval et al. 2001; Chi and Reith 2003; Cervinski
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et al. 2005). The regulation of DAT by substrates differs from that of some of
the other SLC6 members such as GAT1 and SERT, which undergo substrate-
induced homeostatic upregulation that increases transmitter clearance under
conditions of elevated transport demand (Ramamoorthy and Blakely 1999).
The downregulation of DAT in the presence of substrates may represent a neu-
roprotective mechanism that limits the intracellular accumulation of toxic
substrates such as METH, AMPH, and 6-hydroxydopamine.

The similarities between substrate- and PMA-induced effects suggests that
the processes may share common mechanisms. Our laboratory has found that
in the absence of exogenous kinase or phosphatase treatments, AMPH and
METH stimulate significant increases in DAT metabolic phosphorylation in
both striatal tissue and heterologously expressing cells (Cervinski et al. 2005).
METH-induced DAT phosphorylation is prevented by cocaine—suggesting
a requirement for METH binding or transport—and is blocked by PKC in-
hibitors (Cervinski et al. 2005). Significantly, injection of rats with METH
leads to increased ex vivo DAT phosphorylation, demonstrating the physio-
logical relevance of this finding. METH-induced phosphorylation is not de-
tected in the 21-amino-acid N-terminal truncation mutant of DAT (Fig. 3;
Cervinski et al. 2005), indicating that it occurs on the same serine cluster as
PMA-induced phosphorylation. However, the N-terminal truncation mutant
retains METH-induced downregulation, further supporting a mechanistic link
between substrate- and PKC-induced regulatory effects.

While PKC-dependent phosphorylation of DAT is not required for PMA- or
METH-induced downregulation of DA transport, it is necessary for substrate-
induced transport reversal. The involvement of PKC in efflux has been exten-
sively characterized by Gnegy and colleagues, who have shown that AMPH-
induced DA efflux is stimulated by PKC activators and blocked by PKCp in-
hibitors (Kantor and Gnegy 1998; Johnson et al. 2005). Recently, it has been
shown that AMPH-induced DA efflux is lost by N-terminal truncation of DAT
or replacement of all five N-terminal serines with alanines, and is restored
by changing the serines to aspartic acids, which mimics the negative charge
produced by phosphorylation (Khoshbouei et al. 2004). Thus, the stimulation
of DAT 32PQy4-labeling by AMPH and METH (Cervinski et al. 2005) may re-
flect phosphorylation required for DA efflux. Within the N-terminal serine to
alanine background, individual replacement of residues 7 or 12 with aspartic
acid substantially restored efflux, suggesting that these residues may be phos-
phorylation sites, but this has not been confirmed by direct phosphorylation
methods.

Amphetamines induce reverse transport of DA via a two-component mech-
anism comprising a slow exchange element and a rapid channel-like mode
(Kahlig et al. 2005), which leads to efflux of cytosolic DA into the synapse (Fi-
scher and Cho 1979; Liang and Rutledge 1982). The slow exchange process is
consistent with a facilitated exchange-diffusion mechanism (Fischer and Cho
1979) in which amphetamines induce the accumulation of an inward-facing
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transporter conformation that can bind intracellular substrate and translocate
it to the extracellular space. A counter-exchange mechanism has also been
proposed in which influx and efflux pathways are postulated to reside in sep-
arate components of oligomeric transporters (Seidel et al. 2005). In either
mechanism, phosphorylation of the transporter may result in a conforma-
tion that favors substrate efflux. Because DA efflux may regulate excitability of
dopaminergic neurons (Falkenburger et al. 2001), DAT phosphorylation could
have a significant impact on intrinsic dopaminergic processes.

The blockade of METH-induced phosphorylation and downregulation by
PKC inhibitors indicates a requirement for activation of PKC, but the mecha-
nism by which this occurs is currently not clear. Stoichiometric or channel-like
movement of ions through DAT during transport that induce alterations in
intracellular levels of Na*, Ca?*, and H* have been proposed to activate phos-
pholipases C and A,, leading to production of lysophospholipids and diacyl-
glycerol that could activate PKC (Giambalvo 2004). Transported amphetamines
may also increase the fraction of PKC bound to membranes, providing the
enzyme with increased access to the transporter (Kramer et al. 1998). An alter-
nate hypothesis is that conformational changes occurring in DAT during the
transport cycle alter the accessibility of the N-terminal tail to kinases or phos-
phatases that results in increased phosphorylation. However, >*PQy-labeling of
DAT is not significantly stimulated by transport of DA (Gorentla and Vaughan
2005), indicating that transport per se cannot explain the METH results unless
DA and amphetamine transport differ in a way related to these differential
effects.

2.5
Effects of Transport Blockers

It is well established that chronic cocaine induces adaptive regulation of many
dopaminergic neuronal components including DATs, and elucidating these
changes is a primary task in drug abuse research. While many studies have
identified changes in DAT expression, binding, and transport as a result of
chronic treatment with cocaine and other transport blockers, far less has been
done to examine acute cocaine effects or their relationship to DAT phosphory-
lation/regulation processes. For the few studies that have been done, the current
evidence is contradictory. Short-term pretreatments with cocaine have been
reported to either increase (Daws et al. 2002) or have no effect (Sandoval et al.
2001; Chi and Reith 2003; Cervinski et al. 2005) on DAT cell surface expression
and activity; and in striatal synaptosomes, cocaine suppresses PMA-induced
DAT phosphorylation (Cowell et al. 2000). These results suggest the potential
for drug-induced regulation of DATs to be related to DAT phosphorylation.
However, our laboratory has found no evidence that acute pretreatments of
rDAT Lewis lung carcinoma porcine kidney (LLC-PK;) cells with cocaine or
the therapeutically used drugs mazindol and methylphenidate affect levels
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of basal or PKC-stimulated phosphorylation of DATs (Gorentla and Vaughan
2005). The results from isolated cells indicate that DAT phosphorylation is not
altered simply by conformational changes induced by drug binding and present
the possibility that effects observed in tissue may be due to indirect processes
induced by cocaine. We have also found that acute cocaine pretreatment of
LLC-PK; cells does not affect DAT transport activity or PMA-induced trans-
port downregulation (Gorentla and Vaughan 2005). Thus, the preponderance
of evidence currently available indicates little potential for acute cocaine ef-
fects to directly influence DAT processes regulated by PKC, but the conflicting
results from the various studies indicate the need for further study of these
issues.

3
Future Perspectives

The only process identified to date that requires DAT phosphorylation is
substrate-induced efflux (Granas et al. 2003; Khoshbouei et al. 2004). The
mechanism by which this occurs remains to be determined, but presumably
phosphorylation induces a DAT conformation and/or interaction with binding
partners that is required for reverse transport to occur. Currently, there are no
findings that relate to DAT conformational changes or intramolecular domain
interactions regulated by phosphorylation, and although several DAT binding
partners have been identified, none of them has been demonstrated to be in-
volved with efflux or DAT phosphorylation. DAT binding partners identified to
date include: the multiple LIM domain-containing adaptor protein Hic-5, syn-
taxin 1A, and the receptor for activated C kinase (RACK-1), which bind to the
N-terminal tail (Carneiro et al. 2002; Lee et al. 2004); a-synuclein and the post-
synaptic density-95/discs large/zona occludens-1 (PDZ) domain-containing
PKC-interacting protein-1 (PICK-1), which complex with the C-terminal tail
(Lee et al. 2001; Torres et al. 2001); and PP2A, calmodulin, and synaptosome-
associated protein-25 (SNAP-25), whose interaction sites are currently un-
known (Bauman et al. 2000; Torres and Caron 2005). Interestingly, syntaxin
1A and SNAP-25 not only interact with DAT but can form stable complexes
with each other (Misura et al. 2001), and both PICK-1 and RACK-1 interact
with PKC (Ron et al. 1994; Mochly-Rosen et al. 1995; Staudinger et al. 1995,
1997). Scaffolds formed by these or other proteins may facilitate the formation
of complexes involved in DAT regulation, phosphorylation, or DA efflux, al-
though the involvement of DAT phosphorylation in such interactions remains
to be demonstrated.

Many other important aspects of DAT phosphorylation and regulation re-
main to be elucidated, including the identification of the kinase(s) involved
in the direct phosphorylation of the transporter, the signaling pathways con-
trolling DAT kinases and phosphatases in vivo, the stoichiometry of basal and



210 J. D. Foster et al.

stimulated phosphorylation, and the subcellular compartments in which phos-
phorylation and dephosphorylation occur. Elucidation of these properties and
other molecular mechanisms regulating DAT phosphorylation and function
may lead to the identification of novel therapeutic targets for the treatment
and prevention of dopaminergic disorders including schizophrenia, depres-
sion, attention deficit hyperactivity disorder, Parkinson’s disease, and drug
abuse.
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Abstract Neurotransmission within the mesocorticolimbic dopamine system has remained
the central focus of investigation into the molecular, cellular and behavioral properties
of psychostimulants for nearly three decades. The primary means by which dopamine
transmission in the synapse is terminated is via the dopamine transporter (DAT), the
presynaptic plasmalemmal protein that is responsible for the reuptake of released dopamine.
Numerous abused as well as clinically important drugs have important pharmacological
interactions with DAT. In general, these compounds fall into two categories: those that block
dopamine transport (e.g., cocaine, methylphenidate) and those that serve as substrates
for transport [e.g., dopamine, amphetamine and 3,4-methylenedioxymethamphetamine
(MDMA or “ecstasy”)]. Recent data from in vitro and in vivo studies have suggested that
DAT, like other biogenic amine transporters, share several characteristics with classical
ligand-gated ion channels. In addition, substrates for transport promote redistribution of
DAT away from the plasma membrane, while transport inhibitors such as cocaine disrupt
this process. In addition, presynaptic autoreceptors for dopamine have been implicated in
the modulation of DAT surface expression and function. The present chapter summarizes
some of the recent discoveries pertaining to the electrogenic properties of DAT and their
potential relevance to the effects of amphetamine-like stimulants on DAT function. Although
there are a number of intracellular and extracellular modulatory influences on dopamine
clearance that may play particular roles in psychostimulant action, we specifically focus on
the differential direct modulation of DAT function by transport substrates and inhibitors,
and we also discusses the role of presynaptic D2 receptors in transport regulation.
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1
Introduction: Dopamine Transmission and Psychostimulants

The dysfunction of dopaminergic pathways in the CNS has been strongly
implicated in the etiology and progression of several psychiatric and neurode-
generative disorders, including schizophrenia, attention-deficit hyperactivity
disorder, Parkinson’s disease and drug addiction. Furthermore, over three
decades of intense research have established a predominant role for dopamine
in the reinforcing and locomotor effects of psychostimulants such as cocaine,
amphetamine and methamphetamine. The primary neuroanatomical targets
for these compounds are the long-length dopaminergic circuits that project
from the ventral tegmental area and substantia nigra to several limbic and cor-
tical structures involved in cognition, emotion, goal-directed movement and
reward processes (Deutch et al. 1988; Le Moal and Simon 1991; Oades and Hall-
iday 1987). Most notable among the regions innervated by dopamine-releasing
neurons are the caudate putamen (dorsal striatum), nucleus accumbens (ven-
tral striatum) and prefrontal cortex, which have all been shown to serve critical
functions in the neurocellular and behavioral underpinnings of psychostimu-
lant addiction (Koob 1992; Wise 2002).

Evidence for the involvement of central dopaminergic transmission in re-
inforcement began to amass in the early 1970s, when the now-classic studies
using the neurotoxin 6-hydroxydopamine (6-OHDA) demonstrated that se-
lective depletion of dopamine interfered with appetitive behavior (Breese and
Traylor 1970; Fibiger et al. 1973). Other studies revealed specific roles for
mesolimbic and mesostriatal dopamine systems in amphetamine-stimulated
locomotor activity (Asher and Aghajanian 1974; Creese and Iversen 1974; Kelly
et al. 1975). In addition, lesioning of the nucleus accumbens with 6-OHDA,
as well as intra-accumbal administration of dopamine-depleting agents such
as a-methyltyrosine or dopamine receptor antagonists, were each shown to
attenuate cocaine (de la Garza and Johanson 1982; Pettit et al. 1984; Roberts
etal. 1977) or amphetamine (Davis and Smith 1973; Lorrain et al. 1999; Lyness
et al. 1979) self-administration. Consistent with these data were the findings
that animals will self-administer the selective dopamine reuptake inhibitor
nomifensine directly into the nucleus accumbens (Carlezon et al. 1995) and
that psychostimulant reinforcement is significantly and positively correlated
with the ability of these drugs to inhibit dopamine clearance (Ritz et al. 1987).
Collectively, these and many other findings established the framework for the
emerging hypothesis that the expression of psychostimulant reinforcement
was intricately coupled to dopamine homeostasis within mesocorticolimbic
“reward circuits” (Dackis and O’Brien 2001; Koob and Bloom 1988; Kuhar
etal. 1991).
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The strength of dopaminergic signaling depends on the amplitude and fre-
quency of neuronal activity leading to the release of dopamine and dopamine
functional interaction with pre- and postsynaptic receptors, as well as trans-
mitter longevity in the synapse. The latter process is regulated by enzymatic
degradation, by diffusion away from the synapse and by high-affinity reuptake
of dopamine into the presynaptic neuron (Glowinski et al. 1966). Of these,
reuptake appears to be the principal means of controlling the duration over
which dopamine is present in the extracellular space and is thus the primary
mechanism for terminating dopamine transmission (Giros et al. 1996; Hert-
ting and Axelrod 1961). This clearance process is mediated by the dopamine
transporter (DAT), a Na*/Cl™-dependent symport protein containing 12 pu-
tative hydrophobic transmembrane domains, intracellular amino and carboxy
termini, a glycosylated extracellular loop and several intracellular sites for
phosphorylation by a variety of protein kinases (Giros et al. 1991; Kilty et al.
1991; Shimada et al. 1991). The importance of dopamine uptake in dopamine
clearance has been further evinced by studies in DAT knockout mice (Gainetdi-
nov et al. 2002; Torres et al. 2003; Uhl et al. 2002). These mice are spontaneously
hyperactive and have basal extracellular levels of dopamine that persist within
the synapse at least 100 times longer when compared to their wild-type litter-
mates (Giros et al. 1996). Furthermore, acute administration of amphetamine
or cocaine has no effect on locomotor activity or dopamine release and uptake
in these DAT knockout mice (Giros et al. 1996). In light of these and many
other findings, DAT appears to be one of the key determinants of the fidelity of
dopaminergic synaptic transmission and a major molecular substrate for the
actions of psychostimulants.

Rapid and efficient clearance of dopamine prevents overstimulation of
dopamine receptors and reduces the metabolic demands on the presynap-
tic neuron for new synthesis and vesicular storage of dopamine. In previous
years, DAT was regarded as a static, unregulated component of the presynap-
tic membrane that operated at a relatively constant activity to remove excess
dopamine. However, a number of compelling discoveries in the transporter
field have emerged over the last decade, forcing researchers to re-evaluate the
importance of regulation of DAT function, both at the acute and chronic levels,
to psychostimulant pharmacology. While DAT inhibitors such as cocaine block
the reuptake of released dopamine from the synaptic cleft, amphetamine-like
substrates for DAT are transported inside the neuron, where they then deplete
vesicular dopamine and induce transmitter release (Sulzer et al. 2005). Adding
another layer of complexity to the regulation of dopamine clearance is the
relatively recent discovery that transporters for dopamine, like those for other
biogenic amines, undergo constitutive trafficking between intracellular com-
partments and the plasma membrane through processes that are differentially
modulated by substrates for, and inhibitors of, transmitter uptake (Beckman
and Quick 1998; Blakely and Bauman 2000; Kahlig and Galli 2003; Melikian
2004; Mortensen and Amara 2003; Saunders et al. 2000; Schmitz et al. 2003;
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Zahniser and Doolen 2001). These processes are thought to be phosphorylation
and activity dependent, and they appear to involve several different intracellu-
lar signaling systems. Thus, in light of the importance of DAT in maintaining
appropriate extracellular dopamine levels for optimal synaptic communica-
tion, the number and complexity of the regulatory influences on dopamine
reuptake may not be surprising.

While the overall relevance of DAT trafficking and functional regulation
to psychostimulant abuse remains to be fully clarified, it seems obvious that
elucidating the dynamic processes that govern dopamine clearance, as well
as how these mechanisms are altered by exposure to psychostimulants, will
supply additional insights that may prove crucial for our understanding of the
neural underpinnings of drug dependence and the potential development of
pharmacotherapeutic strategies for its treatment and prevention. The current
chapter surveys and discusses the ion channel-like properties of DAT as well as
the regulatory signals affecting transporter function and/or surface expression,
with an emphasis on the direct effects of DAT ligands and the indirect effects
of presynaptic dopamine receptors.

2
lon Channel-Like Behavior of the DAT

Cloning and characterization of DAT from a variety of species over the last
15 years have yielded a wealth of information regarding its structural, bio-
physical, pharmacological and functional properties (Giros et al. 1991, 1992;
Jayanthi et al. 1998; Kilty et al. 1991; Porzgen et al. 2001; Shimada et al. 1991;
Usdin et al. 1991; Wu and Gu 1999). Within these model systems, DAT ac-
tivity is non-competitively blocked by psychostimulants such as cocaine and
methylphenidate. In addition, DAT-mediated uptake of dopamine is inhibited
in a competitive fashion by pseudosubstrates such as amphetamine, metham-
phetamine and 3,4-methylenedioxymethamphetamine (MDMA or “ecstasy”).
Substrates for the DAT are transported inside the presynaptic dopaminergic
neuron; but unlike dopamine, amphetamine-like pseudosubstrates can induce
dopamine release from synaptic vesicles, causing its accumulation within the
cytosol (Sulzer et al. 1992, 1995). They can in turn evoke the efflux of dopamine
through the DAT into the perisynaptic space (Gnegy et al. 2004; Kahlig et al.
2005; Khoshbouei et al. 2004; Khoshbouei et al. 2003; Seidel et al. 2005).
DATs, like most Na*/Cl™-dependent transporters, mediate the translocation
of substrates across the plasma membrane and inside the cell. Since dopamine
must be moved against its concentration gradient, DAT thermodynamically
couples substrate translocation to the inward flux of ions, from which DAT
derives its electrogenicity (Amara et al. 1998; Kahlig and Galli 2003; Sonders
and Amara 1996). A so-called permeation pathway of co-transported ions has
been suggested for many years now to derive in part from specific substrate-
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induced conformational changes in internal and external “gates” within or
affiliated with transporter substructure (Jardetzky 1966). The binding of each
molecule of dopamine to DAT and its subsequent translocation into the cytosol
of the presynaptic neuron require the coordinated binding and cotransport of
two sodium ions and one chloride ion (Giros and Caron 1993; Gu et al. 1994;
Krueger 1990; Sonders et al. 1997). Proper DAT function is therefore mediated
by coupling the movement of sodium ions down their electrochemical gradient
to the transmembrane translocation of dopamine (Amara and Kuhar 1993;
Amara et al. 1998; DeFelice and Galli 1998; Lester et al. 1994; Sulzer and
Galli 2003). At physiological pH, dopamine is positively charged; thus, the
translocation of a single dopamine molecule along with two sodium ions and
one chloride ion is predicted to be electrogenic, with the translocation of two
positive charges for every transport cycle.

Until recently, it had been presumed that the ionic conductances affiliated
with DAT serve only as passive components necessary to thermodynamically
promote dopamine translocation. However, recent intriguing findings from
electrophysiological experiments have supported the notion that transporters
for biogenic amines exhibit biophysical characteristics akin to those of classical
voltage-gated and ligand-gated ion channels (Ingram et al. 2002; Sonders and
Amara 1996; Sulzer and Galli 2003). Within Xenopus laevis oocytes and het-
erologous expression systems, DAT function appears to be coupled to inward
current in response to application of dopamine or pseudosubstrates such as
amphetamine (Kahlig et al. 2004, 2005; Khoshbouei et al. 2003, 2004; Sitte et al.
1998; Sonders et al. 1997). However, there is an apparent disparity between
the theoretical and the empirically determined charge-to-flux ratio for DAT, in
that each dopamine transport cycle is coupled with a differential movement
of charge across the plasma membrane (Lester et al. 1996; Sonders and Amara
1996). The charge-to-flux ratios observed for DAT are actually greater than
those predicted from the proposed stoichiometric models for DAT-coupled
ion permeation, suggesting that some component of the transport-associated
currents is uncoupled from the process of dopamine translocation. Thus, it
has been suggested that DAT mediates electrical currents in two ways: one
that is coupled to dopamine translocation (transporter-like) and one that is
uncoupled (channel-like) but is partially sustained by dopamine movement.
DAT inhibitors such as cocaine block both components, which are stimulated
by substrates for transport such as dopamine or amphetamine (Kahlig et al.
2004, 2005; Sonders et al. 1997). The channel-like state has been suggested
to affect cellular excitability (Carvelli et al. 2004; Ingram et al. 2002) and to
represent a significant portion of the amphetamine-induced dopamine efflux
(Kahlig et al. 2005; Kahlig et al. 2004).

Patch clamp recordings combined with amperometry, a technique that al-
lows the identification and measurement of the number of dopamine molecules
by their oxidation/reduction potentials, has previously elucidated a channel-
like activity in detached patches containing the norepinephrine transporter
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(NET) (Galli et al. 1998). This activity correlated with amperometric spikes re-
flecting a channel mode of norepinephrine conduction that may be gated by the
substrate. Thus, it was proposed that norepinephrine was able to move across
the plasma membrane down its electrochemical gradient by way of a NET
aqueous pore (Galli et al. 1998). Similarly, recent amperometric recordings
in outside-out patches obtained from cells stably expressing the human DAT
(hDAT) and isolated midbrain dopamine neurons in culture have been used to
examine the electrogenic nature of dopamine transport (Kahlig et al. 2005). In
these studies, ion concentrations in the patch pipette were adjusted to those
that are observed during amphetamine stimulation. Under these conditions, it
was evident that DAT-mediated efflux of dopamine occurred through distinct
transporter-like and channel-like activities, demonstrating for the first time
that these two states of transport coexist (Kahlig et al. 2005). Transporter-like
activity occurred over a relatively slow process that was consistent with an
exchange model, whereas the channel-like mode of efflux occurred rapidly
and accounted for the efflux of substantial quantities of dopamine that approx-
imated those of a typical exocytotic release from dopamine vesicles (Kahlig
et al. 2005). This channel-like mode may contribute to the bursting pattern of
synaptic dopamine that is seen in midbrain neurons that are known to become
hyperactive in response to amphetamine-like psychostimulants.

While the precise ionic composition and physiological significance of mac-
roscopic DAT-mediated currents remains a matter of intense investigation,
recent work from Ingram and colleagues (2002) suggests that these currents
may be involved in the regulation of neuronal excitability. When examined
in rat mesencephalic cultures, dopamine was able to elicit sodium-dependent
inward currents that produced a depolarization leading to an enhanced neu-
ronal firing rate. This activation occurred at concentrations that are below
the threshold for activation of dopamine D2 autoreceptors and was likewise
mimicked by amphetamine. Surprisingly, these studies identified the primary
ionic conductance responsible for this excitation as chloride flux. Recent stud-
ies from Carvelli and collaborators (2004) have extended these findings by
examining single-channel activity associated with transporters expressed in
cultured dopaminergic neurons from Caenorhabditis elegans (DAT-1). This
study was consistent with the findings of Ingram et al. (2002) in that they
found that chloride ions permeate DAT-mediated single-channel currents.
Taken together, these studies suggest that, in addition to their primary role
in the uptake of released dopamine, DAT-mediated ion conductances stimu-
lated by amphetamine may actually participate in the maintenance of neuronal
excitation and thus be able to modulate the vesicular release of dopamine itself.
In this context it is important to point out that ionic conductances coupled to
monoamine transport may also influence the intracellular ionic milieu. For
example, Gnegy and colleagues (2004) demonstrated that amphetamine in-
creases intracellular calcium concentration in cells expressing hDAT. They also
utilized the patch-clamp technique in the whole-cell configuration to exam-
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ine the role of internal calcium in the ability of amphetamine to stimulate
dopamine efflux (Gnegy et al. 2004). In this study, it was demonstrated that
chelation of intracellular calcium produced a voltage-dependent decrease in
the amphetamine-induced current and dopamine efflux, which is consistent
with previous findings obtained in PC12 cells expressing the NET (Kantor
et al. 2001).

Recent studies suggested that the cytosolic sodium concentrations might
also be an important ionic regulator of amphetamine action at the DAT. For
instance, recent work from our laboratory (Khoshbouei et al. 2003) has sug-
gested that a rise in intracellular sodium levels may be necessary to drive
the DAT in reverse in response to amphetamine-like substrates. Using whole-
cell patch-clamping combined with amperometry, these studies showed that
DAT-mediated efflux of dopamine was cocaine-sensitive, voltage-dependent,
electrogenic and increased in proportion to the intracellular sodium level
within the recording electrode (Khoshbouei et al. 2003). Confocal microscopic
measurements of a sodium-sensitive fluorescent dye also indicated that in-
tracellular sodium accumulation increased with exposure to amphetamine
(Khoshbouei et al. 2003). This study proposed a novel two-step mechanism for
amphetamine action whereby: (1) Amphetamine first binds to and is trans-
ported by DAT, which leads to an influx of sodium ions; (2) The amphetamine-
induced inward current increases the availability of sodium ions inside the cell
having access to DAT, which—together with the transmembrane potential—
can promote the reversal of the transport cycle and induce dopamine release.
Previous findings from Sitte and colleagues (1998) first suggested this possi-
bility by demonstrating that the releasing properties of DAT substrates were
significantly and positively correlated with their ability to stimulate inward
currents through the transporter. Thus, based on this model, amphetamine-
evoked dopamine efflux is dependent on the ability of amphetamine to elevate
intracellular sodium concentration (Khoshbouei et al. 2003).

3
Regulation of DAT Function by Its Substrates

Amphetamine, like dopamine, serves as a substrate for DAT (as well as NET)
and also inhibits dopamine reuptake in a competitive manner (Heikkila et al.
1975; Jones et al. 1999; Khoshbouei et al. 2003). However, probably the most
well-known pharmacological property of amphetamine is its ability to promote
the reversal of dopamine transport, inducing the release of transmitter into
the synapse (Pierce and Kalivas 1997; Sulzer et al. 2005). In 1979, Fischer and
Cho proposed a model to explain this characteristic of amphetamine, which
has come to be known as the facilitated exchange diffusion model (Fischer
and Cho 1979). According to this model, amphetamine first binds to DAT,
which is primarily in an outward (extracellular)-facing confirmation; but as
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it gets transported into the neuron, there is a conformational shift such that
more transporters are oriented inward toward the cytosol. Transporters in
this inward confirmation are then able to bind intracellular dopamine, upon
which DAT confirmation reverts back to the outward-facing orientation to re-
lease dopamine into the extracellular space. A parallel process described by
the weak base or vesicle depletion model to explain amphetamine’s dopamine-
releasing actions has also emerged in more recent years (Sulzer et al. 1992;
Sulzer and Rayport 1990). Sulzer and colleagues suggest that amphetamine,
acting as a weak base, causes the release of dopamine from synaptic vesicles,
which raises intracellular dopamine to levels favoring its passive diffusion
down its concentration gradient through DAT and outside the cell. At present
there is ample evidence that at least some aspects of both models are con-
tributing to the myriad pharmacological actions of amphetamine (Sulzer et al.
2005).

The regulation of DAT function by amphetamine-like psychostimulant sub-
strates has been an area of intense and fruitful investigation in recent years
(Gulley and Zahniser 2003; Kahlig and Galli 2003; Saunders et al. 2000; Sulzer
and Galli 2003). It was demonstrated in work from Fleckenstein and colleagues
that a single systemic injection of amphetamine (Fleckenstein et al. 1999),
MDMA (Metzger et al. 1998) or methamphetamine (Fleckenstein et al. 1997)
could induce a significant attenuation in dopamine uptake into striatal synap-
tosomes when prepared within 1 h after administration. These effects are
reversible and appear to result from a decrease in V. for dopamine uptake
(transporter affinity for dopamine was generally unaffected), suggesting that
the number of DATs on the plasma membrane could have been downregulated
by acute drug exposure. Notably, the total DAT protein level in the cell does not
appear to be affected by this acute treatment (Kokoshka et al. 1998). In vitro in-
cubation of striatal synaptosomes with methamphetamine also caused a dose-
and time-dependent reduction in dopamine uptake that required the activity of
protein kinase C (Kim et al. 2000; Sandoval et al. 2001). These data are consistent
with those collected recently by Gulley and colleagues (2002), who showed that
arepeated, intermittent, 1-min exposure of amphetamine to oocytes expressing
hDAT resulted in a downregulation in transporter-associated currents. This re-
port also demonstrated using high-speed chronoamperometry that clearance
of exogenously applied dopamine was reduced in the dorsal striatum (but not
nucleus accumbens) of anesthetized rats (Gulley et al. 2002).

In addition to direct competition for substrate binding sites, the ability of
substrates for DAT to directly modulate transporter expression on the plasma
membrane surface represents a short-term, rapid and dynamic regulation of
DAT function that affords them the capacity to acutely respond to momen-
tary fluctuations in synaptic dopamine. The fact that this regulation often
results from a loss of DAT activity, observed as a reduced Vyax with typi-
cally little or no change in the apparent Ky, has led many investigators to
speculate that these acute effects on dopamine uptake derive from alterations
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in transporter trafficking. Saunders and colleagues (2000) showed that sub-
strates for transport induce internalization of cell surface transporters in cells
expressing hDAT. Within the first 20 min of an hour-long exposure to 2 pM
amphetamine, a redistribution of DAT immunofluorescence from the plasma
membrane surface to intracellular compartments was clearly visible and was
blocked by inclusion of the DAT inhibitors cocaine, nomifensine or mazindol
in the incubation medium (Saunders et al. 2000). Trafficking of the DAT, which
appeared to be mediated by endocytic mechanisms, coincided with a signif-
icant functional decrease in [ H]dopamine uptake (Chi and Reith 2003) and
transporter-associated ionic conductances (Chi and Reith 2003; Saunders et al.
2000). Thus, these data contributed to the emerging view that, similar to other
neurotransmitter transporters (Ramamoorthy et al. 1998), DAT functions as
a dynamic molecule within the membrane bilayer whose acute regulation via
trafficking reduces the number of transporters available to clear extracellular
dopamine and thereby exacerbates the cytotoxic effects of hyperdopaminergia.

In addition to the amphetamine-like psychostimulants, it appears that the
endogenous substrate dopamine is able to acutely attenuate DAT levels on the
cell surface. In the studies by Saunders and colleagues above, cell-surface re-
distribution of DAT was demonstrated by redistribution of hDAT-associated
immunofluorescence after a 1-h incubation with 10 pM dopamine and was as-
sociated with a significant attenuation in the uptake of [*H]dopamine (Saun-
ders et al. 2000). In other studies from Chi and Reith (2003), 10-100 pM
dopamine exhibited a concentration-related diminution in the subsequent
Vmax for dopamine transport. These effects were apparent after only 10 min
of incubation with dopamine and persisted for up to 1 h (Chi and Reith 2003).
Similar to the findings of Saunders et al. (2000), these studies found that the
reduced V. that occurred after incubation with 100 pM dopamine corre-
sponded with decreases in plasma membrane DAT. Using cleavable biotiny-
lation methods, the downregulation of DAT from the cell surface appeared
to result from an increased rate of endocytosis (Chi and Reith 2003). Recent
studies from our laboratory have extended these findings using electrophys-
iological measures of DAT function combined with imaging techniques that
assess this DAT redistribution process (Kahlig et al. 2004). These studies sug-
gested that the amphetamine-evoked loss in hDAT function was mediated by
a removal of active transporters from the cell surface (Kahlig et al. 2004).

In vivo studies have also suggested that DAT may undergo a relatively rapid
rate of constitutive recycling to and from the plasma membrane. Brief, re-
peated exogenous application of dopamine resulted in a substantial reduction
in dopamine clearance as measured by in vivo voltammetry within the dor-
solateral striatum of anesthetized rats (Gulley et al. 2002). This effect was
apparent after dopamine was applied every 2 min, when the amount of extra-
cellular dopamine oxidized at the carbon fiber electrode was elevated by ap-
proximately two- to threefold above baseline. When longer intervals between
repeated dopamine applications were tested, this effect was not observed; thus,
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these data indicate a relatively short time course for dopamine-related electro-
chemical measures suggestive of a rapid reduction in DAT clearance capacity
in vivo. These data are also consistent with the ability of 10 pM dopamine to re-
duce hDAT labeling with the cocaine analog [*’H]WIN35428 in oocytes (Gulley
et al. 2002), suggesting that the dopamine-induced attenuation in transporter
activity resulted from a reduction in DAT levels on the cell surface. However,
since these reports utilized relatively high concentrations of exogenously ap-
plied dopamine, the relevance of these effects to the regulation of synaptic
dopaminergic tone remains to be fully clarified.

4
Regulation of DAT Function by Its Inhibitors

While exposure to DAT substrates appears to induce internalization and recy-
cling of DAT, there are also reports that inhibitors of dopamine reuptake have
the ability to promote an acute upregulation of transporter accumulation at
the plasma membrane surface. For instance, exposure of cells stably express-
ing hDAT to 10 pM cocaine for 10 min results in an increased expression of
cell-surface DAT biotinylation and a 30% upregulation of dopamine transport,
suggesting that dopaminergic synapses may be capable of rapid alterations
in uptake capacity (Daws et al. 2002). In further support for the possibility
that this rapid upregulation in DAT function is taking place in vivo, a single
injection of cocaine (30 mg/kg, i.p.) in rats produces a substantial (56%) in-
crease the Viay for dopamine uptake into nucleus accumbens synaptosomes,
with no significant change in substrate affinity for the transporter (Daws et al.
2002). These studies also showed, using in vivo amperometric measurements
in anesthetized rats, that intrastriatal application of low cocaine concentrations
enhanced the clearance rate of dopamine (Daws et al. 2002). Collectively, these
findings are consistent with the novel hypothesis that inhibitors of dopamine
uptake are able to acutely mobilize DAT to the cell surface in the initial stages
of transport blockade. This acute upregulation was also observed in studies
by Little and colleagues (2002), who showed that in murine neuroblastoma
neurons stably transfected with hDAT, increases in [PH]WIN35428 binding,
and [*H]dopamine uptake were apparent after the cells had incubated (12 and
3 h, respectively) with 1 uM cocaine. These changes in DAT function appeared
to result from upregulation of cell surface DAT, while total protein levels and
messenger RNA (mRNA) abundance were not affected by cocaine treatment
(Little et al. 2002). These data suggest that inhibitors of dopamine uptake may
play opposing roles compared with substrates for transport.

It is currently unclear whether the effects of cocaine on DAT activity de-
scribed above, which occur on an acute timescale, play a significant role in the
behavioral or addictive properties of psychostimulants. However, as has been
well-studied in animal models, long-term regulation of DAT function may
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manifest as a consequence of repeated (i.e., chronic) cocaine treatment. For in-
stance, exposure of male Long-Evans rats to repeated daily cocaine (15 mg/kg
per day, i.p.) for 2 to 3 weeks led to robust increases in [*H]cocaine binding
throughout the striatum and cortex, which the authors speculated underlies
a supersensitivity to the pharmacological and behavioral effects of cocaine
(Alburges et al. 1993). Similarly, on the last day of chronic unlimited-access
cocaine self-administration, male Wistar rats displayed nearly a 70% increase
in [*H]JWIN35428 binding in the nucleus accumbens (Wilson et al. 1994).
Cocaine-overdose victims have also displayed a potentiation in DAT binding
throughout the basal ganglia (Little et al. 1993; Staley et al. 1994) and enhanced
DAT function, as determined in cryopreserved striatal synaptosomes obtained
within 24 h after autopsy (Mash et al. 2002). In contrast to the acute treat-
ment, it is not currently known if the above chronic changes reflect functional
alterations in DAT trafficking and redistribution from the cell surface.

5
Dopamine D2 Receptor Modulation of DAT Function

Of all the receptors systems shown to influence DAT function, the dopamine D2
receptor has received the most attention, in keeping with the well-established
role of these receptors in mediating many of the behavioral effects of ampheta-
mine-like psychostimulants (Amit and Smith 1992; Clark et al. 1991; Furmidge
et al. 1991; Lynch and Wise 1985; Yokel and Wise 1975). While presynaptic
D2 autoreceptors have been known to downregulate transmitter synthesis and
release (Langer 1997), anumber of in vivo, ex vivo, and in vitro studies have sug-
gested that these receptors may also serve to augment DAT function. This novel
property of D2 receptors is consistent with the general theory of the function
that is inherent to receptor-mediated autoregulation: namely, that its net effect
is to reduce dopamine signaling in the synapse. Over 12 years ago, Parsons
and colleagues demonstrated that pretreatment with the selective D2 receptor
antagonist pimozide resulted in attenuation in the ability of repeated daily
exposure to cocaine DAT function (Parsons et al. 1993). It was also shown that
when dopamine is exogenously applied within the striatum, nucleus accum-
bens, or prefrontal cortex, blockade of D2 (but not D1) receptors attenuates
dopamine clearance rates as determined by in vivo voltammetry (Cass and
Gerhardt 1994). Furthermore, the neuroleptic drug haloperidol, also a D2-like
receptor antagonist, has also been shown to inhibit the uptake of exogenously
applied (Cass and Gerhardt 1994) or electrically evoked (Benoit-Marand et al.
2001) dopamine in the dorsolateral striatum. Other studies using rotating disk
voltammetry revealed that the velocity of dopamine transport within minced
striatal tissue is enhanced by the D2-like receptor agonist quinpirole (Batche-
lor and Schenk 1998; Meiergerd et al. 1993). In synaptosomes prepared from
the ventral striatum (i.e., nucleus accumbens), quinpirole dose-dependently
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enhanced dopamine uptake, an effect that was blocked by the D2-selective,
irreversible alkylator N-isothiocyanatophenethyl spiperone (Thompson et al.
2001).

Recent data collected in D2 receptor knockout mice add further support
for the involvement of D2 receptors in promoting dopamine uptake. Com-
pared to their wild-type littermates, D2 receptor knockout mice have a re-
duced clearance of exogenously applied dopamine (Dickinson et al. 1999).
While basal and evoked levels of dopamine release were similar between con-
trols and D2 receptor knockout mice, their response to the D2 antagonist
raclopride were markedly different: wild-type mice displayed a drug-induced
attenuation in dopamine uptake, whereas mutant mice were unchanged (Dick-
inson et al. 1999). These data provide compelling evidence that D2 receptors
could positively regulate DAT function to enhance dopamine clearance ca-
pacity (however, see Prasad and Amara 2001). One potential explanation for
these data is that D2 receptors may be able to mobilize DATs to the plasma
membrane surface through alterations in transporter trafficking (discussed
in Gulley and Zahniser 2003). For instance, in oocytes co-expressing the hu-
man D2 receptor and hDAT, activation of D2 receptors led to an increase in
[PH]WIN35428 binding and a corresponding increase in [*H]dopamine uptake
that was voltage-independent and pertussis-toxin sensitive and which resulted
from a potentiated Viyax (Mayfield and Zahniser 2001). These data suggest
that D2 receptors can redistribute DATs from inside the cell to the membrane
surface through processes that require the rapid involvement of inhibitory
G protein (Gj/o) signaling. In addition to the ability of D2 receptors to directly
influence DAT function, it was also recently reported by Kimmel and colleagues
(2001) that D2 receptors can regulate the turnover and degradation rates for
DAT. In that study, quinpirole treatment resulted in a decrease in transporter
half-life within the striatum, while having the opposite effect in the nucleus
accumbens (Kimmel et al. 2001). Thus far, these findings as well as those from
other studies suggest that direct modulation of DAT function may be mediated
by D2 dopamine receptor activation. It is possible that some component of this
modulatory signal may somehow become dysregulated as a consequence on
long-term exposure to psychostimulant drugs acting on the DAT.

6
Summary

The reuptake of dopamine, mediated by DAT, is a critical determinant of the
efficiency of dopamine transmission and is the primary target for the actions of
psychostimulants. Several lines of evidence support the notion that DAT activ-
ity, like that of other biogenic amine transporters, is dynamically influenced by
anumber of regulatory mechanisms. Many of these processes occur acutely and
transiently and involve rapid modulation of the ionic conductances associated
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with dopamine transport. DAT exhibits a channel-like activity that may afford
it the ability to rapidly influence the intracellular ionic environment and po-
tentially modify the signaling cascades coupled to transport function. Further-
more, psychostimulants appear to have differential effects on the acute process
of redistribution of DAT cell-surface expression, depending on how these com-
pounds interact with the transporter. While amphetamine-like substrates have
been shown to reduce cell-surface DAT, cocaine and other DAT inhibitors tend
to transiently upregulate transporter levels on the plasma membrane. Although
there are many receptor-effector systems that have been shown to modulate
the clearance of dopamine, one of the most thoroughly studied processes
involves the activation of presynaptic, Gjjo-coupled D2 dopamine receptors.
There is recent evidence to suggest that, in addition to their well-established
autoregulatory effects on dopamine release and synthesis, D2 receptors may
also stimulate an increase in DAT function by promoting the expression of
more transporters on the cell membrane and possibly regulating the turnover
of DAT molecules.
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Abstract Cellular localization of neurotransmitter transporters is important for the precise
control of synaptic transmission. By removing the neurotransmitters from the synaptic
cleft, these transporters terminate signalling and affect duration and intensity of neuro-
transmission. Thus, a lot of work has been invested in the determination of the cellular
compartment to which neurotransmitter transporters localize. In particular, the polarized
distribution has received substantial attention. However, trafficking of transporters in the
early secretory pathway has been largely ignored. Oligomer formation is a prerequisite for
newly formed transporters to pass the stringent quality control mechanisms of the endo-
plasmic reticulum (ER), and this quaternary structure is also the preferred state which
transporters reside in at the plasma membrane. Only properly assembled transporters
are able to recruit the coatomer coat proteins that are needed for ER-to-Golgi traffick-
ing. In this review, we will start with a brief description on transporter oligomerization
that underlies ER-to-Golgi trafficking, followed by an introduction to ER-to-Golgi traffick-
ing of neurotransmitter transporters. Finally, we will discuss the importance of oligomer
formation for the pharmacological action of the illicitly used amphetamines and its deriva-
tives.

Keywords Na*/Cl -dependent neurotransmitter transporters - Oligomer formation -
Quaternary structure - Endoplasmic reticulum - Golgi apparatus - Export mechanisms



234 H. Farhan et al.

1
Oligomerization of Neurotransmitter Transporters

Neurotransmitter:sodium symporters (NSS) (Busch and Saier 2002) exist as
constitutive oligomers at the plasma membrane of living cells (Sitte et al.
2004; Sitte and Freissmuth 2003; Torres et al. 2003b). This notion is in line
with observations in related neurotransmitter transporter families (e.g. for
amino acids like glutamate: Seal and Amara 1999) or transmembrane (TM)
transporters of different species, for instance bacteria (Veenhoff et al. 2002).
Most recently, the crystal structure has been solved for a bacterial homologue
of neuronal monoamine transporters in mammals, i.e. a leucine transporter
(LeuT) derived from Aquifex aeolicus (Yamashita et al. 2005). The level of ho-
mology between TM spanning helices is remarkably high in some segments,
although a direct sequence alignment shows little overall similarity to NSS
[(similarity analysis performed at www.expasy.org; result given as a percent-
age) for example: 26.9 to human dopamine transporter (hDAT; gb-544626),
26.8 to the rat y-aminobutyric acid transporter (rGAT1; gb-M59742)]. It is of
obvious importance for the present chapter that the LeuT has been crystallized
in a dimeric—i.e. the smallest possible—oligomeric complex (Yamashita et al.
2005). Hence, the first section will focus on earlier experiments designed to
map possible contact sites in different NSS members; the resulting—largely
circumstantial —evidence for specific contact sites will be reviewed for plau-
sibility by comparing the predictions with the new structural information
obtained from the LeuT.

1.1
The Structural Basis of Oligomer Formation

The search for contact sites in NSS was driven by the existence of different
sequence motifs that resembled motifs described in either phospholamban or
glycophorin A (GXXXG; MacKenzie and Engelman 1998; Popot and Engelman
2000; White and Wimley 1999) or a leucine repeat region found to underlie
oligomerization of transcription factors (Heldin 1995). The GXXXG motif has
been described in the sixth TM domain of the dopamine transporter (DAT)
(Hastrup et al. 2001) and has been shown to be present in different other NSS
members (Sitte et al. 2004). Similarly, a leucine heptad repeat has been shown
to be more or less well conserved among different NSS members (Amara and
Kuhar 1993), as well as a previously reported bacterial NSS homologue, a trans-
porter for tryptophan that has been found in Symbiobacterium thermophilum
(Androutsellis-Theotokis et al. 2003). The y-aminobutyric acid (GABA) trans-
porter GAT1 contains a canonical leucine heptad repeat in the second TM
domain; four leucines (in positions 83, 90, 97 and 107; Scholze et al. 2002) are
separated by six intervening amino acid residues each, and this is also true for
the DAT (Torres et al. 2003a). Mutational exchange of these leucines leads to
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intracellular retention of the mutant GAT1 and DAT constructs. In the case of
GAT1, this retention was accompanied by a loss in the efficiency of fluorescence
resonance energy transfer (FRET) between fluorescently tagged transporters
(Scholze et al. 2002). These results were consistent with the conclusion that
the leucine heptad repeat in TM domain 2 of GAT1 supports oligomer forma-
tion. Importantly, the intracellularly retained transporters are not misfolded,
because they still afford substrate transport with a reasonably well-preserved
affinity for substrate (Scholze et al. 2002). A second leucine-rich repeat has
been described in TM9 of the hDAT (Torres et al. 2003a); however, obliteration
of that motif affected neither the activity nor localization of the transporter.

As succinctly argued by Engelman’s group, a leucine-rich region cannot
establish a self-sustained protein-protein contact in the hydrophobic milieu
of the membrane (Zhou et al. 2001). Polar residues are needed to stabilize
these interactions by establishing hydrogen bonds. Hence, we searched for
possible partners sandwiched in between the leucine-rich stretch to support
the oligomeric contacts between single TM2s in GAT1 (Korkhov et al. 2004).
Based on results obtained with FRET and p-lactamase complementation assay
(Galarneau et al. 2002), we identified a tyrosine residue in position 86 and pro-
posed a glutamate residue in position 101 which were apparently required for
oligomer formation (Korkhov et al. 2004). Glu!'®! apparently fulfilled the crite-
ria required for its serving as the hydrophilic glue which stabilized the helix-
helix interaction by acting as a hydrogen bond donor (Korkhov et al. 2004).
In contrast, the tyrosine residue was interpreted to participate in hydropho-
bic stacking (e.g. m-m stacking interactions) because it could be replaced by
phenylalanine.

Before examining this interpretation against the published LeuT-crystal
structure, one has to take into account that the obvious heterogeneity of the NSS
family (Nelson 1998). Alignment of TM2 shows that a canonical leucine heptad
repeat is not present in the serotonin transporter (SERT) (Sitte and Freissmuth
2003); with alanine in position 125, TM2 of SERT cannot possibly function as
a leucine zipper because there would be a large cavity. While TM2 of DAT and
GAT1 apparently play important roles in the assembly of proper transporter
oligomers (Scholze et al. 2002; Torres et al. 2003a), this is obviously not the
case for SERT; mutational exchange of two additional leucines to alanines in
TM2 of SERT do not impede the correct localization of SERT to the plasma
membrane (H. Just, H.H. Sitte and J. Freissmuth, unpublished observation).
Hence, oligomerization is achieved by different means in SERT. This notion is
also supported by a survey of contact sites in SERT that clearly pointed to an
additional, third contact site within the TMs 11 and 12 (Just et al. 2004).

How do the interaction domains and the discrepancies described above fit
with the recently resolved crystal structure? As shown in Fig. 1A, the high-
lighted TM2 of LeuT is only partially accessible from the lateral side (that is
from the lipid phase of the membrane, see white curvature to indicate acces-
sibility). There are two bulky masses (Fig. 1, white arrows) near the edges of
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the plasma membrane that somewhat sterically hinder a vertical, non-angled
interaction of two adjacent, oligomerizing transporters. In particular, there is
the large extracellular loop 3 that connects TMs 5 and 6 at the outward-facing
plane of the membrane and intracellular loop 5 that forms the connection
between TMs 10 and 11. Given that TM2 is thus only partially accessible, it ap-
pears far-fetched to assume that a completely buried glutamic acid side chain
is involved in extensive hydrogen bonding between subunits. Nevertheless, if
inspected more closely, the sequences in TM2 diverge at several positions; this
also true for the bulky extra- and intracellular segments that limit the move-
ment of TM2 in SERT (Fig. 1). Thus, it is conceivable that TM2 supports the

Fig. 1 A Model of the leucine transporter from A. aeolicus. The leucine transporter (LeuT)
was discovered as a bacterial homologue to the human monoamine transporters. Shown is
aside view of the LeuT to illustrate that the a-helical transmembrane domain 2 (represented
as solid, white ribbon) is—at the very least—partially accessible to the lipid phase of the
membrane. The arrows point to bulky protein masses of LeuT that may pose obstacles for
any protein-protein interaction (but that are absent in eukaryotic NSS). b-D The leucine
heptad repeat in TM2 of LeuT. Close-up view of transmembrane domain 2 (as seen from top
in B, rear in C and front in d): The amino acids corresponding to the “leucine heptad repeat”
in GAT1 and DAT is depicted by showing the amino acid side chains in black (indicated
by arrows). TM2 is shown as white ribbon; the accessible space (indicated in Fig. 1A as
curvature) is located at the right side
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assembly of the quaternary structure of several NSS members, while it clearly
does not do so in LeuT; the sequence of LeuT’s TM2 shows that it contains two
methionines, a phenylalanine and one leucine in the positions that in GAT1
are occupied only by leucines. In fact, LeuT resembles SERT in this respect
much more than any other member of the NSS family. Furthermore, as shown
in Fig. 1B, the amino acid side chains are only partially accessible in TM2.
Hence, at the present state, it is safe to conclude that (1) TM2 does not mediate
direct subunit contacts that drive oligomer formation in SERT (and LeuT) and
(2) the current evidence does not allow us to decide whether the effect of TM2
mutations on oligomer formation result from a direct impact on the oligomeric
interface or a structural rearrangement that acts at a distance.

As mentioned, SERT oligomerization is stabilized by a hypothetical contact
site in a region comprising TM11/TM12 (Just et al. 2004). In the LeuT crystal,
the dimer interface is formed by TM9 and TM12. While it is tempting to
incorporate the structural information of LeuT into a model of the interface
in the SERT quaternary structure (Hirai and Subramaniam 2004), a glance at
the primary structure is sobering, for it is readily evident that the sequences
of these TM domains are completely divergent (Yamashita et al. 2005).

2
The ER Export

Oligomer formation plays an important role in trafficking of NSS, in particular
for their export from the endoplasmic reticulum. Hence, we will briefly sum-
marize of the current model of membrane protein export from the endoplasmic
reticulum.

After synthesis of membrane proteins by ribosomes of the rough endoplas-
mic reticulum, proteins are integrated into the membrane of the endoplasmic
reticulum (ER). A stringent quality control ensures that only correctly folded
proteins are allowed to exit the ER. The ER provides an environment that is
optimized for protein folding and maturation. Like other organelles of the
secretory pathway, the lumen of the ER is topologically equivalent to the ex-
tracellular milieu. The ER lumen differs from the cytosol with respect to ionic
concentration and the complement of molecular chaperons. The first post-
translational modifications also take place in the ER such as N-glycosylation,
disulphide bond formation, signal peptide cleavage, glycophosphatidylinosi-
tol (GPI)-anchor addition and proline hydroxylation (Ellgaard and Helenius
2003). Typically, proteins are concentrated into sub-domains of the rough ER
that are free of ribosomes and in which protrusions can be seen that resemble
budding vesicles (Orci et al. 1991). These are referred to as ER exit sites (ERES).
Proteins in ERES are still subject to ER-based quality control (Mezzacasa and
Helenius 2002). ERES are coated by components of the coat protein (COP)II
coat complex. COPII-coated vesicles mediate the first step of ER export. The
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core components of the COPII coat are: Sarl, the Sec23-Sec24 complex and
the Sec13-Sec31 complex. Sarl is a small (21 kDa) Ras-like GTPase. Guanine
nucleotide exchange is achieved by Sec12, which is a type II TM protein.

Activated Sarl is recruited to the membrane of the ER by means of a hy-
drophobic sequence in its N-terminus. Subsequently, the Sec23-Sec24 dimer
is recruited; this results in the formation of an oligomeric assembly which is
referred to as the pre-budding complex. While Sec23 is the GAP (GTPase ac-
tivating protein) for Sarl (Yoshihara et al. 1999), the main function attributed
to Sec24 is to recognize cargo (Miller et al. 2003; Mossessova et al. 2003). The
outer layer of the COPII coat is formed by the Sec13-Sec31 heterotetramer,
which accelerates GTP hydrolysis by Sarl. The coat lattice is thought to induce
a membrane curvature that forces the budding of vesicles. In yeast, COPII
vesicles reach the Golgi. In mammalian cells, COPII vesicles fuse with the in-
termediate compartment (ERGIC). Export from the latter compartment to the
Golgi is regulated by another type of coat called COPL.

We have recently investigated the role of the carboxyl terminus of GAT1 in
intracellular trafficking (Farhan et al. 2004). Previous work has suggested a role
of the last 39 amino acids in determining surface expression of the transporter
(Bendahan and Kanner 1993). On the other hand, a later report suggested that
thelast 36 amino acids are dispensable for GAT1 trafficking (Perego et al. 1997).
However, we were not able to reproduce the results of Perego et al. (1997). In
fact, we found a Sec24D interaction motif in the carboxyl terminus of GAT1;
this motif is located between amino acids L>**~Q>72. This assignment is based
on observations obtained by using fluorescence resonance energy transfer. In
the meantime, we verified the finding by employing a GST pull-down assay
(H. Farhan, V. Reiterer, M. Freissmuth, unpublished result). The exact role of
this interaction in trafficking of GAT1 is currently under investigation.

2.1
Selective Export Vs Selective Retention

In principle there are two mechanisms by which ER export can contribute to
the control of surface expression: selective export and selective retention. In
the case of selective export, ER export motifs mediate the interaction with
components of the COPII machinery that drive their sorting into COPII coated
vesicles. There are two types of ER export motifs, di-acidic and di-hydrophobic
motifs. In addition, several atypical motifs have been reported (e.g. NPF in
Sed5p and R/K-X-R/K in the galactosyltransferase). ER exit via selective ex-
port implies that proteins are retained in the ER if these motifs become inac-
cessible. Recently, the molecular mechanism of ER retention of cystic fibrosis
transmembrane regulator (CFTR)-AF508 was uncovered (Wang et al. 2004).
The authors found that a 563YKDAD567 motif in the nucleotide binding do-
main 1 mediates the interaction with Sec24. In CFTR-AF508 this motif becomes
inaccessible to Sec24. Therefore the protein is retained. In line with this finding
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is the observation that CFTR-AF508 escapes to the plasma membrane when
cells are incubated at reduced temperature (Denning et al. 1992), a condition
that facilitates folding.

Selective retention is based on the exposure of retention motifs by newly
synthesized proteins. The best-characterized retention motif is RXR (where X
is any amino acid). The protein can only escape from the ER when this motif
is marked. The GABAg receptor is a prominent example. This receptor is com-
posed of two subunits: GB1 and GB2. GB1 exposes an RXR motif, which causes
ER retention. GB1 is produced always in excess. The rate-limiting factor for the
cell-surface expression of GABAp receptors is the production of GB2, which
hetero-oligomerizes with GB1 and hides its retention motif. In addition, GB2
provides an ER export motif. The same principle is true for the NR1 and NR2
subunits of the N-methyl-p-aspartate (NMDA) receptor (Standley et al. 2000).
The nature of the selective retention mode implies that these proteins have to
escape the ER as oligomers such that one partner covers the retention motif of
the other. So far there is no direct evidence that neurotransmitter transporters
use this mode of export and that this underlies their oligomeric assembly.
However, Kalandadze et al. (2004) recently reported that a leucine-based motif
in the glutamate transporter GLT-1 mediates ER export. This motif is com-
posed of six leucines and it does not match any trafficking motif reported in
the literature. Mutation of these residues to alanine (L6/A6) led to retention of
the transporter in the ER. In addition, an arginine-based motif adjacent to the
export motif mediates ER retention. When the RXR motif was mutated, surface

I Secl12
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N . . Sec23/24
—
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Fig.2 Model of COPII coat assembly and budding from the ER. The Sar1p GTPase is activated
at export sites by the guanine nucleotide exchange factor Sec12p. Activated Sarl together
with Sec23/24 forms the pre-budding complex. Subsequently the Sec13/31 heterotetramer
is recruited. This leads to coat polymerization and membrane deformation
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expression of the L6/A6 mutant was partially restored. The authors concluded
that the mode of GLT-1 ER export was selective retention. According to the
available architecture of GLT-1 at the time of publication, both motifs were
supposed to lie in an extracellular loop. In other words, this loop was predicted
to lie in the ER lumen; it was therefore conceptually difficult to grasp the signif-
icance of the observations, because this extracellular loop would not have any
access to cytosolic components that mediate incorporation into COPII vesi-
cles. The crystal structure of a bacterial glutamate transporter was resolved
recently and revealed a number of unusual features, which were not appreciated
by algorithms used for structural predictions based on sequence information
(Yernool et al. 2004). When the sequences of GLT-1 and the bacterial homo-
logue are compared (Fig. 2), the leucine-based motif is partially located in
the extracellular loop and partially in TM8. The RXR motif is confined to
TM8. This TM domain is not part of the oligomeric interface. Therefore, it is
not covered upon trimerization of the transporter. It is therefore likely that
the mutations of the leucine-based and of the RXR motif summarized above
impinged on ER-export by indirect effects on the structure of GLT-1.

3
Oligomerization and ER Export

We (Schmid et al. 2001b) and others (Sorkina et al. 2003) reported that
neurotransmitter transporters exist as constitutive oligomers in living cells.
Oligomers form already in the ER (Scholze et al. 2002; Sorkina et al. 2003).
Based on these observations, we put forth the “oligomerization hypothesis”
which postulates that oligomerization is a prerequisite for ER-export. The
hypothesis makes several predictions that have been verified:

1. Mutations that disrupt oligomer formation result in ER retention of trans-
porters (Scholze et al. 2002; Torres et al. 2003a).

2. Proteins are retained in the ER because they lack an export signal or because
they carry a retention signal (see Sect. 2.1). Mechanistically, oligomeriza-
tion must result either in complementation of the export signal or in the
masking of a retention signal. As mentioned above (Sect. 2), the amino
acid residues L3°-Q”2 in the carboxyl terminus of GAT1 support biding
of Sec24D and are therefore a bona fide export signal (Farhan et al. 2004).
However, oligomeric assembly of GAT1 is not required for the interac-
tion with Sec24D; when co-expressed with an appropriately tagged Sec24D,
an oligomerization-deficient mutant of GAT1 (GAT1-L2A) still supported
a robust FRET that was visualized over the endoplasmic reticulum. Never-
theless, GAT1-L2A failed to exit the ER. This finding can be rationalized in
a model where oligomers are required for efficient recruitment of Sec24D
and subsequent coat assembly because the export motifs in the carboxyl-
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termini are presented in optimal orientation. This arrangement affords the
rapid assembly of the COPII coat and thus budding of COPII vesicles.

3. The acid test for a concept is its ability to explain the biological consequence
of amutation, in particular the phenotypic consequences of a clinically rele-
vant disease. Familial orthostatic intolerance was recently found to be caused
by a mutation in one allele of the norepinephrine transporter (NET-A457P)
(Shannon et al. 2000). This mutation is associated with a loss in more than
90% of NET activity. Thus, only one allele needs to be affected to essen-
tially abrogate norepinephrine transport and heterozygous individuals are
affected. This can only be accounted for by a dominant-negative effect of the
mutant protein on the NET encoded by the normal gene. The “oligomeriza-
tion hypothesis” predicts this dominant-negative effect. A mutated protein
which is retained in the endoplasmic reticulum is phenotypically dominant
if it associates with the protein encoded by the normal allele. This was the
case; when co-expressed with wild-type NET, NET-A457P prevents the in-
sertion of the wild-type transporter into the plasma membrane. Both wild
type and mutant NET accumulate in the ER (Hahn et al. 2003). Cellular
uptake of norepinephrine is obviously contingent on the presence of the
transporter on the plasma membrane. If transporters were dimers, stochas-
tic association of NET and NET-A457P would result in residual transport
activity of about 25%. The fact that the expression of NET-A457P depresses
residual transport activity of NET to a substantially larger extent indicates
that transporters are higher order oligomers; additional arguments for this
conjecture are listed elsewhere (Sitte and Freissmuth 2003).

The oligomerization hypothesis outlined above relies on the assumption
that the COPII component is capable of sensing the orientation (and the con-
centration) of Sec24D binding sites (see Sect. 3.1, below). A crucial role for
the orientation of export motifs has been suggested by Otte and Barlowe (Otte
and Barlowe 2002). They found that the cargo receptors Erv4lp and Erv46p
must heterodimerize in order to exit the ER. This is dependent on export
motifs in their cytoplasmic carboxyl termini. If the C-terminus of Erv41p is
exchanged with that of Erv46p (and vice versa), the heterodimer fails to exit
the ER. Nevertheless, if the oligomerization hypothesis is to be more than
hand waving, it requires an explanation that is consistent with the biochem-
ical activity of the components. We believe that the GTPase activity of Sarl
provides the crucial link; previously, Sato and Nakano (2003) showed that
oligomerization of the TM cargo receptors Emp46p and Emp47p directed their
incorporation into COPII vesicles. The failure of Emp46p/47p monomers to
exit the ER can be overcome by using non-hydrolyzable GTP analogues. This
led to a kinetic proof-reading model (Sato and Nakano 2004). According to
this model, oligomeric assembly of cargo in the pre-budding complex keeps
Sarl in the GTP-bound state. The full hydrolytic activity of the Sar1-GTPase is
triggered, if the coat is assembled—that is, if Sec13/Sec31 enhances the GAP
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(GTPase activating protein) activity of Sec23 (Antonny and Schekman 2001).
Finally, it is important to note that there is precedent for homo-oligomerization
in ER-export, a prominent example being ERGIC53, a mammalian lectin that
cycles between ER and ERGIC. Hexamerization of ERGIC53 is necessary for
its export from the ER (Nufer et al. 2003).

3.1
Sensors of Oligomeric Assembly

The importance of export motif orientation implies that there is a sensor for
oligomeric assembly. The carboxyl terminus of the K(ATP) channel a-subunit
Kir6.2 contains an arginine-based ER retention motif. Yuan et al. (2003) found
that the 14-3-3 isoforms € and { specifically recognize this signal; 14-3-3 bound
better to dimers than to monomers and better to tetramers than to dimers. This
interaction leads to release of Kir6.2 from the ER. Therefore 14-3-3 proteins
qualify as oligomer sensors. Recently the amino terminus of NET was found to
interact with 14-3-3, and this interaction was suggested to regulate trafficking
of the transporter (Sung et al. 2005).

Yeast Shr3p is another example for such a sensor; it is an integral membrane
protein with four TM segments. Deletion of Shr3p leads to retention of amino
acid permeases (AAPs) in the ER (Ljungdahl et al. 1992). AAPs are transporters
that are distantly related to neurotransmitter transporters and share the same
topology (that is 12 TM segments). COPII components interact with Shr3p;
hence, it has been suggested that Shr3p initiates budding of vesicles en route to
the Golgi in the vicinity of AAPs Gaplp and Hip1p (Gilstring et al. 1999; Kuehn
et al. 1996). More recently, Shr3p was shown to prevent aggregation of AAPs,
thereby enabling them to fold correctly (Kota and Ljungdahl 2005). Assembly
of AAPs into oligomers would lead to the release from Shr3p and exit from
the ER.

3.2
Oligomerization and Exit from the Golgi

Evidence presented so far indicates that oligomerization is a pre-requisite for
ER export. Sorkina et al. (2003) showed that the dopamine transporter forms
constitutive oligomers. There is no indication so far that the oligomeric state
of a transporter is necessary for its trafficking beyond the ER. However, there
is a precedent for a role of protein oligomerization in export from the Golgi.
GPI-anchored proteins (GPI-APs) have to become associated with detergent-
resistant microdomains (DRMs) or rafts in order to be sorted to the apical
compartment in the epithelial cell line MDCK (Madin-Darby canine kidney
cells). However, this step, although necessary, is not sufficient (Sarnataro et al.
2002). The major determinant that specifies apical sorting of GPI-AP is their
oligomerization which is initiated in the medial Golgi (Paladino et al. 2004).
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33
Life Visualization of Oligomer Formation in the Secretory Pathway

FRET microscopy has proved to be a powerful method to visualize protein
oligomers in living cells (Schmid and Sitte 2003). However, FRET microscopy
has several limitations, not the least of which is a poor time resolution. Re-
cently, the yellow fluorescent protein (YFP) protein complementation assay
was shown to be useful in detecting low-affinity interactions in the secretory
pathway (Nyfeler et al. 2005). In this assay, two fragments of YFP are attached
to two proteins. In case of interaction, the YFP molecule is complemented and
YFP fluorescence indicates the cellular compartment in which the interaction
takes place. In addition, the intensity of YFP fluorescence may indicate the
strength of the interaction. The mammalian lectin ERGIC53 was fused to one
partner, and cathepsin C or cathepsin Z (both are known to interact with
ERGIC53) were tagged with the second fragment. In addition, the two YFP
fragment were fused to ERGIC53. YFP fluorescence could be seen in the ER
and in the ERGIC but not in the Golgi. The intensity of YFP fluorescence was
much stronger in the case of ERGIC53 homo-oligomers than in the case of
ERGIC53 cathepsin C/Z interaction. This is explained by the fact that ERGIC53
forms constitutive hexamers, while only one molecule of cathepsin C/Z binds
to ERGIC53. Taken together, the YFP protein complementation assay and FRET
microscopy provide powerful tools for investigations on the dynamics of neu-
rotransmitter transporter oligomers and the compartment in which oligomer-
ization takes place. YFP protein complementation offers the advantage that
allows researchers to follow a protein over time (because it obviates the change
in filters, splitting of beams, etc.). FRET microscopy, however, is more likely
to provide reliable quantitative information, because the efficiency of energy
transfer can be calculated and hence distance parameters can be extracted,
provided that the caveats and pitfalls are kept in mind (Schmid et al. 2001a).

3.4
The Importance of Oligomer Formation for the Action of Amphetamine

Monoaminergic neurotransmitter transporters are the prime target of the
amphetamines; they comprise a large variety of widely abused, psychotropic
substances including p-amphetamine (“speed”), methamphetamine (“ice”

and methylene-dioxymethamphetamine (MDMA; “ecstasy”). Amphetamines
were originally marketed as appetite suppressants (before they were withdrawn
on a worldwide basis because of their addictive potential and because some
compounds caused pulmonary hypertension). At present, the amphetamine
derivative methylphenidate is used in hyperactive children (see related chap-
ters in this volume by Z. Lin and B.K. Madras, as well as M.S. Mazei-Robison
and R.D. Blakely). All amphetamine-like compounds induce carrier-mediated
efflux (Levi and Raiteri 1993) and thereby elevate synaptic monoamine concen-
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trations. Hence, a prolonged stimulation of postsynaptic receptors ensues. Am-
phetamines differ in their affinities for monoamine transporters: for instance,
D-amphetamine predominantly targets DAT while MDMA acts mainly on SERT
(Seiden et al. 1993; Green et al. 2003). Many insights have been generated that
shed some light on the mechanism of action of amphetamines. However, the
mechanistic basis for their effect remains enigmatic at the molecular level.

Monoamine transporters exist in quaternary structures at the plasma mem-
brane as outlined in Sect. 1.1 (Kilic and Rudnick 2000; Kocabas et al. 2003;
Schmid et al. 2001b; Sorkina et al. 2003); we therefore hypothesized that
amphetamine-induced outward movement of substrate might be contingent
on the arrangement in these oligomeric complexes. To test this hypothesis,
we generated head-to-tail fusion proteins that consisted of an amphetamine-
resistant GAT1 and an amphetamine-susceptible SERT (Seidel et al. 2005).
Amphetamines target and affect other cellular components as well [e.g. pro-
tein kinase C (Khoshbouei et al. 2004) and vesicular transporters (Sulzer et al.
1995)]. We therefore subjected the SERT-GAT1 concatamer to a pharmacolog-
ical characterization (Seidel et al. 2005).

The distinct transporter moieties in SERT-GAT1 were fully functional. Con-
sistent with previously published observations on SERT-NET concatamers
(Horschitz et al. 2003), they did apparently work independently from one
another, provided that only one transporter was challenged with substrate.
However, indirect effects were clearly visible; by means of electrophysiological
measurements and the patch-clamp technique in the whole-cell configuration,
it was possible to record transporter-mediated currents that clearly indicated
current in excess (see also related chapter in this volume by K. Gerstbrein and
H.H. Sitte). These currents are driven by sodium (Adams and DeFelice 2002;
Galli et al. 1996; Petersen and DeFelice 1999; Sitte et al. 1998; Sonders et al.
1997), and therefore they elevate intracellular sodium (Saunders et al. 2000).
This causes a shift in the overall transporter conformation. The probability that
the transporter resides more in an inward-facing conformation—and is thus
inaccessible for external substrate—rises as a function of the increase in intra-
cellular Na*. Likewise, this reasoning was fully borne out by the results with
SERT-GAT1-expressing cells: GABA uptake was diminished in the presence of
para-chloroamphetamine and vice versa—serotonin uptake was diminished
in the presence of GABA (Seidel et al. 2005).

In an oligomer-based counter-transport model, the substrate is taken up by
one moiety and transporter-mediated release is achieved by the neighbouring
moiety (see Fig. 3). However, from a pharmacological perspective, the occu-
pancy of the single transporter moieties in an oligomeric complex by substrate
must reduce the probable efflux; in other words, the more substrate available
at the cell exterior, the fewer transporters can be available for efflux—hence,
amphetamine-induced 5-HT efflux ought to subside when the amphetamine
concentrations rise above a certain level. A biphasic concentration response
curve again reflected these predictions (Seidel et al. 2005).
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Fig. 3 The oligomer-based counter-transport model. Schematic representation of the
oligomer-based counter-transport model. The model shows the effect of the amphetamine
congener parachloroamphetamine (PCA) at low concentrations. PCA is transported via the
serotonin transporter (SERT, shown in a dimeric state) into the cell and activates protein
kinase C with concomitant rise of the sodium concentration. The other SERT moiety in
the oligomeric complex is subject to phosphorylation (P) and thereby primed for outward
transport of substrate (S)

Most importantly, we hypothesized that carrier-mediated efflux relies on
the spatial proximity within a transporter oligomer. To verify this conjec-
ture, we examined the amphetamine effects on GABA-preloaded SERT-GAT1-
expressing cells. A tiagabine-sensitive, concentration-dependent GABA ef-
flux was triggered by amphetamine application. This finding confirmed the
oligomer-based counter-transport model.
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Abstract The acidic amino acid glutamate activates a family of ligand-gated ion channels
to mediate depolarization that can be as short-lived as a few milliseconds and activates
a family of G protein-coupled receptors that couple to both ion channels and other sec-
ond messenger pathways. Glutamate is the predominant excitatory neurotransmitter in the
mammalian central nervous system and is required for essentially all motor, sensory, and
cognitive functions. In addition, glutamate-mediated signaling is required for development
and the synaptic plasticity thought to underlie memory formation and retrieval. The levels
of glutamate in brain approach 10 mmol/kg and most cells in the CNS express at least one
of the receptor subtypes. Unlike acetylcholine that mediates “rapid” excitatory neurotrans-
mission at the neuromuscular junction, there is no evidence for extracellular inactivation of
glutamate. Instead, glutamate is cleared by a family of Na*-dependent transport systems that
are found on glial processes that sheath the synapse and found on the pre- and postsynaptic
elements of neurons. These transporters ensure crisp excitatory transmission by maintain-
ing synaptic concentrations below those required for tonic activation of glutamate receptors
under baseline conditions (~1 pM) and serve to limit activation of glutamate receptors after
release. During the past few years, it has become clear that like many of the other neurotrans-



252 M. B. Robinson

mitter transporters discussed in this volume of Handbook of Experimental Pharmacology,
the activity of these transporters can be rapidly regulated by a variety of effectors. In this
chapter, a broad overview of excitatory signaling will be followed by a brief introduction
to the family of Na*-dependent glutamate transporters and a detailed discussion of our
current understanding of the mechanisms that control transporter activity. The focus will
be on our current understanding of the mechanisms that could regulate transporter activity
within minutes, implying that this regulation is independent of transcriptional or trans-
lational control mechanisms. The glutamate transporters found in forebrain are regulated
by redistributing the proteins to or from the plasma membrane; the signals involved and
the net effects on transporter activity are being defined. In addition, there is evidence to
suggest that the intrinsic activity of these transporters is also regulated by mechanisms that
are independent of transporter redistribution; less is known about these events. As this field
progresses, it should be possible to determine how this regulation affects physiologic and
pathologic events in the CNS.

Keywords Glutamate - Transporters - Trafficking - GLT-1 - GLAST - EAAC1 - EAAT

1
Introduction

Glutamate is the predominant excitatory neurotransmitter in the brain with
levels that approach 10 mmol/kg wet weight, or levels that are 1,000- to
10,000-fold higher than those observed for many other important neuro-
transmitters (e.g., serotonin, norepinephrine, and dopamine). After release
from neurons (for a review, see Vizi and Kiss 1998) or glia (for a recent dis-
cussion, see Zhang et al. 2004), it interacts with ligand-gated ion channels
or G protein-coupled receptors. The ligand-gated ion channels are named
for exogenous, subtype-selective agonists, including N-methyl-p-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), and
kainate. Each of these subtypes of receptors is composed of families of dif-
ferent subunits that assemble into multimers (usually heteromultimers), and
with varying degrees of selectivity they are permeable to Na*, Ca?*, and K*. In
addition, at least some of the ligand-gated ion channels also couple directly or
indirectly to intracellular signaling pathways (for a recent review, see Sheng and
Pak 2000). The family of G protein-coupled receptors, also called metabotropic
glutamate receptors (mGluRs), includes eight different gene products that
couple to second messenger systems, such as inhibition of adenylate cyclase,
activation of phospholipase C, and regulation of ion channels (for reviews,
see Schoepp and Conn 1993; Blasi et al. 2001; Spooren et al. 2003). These
receptors regulate critical aspects of both excitatory and inhibitory synaptic
transmission by both pre- and postsynaptic mechanisms. Signaling through
these families of receptors is required for essentially all physiologic processes,
such as receipt of sensory information, motor control, autonomic function, and
cognition, and is also critical for synapse development and synaptic plasticity
that underlies memory formation/retrieval.
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While it is clear that glutamate is critical for normal brain development
and function, there is strong evidence that excessive activation of glutamate
receptors can kill neurons and other cells that express glutamate receptors.
In fact, it has been known for quite some time that low micromolar concen-
trations of glutamate effectively kill neurons in culture (Choi 1987) and also
kill oligodendroglial precursors (McDonald et al. 1998). This process of exci-
totoxicity is thought to contribute to the brain damage that accompanies acute
insults to the CNS, such as head trauma, stroke, and hypoglycemia. There is
also evidence that this process of “excitotoxicity” may contribute to chronic
neurodegenerative diseases, including Alzheimer’s disease and amyotrophic
lateral sclerosis (ALS) (for reviews, see Choi 1992; Doble 1999). The fact that
glutamate receptor antagonists are protective in animal models of the acute
insults provides the most compelling evidence that excitotoxicity contributes
to the damage associated with these insults. However, it should be noted that in
spite of this strong evidence in animal models, clinical trials of excitatory amino
acid antagonists in humans have not observed significant beneficial effects (for
reviews, see Obrenovitch et al. 2000; Ikonomidou and Turski 2002). Therefore,
with the exception of riluzole and amantadine (which also has dopaminergic
activity) for which there is some evidence that they have anti-glutamatergic
activity, there are essentially no clinically used drugs that are known to directly
influence the glutamate system. Given that glutamate has such a fundamental
role in mammalian nervous system function and it can clearly kill cells that
express certain subtypes of receptors, it seems likely that sophisticated systems
evolved to protect the normal nervous system from toxicity.

Unlike many other neurotransmitters, there is no evidence for extracellular
metabolism of glutamate, instead signaling is terminated by a combination
of diffusion out of the synapse, clearance by Na*-dependent transport activ-
ity, and by receptor desensitization (for review, see Huang and Bergles 2004).
Na*-dependent transport activity is mediated by a family of five proteins
that share approximately 50% sequence similarity (for reviews, see Sims and
Robinson 1999; Danbolt 2001; Shigeri et al. 2004). Originally the non-human
homologs of three of these transporters were termed GLAST (glutamate as-
partate transporter), GLT-1 (glutamate transporter subtype 1), and EAAC1
(excitatory amino acid carrier 1); the human homologs were named EAAT1
(for excitatory amino acid transporter 1), EAAT2, and EAATS3, respectively. In
addition, there are two other members of the family, EAAT4 and EAAT5. There
are also variants of some of these transporters that arise by alternate messenger
RNA (mRNA) splicing. These transporters are heterogeneously distributed on
glial cells, presynaptic termini, and—somewhat surprisingly—on dendritic
spines, positioning each of these transporters to uniquely affect different as-
pects of signaling.

In this review, the properties of these transporters will be briefly summa-
rized, including their role in synaptic transmission and toxicity. Over the last
few years it has become increasingly clear that the activity of these trans-
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porters can be acutely (within min) regulated by mechanisms that are at least
in part associated with a redistribution of transporters to or from the plasma
membrane. Our current understanding of this regulation will be discussed.

2
Characteristics of Na*-Dependent Glutamate Transporters

2.1
Localization

The five transporters are differentially distributed throughout the nervous sys-
tem. At least a few of the transporters are found in the periphery (for reviews,
see Sims and Robinson 1999; Danbolt 2001; Shigeri et al. 2004). Expression of
GLAST/EAATI is found on glial cells throughout the nervous system, but is
particularly enriched in apparently specialized glia, such as the Bergmann glia
in the cerebellum, supporting glia in the vestibular end organ and Muller cells
of the retina. GLT-1/EAAT2 is also found on astrocytes with some variation in
expression throughout the brain and somewhat lower levels in the spinal cord
(Rothstein et al. 1994). Neither GLT-1 nor GLAST appears to be uniformly dis-
tributed on the membrane, suggesting there are mechanisms that restrict dis-
tribution to specific domains on the plasma membrane (Chaudhry et al. 1995).
Remarkably, the levels of both of these transporters approach several thousand
molecules per cubic micrometer (Lehre and Danbolt 1998), and GLT-1 has been
estimated to represent up to 1% of brain protein (for discussion, see Danbolt
2001). There are variants of GLT-1 that arise from alternate mRNA splicing, and
at least one of these variants is found on presynaptic nerve terminals (Schmitt
et al. 2002; Chen et al. 2004). EAAC1/EAAT3 is found on neurons and some
white matter cells, particularly developing oligodendroglia. EAACI expression
is enriched in neurons that are primarily associated with glutamatergic signal-
ing but is found on perisynaptic regions of dendrites and on cell bodies (Coco
et al. 1997; Conti et al. 1998; He et al. 2000, 2001). EAAC1 is also found on y-
aminobutyric acidergic (GABAergic) neurons (for review, see Danbolt 2001).
In contrast to the other glutamate transporters, EAAC1 immunoreactivity is
found in the cytoplasm of cells throughout the nervous system, implying that
there is a pool of transporters available for trafficking to the plasma membrane
(see Sect. 3). EAAT4 is enriched in Purkinje cells of the cerebellum where ex-
pression is highest on the cell body and spines, but there are also low levels
of EAAT4 in some forebrain neurons (Furuta et al. 1997; Tanaka et al. 1997a).
EAATS5 is expression is restricted to retina (Arriza et al. 1997).

2.2
Contributions to Synaptic Transmission

These transporters are generally assumed to function in alternating access
mode where glutamate, 2 or 3 molecules of Na*, and a proton bind to the ex-
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tracellular face of the transporter. After a conformational change and release of
these substrates, K* binds and the transporter reorients. The coupling of mul-
tiple molecules of Na* provides additional electrochemical energy, such that
avery large concentration gradient of glutamate (up to 10°) can be maintained
across the membrane (Zerangue and Kavanaugh 1996). It is not possible to
directly measure synaptic concentrations of glutamate, though it seems likely
that they should be below those that would tonically activate receptors (<1 pM).
Yet in microdialysis experiments, the levels of extracellular glutamate can be
as high as 10-50 pM. While it is possible that the prediction regarding synap-
tic concentrations of glutamate is not correct, it seems more likely that in
microdialysis experiments the measures of glutamate do not reflect the local
environment of the synapse, implying that they sample the extrasynaptic envi-
ronment (for review/recent discussion, Timmerman and Westerink 1997; Baker
et al. 2002). Regardless, the levels of glutamate in brain are as much as 10,000-
fold higher than those that would be expected in the synapse, and the Na*-
dependent transporters are the only transporters that are on the plasma mem-
brane that can concentratively drive the accumulation of glutamate. Therefore,
these transporters would seemingly play an important role in limiting “noise”
so that a “signal” can be detected by receptors upon release of glutamate.

The stoichiometric mode of transporter operation is slow compared to the
duration of rapid excitatory signaling, with a complete cycle requiring approxi-
mately 10-75 ms (Wadiche et al. 1995; Bergles and Jahr 1997). Compared to the
enzyme that degrades acetylcholine, acetylcholine esterase, which is nearly
as fast as diffusion (10* cycles per second; for discussion, see Johnson and
Moore 2000), this rate of 10-100 cycles per second is extremely slow, essen-
tially glacial. Since ligand-gated ion channel activation can result in a maximal
response within milliseconds of glutamate release, and this depolarization can
be as short-lived as a few milliseconds, transporter cycling is not fast enough to
impact on the extremely rapid excitatory responses. In contrast, metabotropic
receptor signaling can be much slower, and cycling of the transporters can con-
trol the duration of these responses (for review, see Huang and Bergles 2004).

Over the past few decades, several groups have examined the impact of de-
creased transporter function on synaptic signaling. These studies have largely
relied on pharmacologic inhibition of transporter function or genetic deletion
of the transporters. A range of effects has been observed, and it appears that
the impact of decreased transporter function is influenced by a wide variety
of mechanisms (for reviews, see Conti and Weinberg 1999; Huang and Bergles
2004). At some synapses, the high density of transporters on glial membranes
effectively buffers the amount of glutamate that is available for activation of
postsynaptic receptors, such that if binding of glutamate to transporters is
prevented with competitive inhibitors, the amplitude of the rapid postsynaptic
response increases (Tong and Jahr 1994). This is a somewhat surprising ob-
servation, but it suggests that the enrichment of glial transporters in specific
processes is critical to support excitatory signaling. In fact, one might expect
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that mechanisms analogous to those used to enrich receptors in the postsy-
naptic density (for review, see Sheng and Sala 2001) might tether transporters
to the appropriate membrane domains. There are examples where transport
inhibition prolongs the duration of the excitatory response (Otis et al. 1996). In
this case, the duration of the postsynaptic response is still too fast for a trans-
porter to undergo a cycle, suggesting that inhibition of transport activity allows
spillover between neighboring synapses and prolonged receptor activation. In
fact, it has been suggested that the postsynaptic neuronal transporters might
limit synaptic spillover in hippocampus (Diamond 2001). The impact of trans-
porter function on synaptic activity is also likely to depend on the frequency at
which glutamate is being released, because one assumes that tonic activation
might result in saturation of the transporters. Finally, several groups have found
that transporter activity is important for controlling the intensity of mGluR
activation, resulting in decreased transmitter release through activation of
presynaptic mGluRs and/or changes in postsynaptic signaling (for example,
see Otis et al. 2004). Together, these studies show that decreased transporter
function can clearly influence glutamate signaling and that the effects are likely
to be synapse dependent. To date, the effect of enhanced transporter function
on excitatory signaling has not been specifically examined.

23
Role in Toxicity

As is true for our understanding of the effect of transport function on synaptic
responses, our understanding of the role of transporters in toxicity has his-
torically depended on pharmacologic agents that are used to block transport
activity and/or genetic approaches to decrease/eliminate transporter protein.
From these studies, there is very strong evidence that decreased transporter
function can be directly toxic to neurons and can exacerbate the toxicity ob-
served in insults caused by exogenous glutamate (Rosenberg et al. 1992). There
is also evidence that impaired transporter function can increase the sensitivity
of neurons to acute insults, such as hypoxia/ischemia or acute trauma (Dugan
et al. 1995). From studies with mice genetically deleted of the transporters
(Peghini et al. 1997; Tanaka et al. 1997b; Watase et al. 1998), one would conclude
that loss of GLT-1/EAAT2 is the most important mechanism for limiting ex-
citotoxicity, although selective antisense knockdown of different transporters
suggests that the other transporters also have a role in limiting excitotoxicity
(Rothstein et al. 1996).

At a minimum, acute insults that result in failure of transporter function,
because of a loss of electrochemical driving forces, are likely to result in an
extracellular accumulation of glutamate and excitotoxicity. In addition, be-
cause transport is a reversible process, glutamate will likely move down its
concentration gradient when the electrochemical driving forces no longer fa-
vor influx (for discussions, see Attwell et al. 1993; Levi and Raiteri 1993; Rossi
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et al. 2000). Since astroglia are selectively endowed with glutamine synthetase,
it has been argued that cytoplasmic pools of glutamate are lower in astrocytes
than in neurons. In fact, hippocampal slices prepared from mice deleted of
the neuronal transporter EAAC1 show a delayed anoxic depolarization shift,
a measure of glutamate release (Gebhardt et al. 2002). In contrast, the anoxic
depolarization shift is not altered in mice deleted of GLT-1 (Hamann et al.
2002). Together these studies suggest that reversed operation of these trans-
porters (1) contributes to the rise in extracellular glutamate observed when
the electrochemical gradients collapse and (2) may be a significant source of
the rise in extracellular glutamate that occurs under these conditions.

In a couple of recent studies, the effects of overexpression of transporters on
excitotoxicity have been examined. For example, transgenic mice overexpress-
ing EAAT?2 have been developed (Guo et al. 2003). Primary neuronal cultures
from these mice are less sensitive to exogenous glutamate toxicity. When these
mice were crossed with a mouse model of ALS, a delay in onset of one of the
motor impairments observed in this model of ALS was observed. Interestingly,
B-lactam antibiotics were recently shown to increase expression of GLT-1 in
vitro and in vivo (Rothstein et al. 2005). This was accompanied by a decrease in
the sensitivity of neuronal cultures to oxygen-glucose deprivation, and treat-
ment of a mouse model of ALS with one of these antibiotics diminished or
delayed many of the symptoms observed in these mice. These studies suggest
that increasing transporter function may be neuroprotective in the absence of
impaired energy metabolism.

3
Rapid Regulation of Glutamate Transporters

Given that glutamate transporters can impact both normal physiologic re-
sponses to glutamate as well as glutamate toxicity, it is not surprising that
their function is regulated both acutely and chronically. Although our under-
standing of chronic regulation (or regulation that involves a net change in the
total number of transporters) continues to evolve (for reviews, see Sims and
Robinson 1999; Danbolt 2001; Gegelashgyvili et al. 2001), this chapter will focus
on the regulation of glutamate transporters that can occur within minutes.

A wide number of treatments rapidly change glutamate transport activity in
a variety of preparations. Many of these effects are independent of changes in
the total number of transporters, or there is the implication that the effects are
independent of de novo transporter synthesis because they occur very rapidly,
and it is assumed that the process of transcription, translation, assembly, and
glycosylation will take longer than a few minutes.

In many cases, it can be quite difficult to define the mechanism by which
rapid changes in activity occur, and without a mechanism it is nearly impos-
sible to determine if the effect is likely to be physiologically or pathologically
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relevant. For example, simple depolarization could have profound effects on
the clearance of glutamate, but effects observed in model systems may not
occur physiologically, raising questions regarding relevance. Certainly, as in-
dicated in the previous section, during a hypoxic/ischemic insult to the nervous
system, the loss of ATP and the subsequent collapse of the electrochemical gra-
dients not only results in failure of inward transport but will likely result in
reversed operation of the transporters contributing to the rise in extracellular
glutamate that accompanies these insults (see previous section).

A number of ions interact with the transporter during a single cycle (H*,
Na*, and K*), and changes in any one of these ions could affect transporter
function. A common theme in biology involves the assembly of different pro-
teins into macromolecular complexes to increase specificity of effects through
the creation of microenvironments. For example, the postsynaptic density in-
cludes receptors, a number of scaffolding proteins, and signaling molecules
(for review, see Sheng and Sala 2001). This not only ensures that receptors are
appropriately positioned to respond to synaptic glutamate, but also facilitates
the coupling of receptors to specific signals. The two transporters that are cur-
rently thought to mediate the bulk of glutamate clearance in the CNS, GLT-1
and GLAST, are not uniformly distributed on the glial membrane, and interest-
ingly, GLT-1 colocalizes with the Na*/K* ATPase that maintains the Na* and
K™ electrochemical gradients (Cholet et al. 2002). Based on this observation,
it is easy to imagine that there could be global regulation in electrochemical
gradients throughout a cell that might occur as a function of development or
during a pathologic insult; but in addition, local changes in ion gradients might
serve to regulate glutamate transport activity.

Although changes in the K, for glutamate could have profound effects on
clearance of glutamate, particularly under conditions when the transporters
are not saturated, the measurement of a K, value is complicated by several
factors. First, below saturating concentrations of Na*, the Ky, value for gluta-
mate is reduced by increasing Na* (Robinson and Dowd 1997; Danbolt 2001).
Second, there are very large differences (up to 10- to 50-fold) in the Ky, values
for the same glutamate transporter in different systems (for review, see Robin-
son and Dowd 1997). This may imply that cellular constituents (interacting
proteins or the absence thereof) influence the Ky, value. Finally, the Ky, value
might be affected by an artifact that was first discussed in context of glutamate
receptor activation for compounds that are cleared by these transporters in
brain slice preparations (Garthwaite 1985). In some systems (like astrocyte
cultures), we (and others) have observed remarkable capacities; with Viax
values that are as high as 30 nmol/mg protein per minute (Garlin et al. 1995).
Since these cells are growing as an adherent monolayer and substrate is placed
over the cells, it is at least possible that there is a local environment close to
the cells where the rate at which glutamate is being cleared by the transporters
is faster than the rate at which glutamate diffuses from the bulk medium into
the local microenvironment. This would cause an apparent increase in the Ky,
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value because the concentration of glutamate in the bulk environment required
to half-maximally saturate the transporter would be higher than the concen-
tration near the cells (for further discussion, see Schlag et al. 1998). Although
there are examples of treatments that affect the Ky, value for glutamate, these
have not been pursued beyond the initial reports.

The other kinetic constant that is readily measured is maximum velocity
(Vmax), which equals the number of transporters multiplied by their turnover
number (or catalytic efficiency). As discussed above, altering electrochemical
gradients can also influence the Vy.x values, which may or may not be in-
teresting. One way to attempt to control for this possibility is to determine if
the changes are specific to Na*-dependent glutamate transport by testing the
impact of a treatment on other Na*-dependent transport systems found in the
same preparation. Of course, if the effects are specific to glutamate, it only pro-
vides indirect evidence that the changes are not due to nonspecific effects on
the electrochemical gradients. In the discussion of the signals that regulate the
various glutamate transporters, some examples of presumed specific effects
on catalytic efficiency will be described. However, the mechanisms for these
changes have not been defined with the kind of precision with which Quick
and his colleagues have demonstrated that syntaxin 1A interactions with one
of the subtypes of GABA transporter can change the catalytic efficiency of this
transporter by up to sixfold (see M.W. Quick in this volume).

Two distinct mechanisms could contribute to changes in the numbers of
transporters available on the plasma membrane. First, regulation of transcrip-
tional or translational processes could easily change the number of trans-
porters, and there are many examples of altered glutamate transporter activity
that have been associated with changes in the total number of transporters ex-
pressed in a particular preparation (for reviews, see Sims and Robinson 1999;
Danbolt 2001; Gegelashgvili et al. 2001). Frequently these changes are associ-
ated with altered messenger RNA (mRNA) levels, implicating regulation at the
level of changes in transcription or mRNA stability. It is possible that trans-
porters will be rapidly transcribed and translated to produce rapid changes
in the number of transporters on the cell surface. However, it is generally
assumed that these processes would take longer than a few minutes, because
transporters are folded, assembled into multimers, and partially glycosylated
in the endoplasmic reticulum, followed by transport to the Golgi for terminal
glycosylation and export to the plasma membrane.

The second mechanism to regulate the number of transporters on the plasma
membrane involves redistributing transporters to or from the plasma mem-
brane without changing the total number of transporters expressed per cell.
Membrane proteins are generally thought to recycle on and off the plasma
membrane, providing opportunities to regulate the processes involved in ei-
ther endocytosis or delivery of transporters (for a recent review, see Royle
and Murrell-Lagnado 2002). There are several classical examples of membrane
proteins that are regulated in this manner. For example, desensitization of



260 M. B. Robinson

many G protein-coupled receptors occurs as a result of agonist-induced acti-
vation of specific kinases that phosphorylate the receptor. f-Arrestin is then
recruited into a complex with the receptor that is internalized by an endocytic
pathway (for reviews, see Ferguson 2001; Claing et al. 2002; Marchese et al.
2003). Another classic example involves the insulin-dependent regulation of
a subtype of glucose transporter (GLUT4) that is important for plasma glucose
homeostasis (Bryant et al. 2002). In this case, there is a very large intracellular
pool of transporter that is thought to reside in a specific subcellular compart-
ment; activation of the insulin receptor is thought result in delivery of this
“regulated” pool of transporter to the plasma membrane. In addition, there
is evidence that there is a separate pool of GLUT4 that constitutively recycles
between the plasma membrane and intracellular compartments (for reviews,
see Czech and Corvera 1999; Watson et al. 2000). It was originally thought that
the recycling pool of transporter was sorted to different compartments and
was, at least in part, required for loading of the regulated pool of transporter.
However, more recent studies provide evidence that the regulated pool is di-
rectly loaded from newly synthesized transporter that is exported from the
Golgi (Watson et al. 2004). In the next few sections, our current understanding
of glutamate transporter trafficking, which is not nearly as sophisticated as it
is for G protein-coupled receptors and GLUT4, will be summarized.

3.1
General Comments Regarding Plasma Membrane Expression
of Glutamate Transporters

Many integral membrane proteins continuously recycle on and off the plasma
membrane. Of course, the number of proteins on the plasma membrane at
steady state is dependent upon the rate of internalization (endocytosis of trans-
porter) relative to the rate of delivery of transporter to the plasma membrane
(for review, see Royle and Murrell-Lagnado 2002). If net delivery to the plasma
membrane is faster than internalization, one would expect most or all of the
transporter to be located at the plasma membrane and vice versa. While it is
theoretically possible that regulation results in redistribution of transporters
to or away from the plasma membrane, regulated redistribution to the plasma
membrane is obviously dependent upon the presence of an intracellular pool
of transporter.

In a number of studies, several different groups have examined the sub-
cellular distribution of three of the glutamate transporters (GLT-1, GLAST,
and EAAC1). For most of these studies, cells are incubated with a membrane-
impermeable, biotin-containing reagent that reacts with amino groups on
proteins. This incubation is performed at 4 °C to halt all membrane trafficking
events, essentially providing a measure of the steady-state levels of transporter
on the plasma membrane (Daniels and Amara 1998). After cell lysis, biotiny-
lated proteins are batch extracted using avidin-coated beads. It is possible to
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isolate three separate fractions (lysate, non-biotinylated, and biotinylated) us-
ing this strategy. We generally dilute all of the fractions to the same extent so
that the percentage of transporter in the biotinylated (cell surface) fraction can
be semiquantitatively analyzed by Western blot. In these studies, it is important
to monitor for cell lysis by probing for a cytoplasm-specific marker, such as
actin, in the same experiments.

Generally, in a cell line that endogenously expresses only EAAC1 (C6
glioma), we find that between 20% and 30% of the transporter is in the bi-
otinylated fraction, suggesting that only a small percentage of the transporter
is on the cell surface (Sims et al. 2000). We have performed similar experiments
in primary neuronal cultures from cortex and observed a similar percentage
of transporter in the biotinylated fraction (Gonzélez et al. 2002; Fournier et al.
2004). However, these percentages should be interpreted with some caution
because they vary depending on several factors, including the presence or ab-
sence of serum (Sims et al. 2000), the number of days primary neurons are
maintained in culture, and the brain region used to prepare primary neurons
(M.I. Gonzdlez, E.A. Waxman, D.R. Lynch, and M.B. Robinson, unpublished
observations). As neurons in culture form functional contacts, it seems possi-
ble that neuronal signaling influences surface expression, but this has not been
systematically examined. While primary neuronal cultures provide a cellular
milieu that is more likely to reflect that observed in vivo, it is important to
determine if there is an intracellular pool of EAACI in vivo. Based on both
light and electron microscopic analysis (Rothstein et al. 1994; Coco et al. 1997;
Conti et al. 1998; Kugler and Schmitt 1999; He et al. 2000; He et al. 2001),
there appears to be a fairly substantial pool of EAAC1 immunoreactivity in the
cytoplasm in vivo.

In primary cultures of astrocytes that express GLT-1 or mixed cultures of
neurons and astrocytes, between 60% and 80% of the total GLT-1 or GLAST
immunoreactivity is found in the biotinylated/cell surface fraction (Schlag
et al. 1998; Kalandadze et al. 2002; Susarla et al. 2004). In electron microscopic
analyses of GLAST and GLT-1 immunoreactivity in vivo, there is no evidence
of a significant intracellular pool of either of these transporters (Chaudhry
et al. 1995; Lehre et al. 1995). However, these transporters are present on very
fine astrocytic processes; therefore, one cannot rule out the possibility that
some fraction of the transporters resides just below the surface of the plasma
membrane. Although the differences in cell surface expression of EAAC1 and
these two glial transporters might initially be attributed to the fact that these
transporters are found in different cell populations, we have also transiently
transfected C6 glioma with either GLT-1 or epitope-tagged EAAC1. We found
similar differences in the cell surface expression with GLT-1, mostly on the
cell surface, and EAACI, mostly in intracellular pools (Kalandadze et al. 2002).
This differential distribution of these transporters in the same cellular milieu
argues that primary sequence differences between these two transporters in-
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fluences either delivery of the transporter to the plasma membrane and/or
constitutive endocytosis.

It should be noted that others have observed evidence of intracellular GLT-1
or GLAST (Duan et al. 1999; Guillet et al. 2005). As one will see below, it is
becoming clear that many signaling pathways regulate trafficking of the trans-
porters either to or away from the plasma membrane. Therefore, it seems likely
that differences in the percentage of transporter at the cell surface are simply
a reflection of endogenous activation/inhibition of the signaling pathways un-
der different cell culture conditions.

3.2
Constitutive Trafficking of Glutamate Transporters

One approach to determining how activation or inhibition of signaling path-
ways regulates cell surface expression of the transporters is to develop an
understanding of the kinetics of delivery and endocytosis of the transporters.
Since many of the steps in recycling, endocytosis, shuttling through intracellu-
lar compartments, and fusion back to the plasma membrane require energy, it
has been argued that the rate of recycling of various proteins is likely to be re-
lated to cellular need to regulate the amount of protein at the plasma membrane
(Royle and Murrell-Lagnado 2002). To measure delivery, cells are incubated
with the same membrane-impermeable biotinylating reagent mentioned in the
previous section. The incubations with biotinylating reagent occur at physio-
logic temperatures (37 °C) for varying lengths of time. Under these conditions,
the amount of biotinylated transporter equals the amount of transporter on
the cell surface at time point 0 (steady state) plus the amount of transporter
delivered to the cell surface during incubation. The amount of transporter on
the cell surface at steady state can be measured under non-trafficking per-
missive conditions (4 °C) in a parallel experiment. The change in biotinylated
immunoreactivity is proportional to the rate of delivery of the transporters to
the plasma membrane. This assumes that the rate of the biotinylation reaction
is much faster than transporter recycling and that biotinylating transporters or
other surface proteins does not affect recycling of the transporters. Using this
approach, we found that the amount of biotinylated transporter, compared to
that observed at steady state, approximately doubles within 15 min in either
C6 glioma or primary neuronal cultures (Fournier et al. 2004). Since others
have found that the half-life for degradation of newly synthesized transporters
is in the order of several hours (Yang and Kilberg 2002), this increase in bi-
otinylated transporter cannot be attributed to synthesis of new transporter.
Instead, these data strongly suggest that EAACI recycles on and off the plasma
membrane and are consistent with transporters having a half-life at the plasma
membrane of no more than 5 to 7 min. This might be an overestimate of the
half-life, because this measure assumes that the reaction with the biotinylat-
ing reagent is essentially instantaneous. Of course, one implication of having
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most of the transporter on the cell surface (e.g., GLT-1 and GLAST) is that this
measure of delivery cannot be used. With longer incubations (up to 1 h), most
of the EAAC] immunoreactivity is biotinylated, suggesting that most of the
intracellular pool of EAACI is in compartments that ultimately cycle to the
plasma membrane.

To measure endocytosis, plasma membrane proteins arelabeled at a temper-
ature that prevents trafficking (4 °C) with a membrane-impermeable biotiny-
lating reagent that contains a disulfide bond. After washing out and quenching
the biotinylating reagent, cells are warmed to 37 °C for varying periods of time.
After cooling the cells to 4 °C again, the biotinylating reagent is stripped using
a membrane-impermeable, disulfide-reducing reagent (Loder and Melikian
2003; Fournier et al. 2004; Wang and Quick 2005). Under these conditions, the
amount of biotinylated material that remains is a measure of the amount of
transporter that has been internalized. Based on our experience, these experi-
ments are more difficult than the other biotinylation approaches. The number
of washes required can result in washing away of cells, and one of the more
commonly used disulfide reducing reagents (2-mercaptoethanesulfonic acid,
also called MesNa) is so unstable that freshly made stocks are required with
each wash. Since there is a relatively small pool of EAAC1 on the cell sur-
face under baseline conditions, we found it difficult to measure endocytosis
(Fournier et al. 2004). Therefore, we redistributed a pool of transporters to the
plasma membrane by activating protein kinase C (PKC) and washed the cells
extensively for a long period. Under these conditions, approximately 50% of
the transporters become inaccessible to the disulfide-reducing reagent within
5 min, consistent with a half-life of 5 min and with the measures of delivery.
One could argue that activating PKC, which causes redistribution of EAAC1
from a subcellular compartment to the plasma membrane, could be affecting
the kinetics of endocytosis; but if anything, it seems to slow the kinetics of
endocytosis (Fournier et al. 2004).

The measure of delivery is dependent upon there being an intracellular pool
that can become biotinylated at 37 °C. With the measure of endocytosis, no
biotinylated transporter will accumulate inside the cell if there is essentially no
intracellular pool of transporter under baseline conditions. Although instanta-
neously blocking recycling with a pharmacologic agent such as monensin can
help circumvent this problem, it presupposes the transporters recycle through
a specific compartment and that the agent is selective (for an example, see
Sorkina et al. 2005). Under the experimental conditions used in our labora-
tory, most GLT-1 and GLAST is on the cell surface. Therefore, it is unclear if
GLT-1 or GLAST rapidly cycle on and off the plasma membrane or if they are
relatively stably maintained on the plasma membrane.

In subsequent sections, the effects of different signaling pathways on sur-
face expression of the three main forebrain glutamate transporters will be
summarized.
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3.3
EAACT/EAAT3

Several years ago, we found that direct activation of PKC causes a relatively ro-
bust increase (~twofold) in Na*-dependent glutamate transport in C6 glioma,
acellline that appears to only express the EAACI subtype of transporter (Dowd
et al. 1996; Dowd and Robinson 1996; Najimi et al. 2002). This increase occurs
within minutes and is associated with redistribution of transporter from a sub-
cellular compartment to the cell surface as defined using biotinylation (Davis
etal. 1998). The effect of PKC activation on EAACI surface expression has also
been observed in primary neuronal cultures (Gonzdlez et al. 2002; Fournier
et al. 2004; Guillet et al. 2005). In hippocampal slices, activation of PKC also
increases EAAC1 surface expression and Na'-dependent transport activity
(Levenson et al. 2001). However, this regulated redistribution of EAACI may
not be recapitulated in other model systems. We have preliminarily tested a cell
line that is commonly used for transient transfections (HEK293) and found no
evidence for a PKC-dependent redistribution of EAACI to the plasma mem-
brane. In contrast, others have found that in Xenopus oocytes injected with
EAACI complementary RNA (cRNA) and in Madin-Darby canine kidney cells
stably transfected with EAAC1, PKC activation decreases EAAC1-mediated ac-
tivity by a mechanism that is consistent with a redistribution of transporter
to an intracellular compartment (Trotti et al. 2001). In this same study, the
authors were able to detect an increase in transport activity in C6 glioma. This
suggests that at least some of the effects on trafficking of EAAC1 are dependent
upon the cellular milieu. While this might be troubling, it should be remem-
bered that it has long been recognized that the insulin-dependent regulation of
the GLUT4 glucose transporter is only observed in a few cellular systems, such
as adipocytes and muscle cell lines (Martin et al. 1999). Since this regulated
redistribution of EAACI to the plasma membrane occurs in neuronal cultures
and brain slice preparations, it seems possible that PKC activation might in-
crease EAACI surface expression under physiologic or pathologic conditions
in vivo.

A variety of observations, including the fact that activation of PKC in-
creases EAAC1-mediated activity more than it increases cell surface expres-
sion, prompted us to test the idea that PKC might have more than one effect on
transporter activity. Using subtype-selective inhibitors and downregulation
of specific PKC subtypes, we were able to develop evidence that two different
PKCs might regulate EAACI (see Fig. 1A for a schematic). PKCa appears to
be required for redistribution of EAACI to the plasma membrane, and PKCe
appears to increase transport activity by a mechanism that is independent of
an increase in the surface expression of EAAC1 (Gonzdlez et al. 2002). The
effect of PKCe is not associated with a change in Na*-dependent glycine trans-
port, providing indirect evidence that this effect cannot simply be attributed to
a change in the Na*-electrochemical gradient, but this has not been mechanis-
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Fig. 1A,B Schematic illustration of some of the signals that regulate activity and cell surface
expression of the neuronal glutamate transporter, EAAC1. A There is evidence that PKC
has two distinct effects on EAACI. The first effect is dependent upon activation of PKCa
and involves a redistribution of EAAC1 from a subcellular compartment to the cell surface.
This effect is associated with formation of immunoprecipitable complexes of EAACI and
PKCa. Activation of PKC increases activity to a greater extent than itincreases the cell surface
expression of EAACI1. This secondary effect seems to be related to an increase in the catalytic
efficiency of the transporters and appears to depend on activation of PKCe (Gonzalez et al.
2002, 2003). B Platelet-derived growth factor (PDGF) also increases EAAC1 activity and cell
surface expression. The effects of PDGF are blocked by inhibitors of phosphatidylinositol
3-kinase (PI3-K) or by a dominant-negative variant of Akt. The effects of PDGF are also
mimicked by a constitutively active variant of Akt (Sims et al. 2000; Krizman-Genda et al.
2005). The effects of either PKC or PDGF on cell surface expression appear to be due to
increases in the rate of transporter delivery to the plasma membrane (Fournier et al. 2004);
but at present, it is not clear if these effects are due to direct transporter modification or
modification of accessory proteins

tically pursued further. Although PKC activation is associated with formation
of immunoprecipitable complexes between EAAC1 and PKCa (Gonzédlez et al.
2003), at present it is not clear why PKCa forms a complex with EAACI.
Perhaps the simplest explanation is that formation of the complex increases
the likelihood that activated PKCo will selectively phosphorylate either the
transporter or other associated proteins that are required for redistribution.
Alternatively, formation of the complex may provide a tag to sort transporters
to specific vesicles or membrane domains to change the kinetics of transporter
movement to or from the plasma membrane. In a series of interesting stud-
ies, another group has found that the general anesthetic, isoflurane, increases
EAACI activity and surface expression by a mechanism that depends on PKC
activation. They have used complementary techniques to show that PKCa may
be required for isoflurane-induced redistribution of EAAC1 and that isoflurane
also stimulates formation of EAAC1-PKCa complexes (Huang and Zuo 2005).

Platelet-derived growth factor (PDGF) receptor activation also increases
Na*-dependent EAAC1-mediated transport activity in C6 glioma (Sims et al.
2000 see Fig. 1B). As is observed with the effects of PKC activation, the increase
occurs within a few minutes and is associated with a redistribution of EAACI
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from a subcellular compartment to the plasma membrane. Although somewhat
more modest than the effects of PKC activation, PDGF also causes an increase
in surface expression of EAACI in primary neuronal cultures (Fournier et al.
2004). In contrast to the effects of PKC activation, the increase in surface
expression essentially correlates with the increase in activity, suggesting that
redistribution of transporter is sufficient to explain the increase in activity.
The effects of PDGF receptor activation are not blocked by inhibitors of PKC,
but the effects of PKC activation and PDGF receptor activation are not additive
(Sims et al. 2000). This suggests either that these two signaling pathways
converge on a common downstream signaling molecule/pathway or that they
regulate the same finite pool of transporter. The effects of PDGF are blocked
by inhibitors of the phosphatidylinositol 3-kinase (PI3-K) or by a dominant-
negative variant of the serine threonine kinase called protein kinase B (or
Akt). Furthermore, a constitutively active variant of Akt increases both the
activity and surface expression of EAACI (Krizman-Genda et al. 2005) and
increases activity of EAAC1 upon expression in Xenopus oocytes (Schniepp
et al. 2004). These studies suggest that both PI3-K and Akt are required for
PDGF-induced redistribution of EAACI. In fact, a similar pathway is required
for insulin-dependent regulation of GLUT4 (Bryant et al. 2002).

The effects of both PKC activation and PDGF receptor activation on the
kinetics of endocytosis and delivery of EAACI to the plasma membrane were
examined (Fournier et al. 2004). Based on an analysis of the rate of deliv-
ery of EAACI to the plasma membrane, it appears that activation of PKC or
PDGEF receptor increases the rate of delivery of EAACI to the plasma mem-
brane (Fig. 1). In contrast to PDGF, activation of PKC also completely blocks
the appearance of internalized transporters after reversible biotinylation, sug-
gesting that it also inhibits endocytosis. At present, we have no evidence that
redistribution of EAACI1 by these signals requires a direct modification of the
transporters (A.L. Sheldon, M.I. Gonzélez, and M.B. Robinson, unpublished).
In fact, even though GLUT4 trafficking has been the subject of intense scrutiny
for almost two decades, there is no evidence that direct transporter modifica-
tion is required for the effects of insulin. This implies that these signals cause
redistribution of the transporters by modifying an accessory protein that is
either cytoplasmic or is associated with transporter-containing vesicles. By
combining this information with a definition of the organelles and molecular
machinery involved in recycling of EAACI, it may be possible to determine how
these signals effect changes in the cell surface expression of the transporters.

Other signals also change EAACI1 activity and/cell surface expression, in-
cluding activation of a neurotensin receptor that belongs to the family of
class A G protein-coupled receptors that is generally thought to couple to ac-
tivation of phospholipase C, mobilization of intracellular Ca?*, and activation
of PKC (Najimi et al. 2002). As is observed after activation of PKC or PDGF
receptor, the increase in activity is associated with an increase in biotinylated
transporter. Surprisingly, the neurotensin-induced increase in activity is not
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blocked by inhibitors of PKC nor is it blocked by an inhibitor of PI3-K in C6
glioma, providing evidence that the effects are independent of these two signal-
ing pathways. In a subsequent study, this same group showed that activation of
the endothelin-1 receptor increases EAACI surface expression and activity by
a mechanism that appears to be independent of PKC or PI3-K, but is blocked
by pertussis toxin, suggesting that a Gy, subtype of G protein may be involved
(Najimi et al. 2005). The effects of neurotensin or endothelin-1 are blocked
by cytochalasin, suggesting that cytoskeletal elements are required for these
effects. In neuronal cultures, an inhibitor of protein kinase A (PKA), N-[2-(p-
bromocinnamylamino)-ethyl]-5-(isoquinolinesulfonamide), also called H89,
reduces biotinylated EAACI (Guillet et al. 2005), suggesting that endogenous
activation of PKA increases cell surface expression of EAACI. Constitutively
active serum- and glucocorticoid-inducible kinase (SGK1) increases EAAC1
activity in Xenopus oocytes, but it is not known if this effect is dependent on
a change in surface expression of EAAC1 (Schniepp et al. 2004). Finally, genetic
deletion of presenilin—one of the proteins implicated in familial Alzheimer’s
disease that is required for amyloid precursor protein metabolism or inhibition
of y-secretase—decreases surface expression of EAACI in neuronal cultures
(Yang et al. 2004). This effect was mimicked by depletion of intracellular cal-
cium stores. Since it appears that presenilin deficiency also reduces calcium
levels in the endoplasmic reticulum, Yang and colleagues suggested that cal-
cium might also have a critical role in regulating EAACI surface expression.
Together, these studies provide compelling evidence that the surface expression
of EAACI is regulated by a variety of different signals in neurons.

As mentioned earlier, EAACI is enriched in brain regions and cell types that
are both remarkably plastic and exquisitely sensitive to excitotoxic insults. It
seems reasonable to consider the possibility that the regulated trafficking of
EAACI is important for these phenomena. In fact, Levenson and colleagues
have shown that EAACI redistributes from one membrane fraction (intracellu-
lar) to another (plasma membrane) in area CA1 of hippocampal slices that are
subjected to high-frequency stimulation that causes long-term potentiation or
in slices prepared from animals that have undergone contextual fear condition-
ing (Levenson et al. 2001). This associated change in transporter expression
suggests that, under certain conditions, EAACI trafficking may be important
for memory formation.

34
GLT-1/EAAT2

In contrast to EAACI, activation of PKC decreases the activity and surface
expression of GLT-1/EAAT2 by about 30%-50%. This effect has been observed
by a number of different groups both in transfected cells and in primary cul-
tures derived from brain tissue (Kalandadze et al. 2002; Zhou and Sutherland
2004; Guillet et al. 2005). In fact, in the same cellular system in which EAACI
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is redistributed to the plasma membrane (C6 glioma), GLT-1 is internalized in
response to activation of PKC (Kalandadze et al. 2002). This provides strong
evidence that it should be possible to identify differences in primary structure
that govern this differential regulation of the two transporters. Using a family
of chimeras, we were able to identify a 43-amino-acid domain that was required
for PKC-dependent internalization of GLT-1. This domain contains five serine
residues, and although mutation of serine-486 to alanine partially blocked
internalization, we were unable to detect a decrease in transporter phospho-
rylation in this mutant transporter (Kalandadze et al. 2002). This suggests that
direct transporter phosphorylation is not required for internalization. How-
ever, it is also possible that the transporter is phosphorylated at several sites
in response to PKC activation and that mutation of serine 486 does not result
in a sufficient decrease to be detected in these studies. The effect of PKC acti-
vation is also associated with an increase in the number of GLT-1 clusters at or
near the plasma membrane, and this clustering is blocked by cytochalasin D,
suggesting that actin is required (Zhou and Sutherland 2004). Interestingly, it
appears that neuronal release of glutamate results in a similar redistribution
of GLT-1 to clusters that seem to localize near neurons (Poitry-Yamate et al.
2002), suggesting that this clustering may be important for shaping excitatory
signaling.

Vermeiren and colleagues observed an effect of metabotropic receptor ac-
tivation on GLT-1-mediated activity (Vermeiren et al. 2005). In astrocytes that
express GLT-1 and mGluR5, GLT-1 seems to be nonfunctional under baseline
conditions, and activation of mGluR5 changes the pharmacologic properties
of the transport activity to resemble that observed for GLT-1 within seconds.
This effect is mimicked by activation of PKC and blocked by inhibitors of
PKC. Furthermore, this effect was independent of a redistribution of GLT-1
from a subcellular compartment to the plasma membrane. Together, these
studies suggest that nonfunctional GLT-1 can be activated by mGluR5 through
a PKC-dependent mechanism.

Although we have not observed a significant amount of non-biotinylated
GLT-1, others have observed a robust non-biotinylated amount of GLT-1 im-
munoreactivity, suggesting that intracellular pools of transporter can accu-
mulate under specific conditions (Kalandadze et al. 2002; Guillet et al. 2005).
Under conditions in which there is a relatively robust intracellular pool, H89,
the PKA inhibitor that decreases EAACI surface expression, increases cell
surface expression of GLTI-1, suggesting that endogenous activation of PKA
decreases GLT-1 surface expression (Guillet et al. 2005). We find that PDGF
has no effect on GLT-1 cell surface expression upon transient transfection of
GLT-1into C6 glioma (A.L. Sheldon, M.I. Gonzélez, and M.B. Robinson, unpub-
lished observations). However, inhibition of one of the downstream effectors
of PDGE, PI3-K, decreases surface expression of GLT-1 in primary neuronal
cultures (Guillet et al. 2005).
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3.5
GLAST/EAAT1

Over a decade ago, activation of PKC was shown to increase Na*-dependent
glutamate transport activity in astrocytes (Casado et al. 1991). It now seems
likely that in these cultures essentially all of the transport activity is mediated
by GLAST (Swanson et al. 1997; Schlag et al. 1998). In these same types of cul-
tures, we found a similar PKC-dependent increase in transport activity. This
effect was specific for glutamate uptake, with no effect or a modest decrease in
Na*-dependent glycine transport (Susarla et al. 2004). However, we did not de-
tect any intracellular (non-biotinylated) pool of GLAST in these experiments.
In fact, activation of PKC paradoxically decreased the amount of GLAST im-
munoreactivity in both the biotinylated fraction and in total cell lysates under
the same conditions that resulted in an increase in transporter activity. Using
a variety of different strategies, we concluded that activation of PKC might
result in masking of epitopes that are required for antibody recognition. The
effects of PKC on GLAST-mediated expression seem to vary depending on the
type of primary astrocyte used for these studies, with decreases observed on
retinal Muller cells (Wang et al. 2003). In forebrain cultures that are enriched in
neurons, activation of PKC or inhibition of PKA decreases GLAST immunore-
activity in the biotinylated fraction, and neither has an effect on total GLAST
immunoreactivity, providing evidence for a PKC-dependent internalization
and PKA-dependent distribution to the plasma membrane (Guillet et al. 2005).

Under conditions in which there is a relatively robust intracellular pool,
glutamate increases the amount of biotinylated GLAST, and it appears that
this increase in surface expression is somehow mediated by an interaction of
glutamate (or other glutamate transporter substrates) with GLAST (Duan et al.
1999). As was observed with GLT-1, neuronal release of glutamate also caused
a clustering of GLAST in astrocytes, suggesting that common mechanisms
may regulate both of these astrocytic transporters (Poitry-Yamate et al. 2002).
GLAST surface expression is also increased by insulin-like growth factor-1
(Gamboa and Ortega 2002). Finally, GLAST activity is downregulated by co-
expression with the ubiquitin ligase, Nedd4-2, upon expression in Xenopus
oocytes (Boehmer et al. 2003). This inhibition is blunted by co-expression of
a constitutively active variant of serum and glucocorticoid responsive kinase
(SGK1) and by constitutively active Akt. These studies imply that ubiquitina-
tion of GLAST is involved in GLAST regulation and may alter surface expression
of GLAST, but this was not explored.

Endothelin also acutely decreases GLAST-mediated activity in primary as-
trocyte cultures by a mechanism that depends on an accumulation of intra-
cellular Ca?* and is blocked by a PKC antagonist, but the effect on transport
activity was thought to be related to astrocyte depolarization (Leonova et al.
2001).
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4
Conclusions

The sodium-dependent glutamate transporters serve a critical function in
the mammalian CNS, both clearing the most abundant neurotransmitter and
limiting the toxic potential of this transmitter. Several studies have now doc-
umented that the trafficking of the three predominant forebrain glutamate
transporters to and from the plasma membrane can be regulated. Further-
more, there are hints that the intrinsic activity of these transporters can also
be regulated. These events would seemingly provide a mechanism to regulate
transporter function on a timescale that is much faster than would be possible
by transcriptional and translational events. It seems likely that at least a few
of the effects are going to depend on cellular context that can result in both
qualitative and quantitative differences in transporter regulation. Although
the field is beginning to define the diverse signaling molecules that are in-
volved, still very little is known about the mechanisms involved, and even less
is known about how these regulatory events are triggered under physiologic
or pathologic conditions.
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Abstract Glutamate is the primary excitatory neurotransmitter in the central nervous sys-
tem. During synaptic activity, glutamate is released into the synaptic cleft and binds to
glutamate receptors on the pre- and postsynaptic membrane as well as on neighboring
astrocytes in order to start a number of intracellular signaling cascades. To allow for an
efficient signaling to occur, glutamate levels in the synaptic cleft have to be maintained at
very low levels. This process is regulated by glutamate transporters, which remove excess
extracellular glutamate via a sodium-potassium coupled uptake mechanism. When extra-
cellular glutamate levels rise to about normal, glutamate overactivates glutamate receptors,
triggering a multitude of intracellular events in the postsynaptic neuron, which ultimately
results in neuronal cell death. This phenomenon is known as excitotoxicity and is the un-
derlying mechanisms of a number of neurodegenerative diseases. A dysfunction of the
glutamate transporter is thought to contribute to cell death during excitotoxicity. Therefore,
efforts have been made to understand the regulation of glutamate transporter function.
Transporter activity can be regulated in different ways, including through gene expression,
transporter protein targeting and trafficking and through posttranslational modifications
of the transporter protein. The identification of these mechanisms has helped to under-
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stand the role of glutamate transporters during pathology and will aid in the development
of therapeutic strategies with the transporter as a desirable target.

Keywords Glutamate transporter - Transporter regulation - Trafficking - Gene expression -
Disease

1
Introduction

To ensure efficient neurotransmission in the brain, it is critical that extracellu-
lar neurotransmitter levels are rapidly returned to baseline following regulated
secretion. Most extracellular neurotransmitter concentrations are tightly con-
trolled by high-affinity plasma membrane transporters that serve to maintain
a dynamic signaling system between neurons. The majority of these uptake
processes occur either presynaptically or on surrounding astrocytes. Given
the essential role in controlling the extracellular levels of neurotransmitter,
it becomes obvious that dysfunction of these transporters will easily lead to
a disturbance of synaptic transmission and thereby contribute to various neu-
rological disorders. With L-glutamate as the major excitatory neurotransmitter
in the brain, glutamate transporter function and regulation is crucial in main-
taining a low extracellular concentration of glutamate. Due to the central role
of glutamate in the central nervous system (CNS), we will focus in the present
chapter on the regulation of glutamate transporters and on the mechanisms of
dysregulation of these transporters during disease.

1.1
Glutamate

L-Glutamate is the major excitatory neurotransmitter in the CNS, and acti-
vation of the corresponding receptors mediates rapid synaptic transmission.
While glutamate receptor stimulation is involved in processes of learning and
memory as well as in other plastic changes in the CNS such as synapse induction
and elimination during development, excessive accumulation of extracellular
glutamate and overactivation of glutamate receptors contribute to neuronal cell
death. This phenomenon is known as glutamate excitotoxicity and is thought to
underlie a number of acute CNS diseases including CNS ischemia and trauma
as well as chronic neurodegenerative disorders such as Huntington’s disease
(HD), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis (ALS).
Under physiological conditions, most glutamate is present intracellularly,
while the glutamate concentration in the surrounding extracellular fluid is up to
a million-fold less. This steep concentration gradient is necessary for efficient
glutamate receptor stimulation upon presynaptic glutamate release during
rapid synaptic transmission. To keep the levels of glutamate in the synaptic
cleft sufficiently low, glutamate has to be removed from the extracellular space.
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There are no known enzymes extracellularly that are able to metabolize and
thereby convert glutamate to an inactive form. Consequently, the only way to
remove glutamate rapidly from the synaptic cleft is by cellular uptake. This
uptake is carried out by sodium-dependent glutamate transporters that are
present on the plasma membrane of perisynaptic astrocytes and, to a lesser
degree, on neurons themselves (see Fig. 1). Glutamate uptake becomes particu-
larly important under pathological conditions, when glutamate in the synaptic
cleft rises to a great extent above normal levels, high enough to trigger excito-
toxicity in the postsynaptic neuron (Maragakis and Rothstein 2004; Rothstein
et al. 1996). This is when brain tissue requires very high glutamate uptake
activity to protect itself against glutamate toxicity. Once glutamate is taken up,
it is either used for metabolic purposes or reused as a transmitter by entering
the glutamate-glutamine cycle (Danbolt 2001).

Pre

E Glutamate Transporter

: NMDA Receptor
AMPA Receptor

« »
o>
<‘> Glutamine Transporter

Astrocyte

Post

Fig. 1 Glutamate (Glu) transporters at the central nervous system synapse: Glutamate is
released from the presynaptic (pre) neuron into the synaptic cleft. From there, it either
activates postsynaptic (post) glutamate receptors or is removed from the synaptic cleft by
glutamate transporters to feed into the glutamine (gltn)-glutamate cycle
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1.2
Glutamate Transporter

Glutamate uptake via plasma membrane glutamate transporters involves an
active transport of neurotransmitter against its concentration gradient and
is driven by an electrochemical gradient of both Na* and K*. Five plasma
membrane glutamate transporter subtypes have been identified thus far: ex-
citatory amino acid transporters EAAT1-EAAT5 (human nomenclature) or
GLAST/GLT-1/EAAC1/EAAT4/EAAT5 (rodent nomenclature for the five re-
spective human transporters) (see Table 1). The subtypes differ in their dis-
tribution pattern with regard to cell type and brain region. EAAT2/GLT-1
(Shashidharan et al. 1994) is primarily found on astrocytes and is the major
glutamate transporter in the forebrain (Furuta et al. 1997b). EAAT1/GLAST
(Shashidharan and Plaitakis 1993) is the major glutamate transporter present
on astrocytes in the cerebellum (Furuta et al. 1997b), the inner ear (Furness
and Lehre 1997), circumventricular organs (Berger and Hediger 2000), and
retina (Derouiche et al. 1995; Rauen 2000). EAAT3/EAACI is a neuronal glu-
tamate transporter with highest concentrations found in the hippocampus,
cerebellum, and basal ganglia (Furuta et al. 1997a, b). EAAT4 is for the most
part expressed in the Purkinje cells of the cerebellar molecular layer (Barpeled
et al. 1997; Furuta et al. 1997a) while EAAT5 is mainly expressed in the retina
(Arriza et al. 1997).

Table 1 Nomenclature and expression pattern of glutamate transporter subtypes

Glutamate Human Cell type Anatomic localization

transporter ~ homolog

subtype

GLAST EAAT1 Astrocytes, Cerebellum, cortex, spinal cord
oligodendrocytes

GLT1 EAAT2 Astrocytes Throughout brain and spinal cord

GLT1b EAAT2b Astrocytes Throughout brain and spinal cord
and neurons

EAAC1 EAAT3 Neurons Hippocampus, cerebellum,

striatum
EAAT4 EAAT4 Purkinje cells Cerebellum
EAAT5 EAATS5 Photoreceptors and  Retina

bipolar Cells
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2
Regulation of Glutamate Transporters

As discussed above, glutamatergic transmission is involved in many impor-
tant brain functions, while elevated concentrations of extracellular glutamate
can cause severe excitotoxic damage to the receiving neurons. It is therefore
crucial to maintain efficient glutamate uptake. Recent experiments using an-
tisense oligonucleotides and targeted gene disruption confirmed the critical
involvement of glutamate transporter protein in maintaining a healthy gluta-
mate homeostasis (Rothstein et al. 1996; Tanaka et al. 1997). Mice lacking GLT-1
developed increased extracellular glutamate levels, excitotoxic neurodegener-
ation, and progressive paralysis. In addition, knocking down EAACI in vivo
led to epileptic seizures (Rothstein et al. 1996). These studies emphasize the
need for an understanding of glutamate transporter regulation and illustrate
how this knowledge may facilitate the use of the glutamate transporter system
as a pharmaceutical target for the treatment of neurodegenerative diseases. In
this chapter, we will highlight mechanisms of glutamate transporter regulation
and the consequences of malfunction during disease.

The mechanisms of glutamate transporter regulation are not well defined,
and to date little is known about the factors that are responsible for regulating
protein expression and transporter activity. Regulation can occur on multiple
levels, including DNA transcription and protein translation, as well as post-
translational modification, which, in turn, may affect glutamate transporter
protein targeting, localization, and transport activity. While DNA transcrip-
tion and protein expression events require considerable time (several hours)
to show effects on transporter activity, posttranslational modification of trans-
porter protein can occur very acutely within minutes. As with most biological
events, it is likely that a combination of all of these mechanisms is important
for efficient glutamate uptake to occur.

2.1
Transcriptional and Translational Regulation

Early studies showed glutamate uptake in pure astrocyte cultures increases if
the astrocytes are treated with media derived from neuronal cultures (Drejer
et al. 1983; Gegelashvili et al. 1997; Schlag et al. 1998; Swanson et al. 1997). In
the absence of neurons, astrocytes express only GLAST. When co-cultured with
neurons, expression of GLT-1 in astrocytes is induced while basal expression of
GLAST is slightly enhanced (Gegelashvili et al. 1997; Swanson et al. 1997). These
data suggested that there are neuronal soluble factors that increase glutamate
transporter protein and messenger RNA (mRNA). This direct upregulation is
more prominent for GLT-1 as compared to GLAST, suggesting that transcrip-
tional activation of astrocytic glutamate transporters may be subtype-specific.
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2.1.1
EAAT2/GLT-1

While the soluble factors present in neuron conditioned media (NCM) have
not yet been identified, progress has been made toward elucidating their sig-
nal transduction pathways. It has been proposed that upregulation of GLT-1 by
NCM depends on the activation of the p42/44 MAP kinases via the tyrphostin-
sensitive receptor tyrosine kinase (RTK) signaling pathway (Gegelashvili et al.
2000, 2001; Swanson et al. 1997). NCM also phosphorylates transcription
factors CREM-1 and ATF-1 (Gegelashvili et al. 2000; Swanson et al. 1997),
and inhibitors of phosphatidylinositol 3-kinase (PI3K), tyrosine kinase, or
nuclear transcription factor kB (NF-kB) almost completely blocked NCM-
induced upregulation of GLT-1 protein expression (Swanson et al. 1997; Zele-
naia et al. 2000).

In the search for the soluble factors that are responsible for transporter
upregulation, growth factors are the most prominent group of physiologi-
cal molecules studied. Epidermal growth factor (EGF) as well as transform-
ing growth factor-a (TGF-a) induced strong upregulation of GLT-1 in cul-
tured astrocytes, while platelet-derived growth factor (PDGF) showed no
effect (Zelenaia et al. 2000). Nor was there an effect seen using insulin, ba-
sic fibroblast growth factor (bFGF), and nerve growth factor (NGF), while
there was a significant upregulation of GLT-1 caused by dibutyryl-cAMP (db-
cAMP) (Eng et al. 1997; Schlag et al. 1998; Swanson et al. 1997; Zelenaia
et al. 2000). The effects of EGF and dbcAMP were blocked by inhibitors
of PI3K and NF-xB, similar to what was seen with NCM (Zelenaia et al.
2000). However, inhibition of the EGF receptor during treatment with NCM
did not block the increased expression of GLT-1 (Zelenaia et al. 2000). This
suggests that there are independent signaling pathways leading to transcrip-
tional upregulation of GLT-1 that seem to converge at some level along the
cascades.

Early studies indicated the presence of a consensus sequence for NF-kB
binding within the 5'-untranslated region of the GLT-1/EAAT2 complemen-
tary DNA (cDNA) clones (Meyer et al. 1996). These findings were confirmed
when the EAAT2 promoter was cloned. The EAAT?2 sequence revealed a num-
ber of potential regulatory transcription factor-binding elements, including
NF-kB, N-myc, and NFAT (nuclear factor of activated T cells) (Su et al. 2003).
Furthermore, the authors demonstrated that EGF, TGF-a, and dbcAMP, as
well as bromo-cAMP, increased EAAT2 mRNA expression in primary human
fetal astrocyte (PHFA) cultures, whereas TNF-o decreased expression. Using
nuclear run-on assays, the authors verified that these alterations of EAAT2 in
PHFA occur on a transcriptional level. Overexpression of promoter deletion
constructs indicated the involvement of NF-xB in EAAT?2 transcriptional reg-
ulation. Pharmacological characterization of defined biochemical pathways
leading to transcriptional regulation of EAAT2 in PHFA confirmed the conver-
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gence of independent signaling pathways, similar to what was found earlier in
cultured astrocytes (Zelenaia et al. 2000).

For example, EGF-dependent EAAT2 upregulation was blocked by inhibitors
of tyrosine kinase, NF-kB, PI3K, and mitogen-activated kinase (MEK)1/2, but
unaffected by inhibitors of PKA. On the other hand, dbcAMP-dependent acti-
vation was blocked by inhibitors of PKA, NF-kB, PI3K, and MEK1/2, but not by
tyrosine kinase inhibitors (Su et al. 2003). At the same time, blocking NF-«xB
restored EAAT?2 promoter activity during treatment with TNF-a. These data
confirm a transcriptional regulation of EAAT2 expression and the involvement
of specific regions of the EAAT2 promoter, such as the NF-«B transcription fac-
tor binding site. How NF-kB can act both positively and negatively depending
on the agent administered is still unclear. Sitcheran et al. (2005) examined this
phenomenon in more detail. Using the EAAT2 promoter fragment constructs,
they showed that EGF-induced NF-«B activation is independent of IxB degra-
dation, which is a common step in the signaling cascade upstream of NF-xB
activation (Yamamoto and Gaynor 2004). Also, TNFa-mediated repression is
dependent on the recruitment of N-myc, another transcription factor whose
binding site is present on the EAAT2 promoter sequence (Sitcheran et al. 2005;
Su et al. 2003).

»
(N-myc] /CRE

| Transporter promoter

Fig. 2 Suggested pathways effecting glutamate transporter promoter activation (for abbre-
viations of individual factors, please refer to text)
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Another neuron-derived factor that has been demonstrated to regulate the
expression of GLT-1 (and GLAST) is pituitary adenylate cyclase-activating
polypeptide (PACAP). Exposure of cortical glial cultures to PACAP increased
glutamate uptake and protein expression of GLT-1 and GLAST as well as glu-
tamine synthetase (Figiel and Engele 2000). The effects were inhibited by
PACAP-inactivating antibodies or by PACAP receptor (PAC1) antagonists. The
increase in GLT-1 expression occurred via activation of protein kinase A (PKA)
and PKC pathways (Fig. 2), while GLAST upregulation was only dependent on
activation of PKA. Knocking down PAC1 in vivo showed a significant reduction
of GLAST mRNA in the dentate gyrus, but not in the cortex, while mRNA levels
of GLT-1 seemed unaffected by the loss of PAC1 (Zink et al. 2004).

2.1.2
EAAT1/GLAST

While GLT-1/EAAT?2 is activated directly by soluble factors released by neu-
rons, activation of GLAST seems to be mediated through different signaling
pathways. Early studies identified L-glutamate as one soluble neuron-derived
factor acting as a GLAST regulator (Gegelashvili et al. 1996). Glutamate in-
duced an increase in glutamate uptake in cultured astroglia accompanied by
increased expression of GLAST protein. Inhibitors of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)/kainate receptors were able to block
this upregulation, which was specific to GLAST and did not affect GLT-1. The
glutamate-mediated increase in GLAST protein levels was not accompanied
by an increase in mRNA levels, suggesting translational regulation instead of
transcriptional regulation. On the other hand, when cells were treated with
dbcAMP, both mRNA and protein levels were significantly elevated compared
to non-treated cultures (Gegelashvili et al. 1996; Swanson et al. 1997). This il-
lustrates again that the regulation of glutamate transporters occurs on different
levels and through different signaling pathways depending on the stimulating
factor.

More detailed examination of glutamate-mediated GLAST upregulation
showed that activation of group II metabotropic glutamate receptors (mGluRs)
caused a significant upregulation of GLAST protein levels in astroglial cultures
supplemented with NCM, while activation of group I mGluRs led to a decrease
in GLAST protein (Gegelashvili et al. 2001). This study did not examine the
mRNA level of GLAST, and therefore is not clear if the mGluR-induced changes
occur on a transcriptional and/or translational level.

When Zelenaia and colleagues studied the pathways of GLT-1 transcrip-
tional upregulation, they also looked at the regulation of GLAST under several
different treatment paradigms (Zelenaia and Robinson 2000). Similarly to GLT-
1, dbcAMP, EGF, and TGF-a significantly increased GLAST protein levels and
mRNA levels in cultured astrocytes. The authors did not further examine the
detailed signaling pathways for GLAST in the same way they did for GLT-1.
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Exposure of primary astroglial cells to estrogen caused a significant in-
crease in GLAST (and GLT-1) mRNA levels as well as protein levels, which
was accompanied by increased glutamate uptake (Pawlak et al. 2005). Simi-
lar observations were made with human cultured astrocytes derived from the
cortex of AD patients (Liang et al. 2002). The authors suggested that upregu-
lation of glutamate transporters may be one mechanism by which estrogens
provide neuroprotection against excitotoxic glutamate overflow (Liang et al.
2002; Pawlak et al. 2005).

Cloning of the EAAT1 promoter revealed multiple putative transcription
factor binding sites including NF-xB, cAMP responsive element binding protein
(CREB), activating protein 1 (AP1), GC-box elements, and others (Kim et al.
2003). The region of the promoter required for basal EAAT1 promoter activity
was found to include the following transcription factor binding sites: GC-box
for stimulating protein (Sp)1 and Sp3 transcription factors, X-box for protein
RFX1aswell as gut-enriched Kruppel-like factors, serum response factor (SRF),
Atplal regulatory element binding factor (AREB)6, and upstream stimulating
factor (USF). Gel shift and supershift analyses on this promoter indicated that
the GC-box-binding Sp1 and Sp3 transcription factors are responsible for most
of the basal activity of the human EAAT1 gene (Kim et al. 2003).

The authors also looked at factors inducing transcriptional activation. EGF,
TGF-a, and 8-bromo cAMP induced a significant increase in EAAT1 promoter
activity when overexpressed in PHFA, while glutamate, 12-myristate 13-acetate
(PMA), and dbcAMP had no effect. Furthermore, EGF and TGF-a increased
endogenous EAAT1 mRNA levels in human fetal astrocyte cultures, while
TNF-a decreased mRNA levels (Kim et al. 2003). Finally, the increase in mRNA
levels led to increased EAAT1-specific transport activity in primary astrocytes.
It follows, therefore, that biological modulators initiate activation of glutamate
transporters at the transcriptional level, eventually leading to an increase in
functional protein levels.

2.2
Posttranslational Modification

Studies on the molecular structure of the glutamate transporter protein and
its membrane topology have become important, as they provide the essential
information on how the transporters can be regulated via posttranslational
modifications (for review see Sonders et al. 2005). Briefly, the transporters
are composed of eight helical transmembrane domains (TMD) and two he-
lical hairpins right before and after TMD?7. Both, the N- and C-terminus are
cytoplasmic, while there is a large extracellular hydrophilic region between
the third and fourth TMD (Slotboom et al. 1999). The recent high-resolution
crystal structure of a bacterial glutamate transporter homolog Gltp}, revealed
that the transporter is assembled as a trimer (Yernool et al. 2004). Modes of
regulation based on this structure are discussed below.
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2.2.1
Transporter Protein Maturation

During maturation of nascent transporter polypeptides in the endoplasmic
reticulum (ER) and Golgi complex, posttranslational modifications occur that
can influence the functional properties of the mature protein. One such mod-
ification is the glycosylation of extracellular domains of the transporter pro-
tein. Glycosylation sites were identified on GLAST in the extracellular loop of
transmembrane helices 3 and 4 at Asn206 and Asn216 (Conradt et al. 1995).
Using site-directed mutagenesis followed by overexpression of wildtype and
glycosylation-deficient GLAST in Xenopus oocytes, the authors showed that
N-glycosylation had no effect on the transport activity of GLAST. Similar ob-
servations were made using overexpressed GLT-1 in BHK cells (Raunser et al.
2005). Both the glycosylated and non-glycosylated form of GLT-1 were trans-
ported to the plasma membrane with equal efficiency and showed similar
uptake activities upon reconstitution into liposomes.

Some proteins are retained in the ER and therefore develop into an imma-
ture, non-glycosylated protein. Kalandadze et al. (2004) identified an extracel-
lular leucine-based motif in GLT-1 that suppresses a downstream arginine-
based motif (RXR) that functions as an ER retention signal. Mutation of
the leucine motif leads to retention of the transporter in the ER, where it
co-localizes with ER chaperone protein GRP78. As a result, the transporter
protein is not terminally glycosylated and represents an immature form of
the transporter. The region containing these motifs is located in the extracel-
lular carboxyl-terminal domain of the transporter between transmembrane
domain 7 and 8 and is required for phosphorylation-dependent events of GLT-
1 redistribution, as discussed in Sect. 2.2.3 (Kalandadze et al. 2002). There is
ahigh degree ofhomology in this region between the different transporter sub-
types, which suggests that similar processes of posttranslational modification
may occur among all subtypes (Kalandadze et al. 2004).

A very recent study reported the identification of a splice variant of the
human glutamate transporter EAAT1, EAAT1ex9skip (Vallejo-Illarramendi
et al. 2005). This splice variant lacks the entire exon 9 of EAATI, and its
mRNA is translated into a truncated protein localized to the ER. Furthermore,
when co-expressed with full-length EAAT1, EAAT1ex9skip acts as a negative
regulator of the former. This is quite similar to previous reports of alternate
splice products of EAAT2 described by Lin et al. (1998). Interestingly, exon 9
includes the leucine-based motif described by Kalandadze et al. and excludes
the RXR motif. This confirms the repressor properties of the leucine-rich motif
on RXR-induced ER retention and may explain the ER-restricted localization
and functional inactivity of EAAT1ex9skip.

Intracellular proteins have been identified as interacting with this carboxyl-
terminal region (A.M. Ruggerio, unpublished observations; A. Watanabe, un-
published observations). At least one of these proteins, glutamate transporter
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interacting protein 3-18 (GTRAP3-18), plays a role in transporter maturation
and could possibly represent a chaperone for glutamate transporters. This in-
teracting protein appears to regulate the ER-to-Golgi maturation of oligomeric
transporter proteins, and, as such, ultimately alters the cell surface presence of
glutamate transporters. These actions, in part, appear to be mediated thru the
ER exit and glycosylation of the nascent transporters.

2.2.2
Membrane Targeting and Stabilization

As discussed earlier, in order to achieve efficient synaptic transmission, the
level of extracellular glutamate needs to be kept low at all times. This requires
a highly ordered arrangement of specialized membrane domains containing
the players involved. These include presynaptically localized vesicles releasing
glutamate and postsynaptic glutamate receptors binding glutamate as well
as astrocytic or peri-synaptically localized glutamate transporters taking up
glutamate. The close vicinity of all of these membrane domains is critical in
shaping the amplitude of postsynaptic responses, and the processes involved
in targeting the glutamate transporter to appropriate membrane structures are
thought to be highly dynamic events that are activity dependent (Jackson et al.
2001; Zhou and Sutherland 2004).

These specialized membrane domains include lipid rafts, which are lipid-
protein microdomains of the plasma membrane that are enriched with choles-
terol and glycosphingolipids (Simons and Toomre 2000). They participate in
a wide variety of cellular processes including regulation of trafficking and
clustering of membrane-associated proteins and their intracellular signaling
molecules (Becher et al. 2001; Fallon et al. 2002; Hering et al. 2003; Suzuki et al.
2001). Butchbach et al. (2004) showed that depletion of membrane choles-
terol by methyl-B-cyclodextrin reduced Na*-dependent glutamate uptake in
primary cortical cultures for both astrocytic transporter EAAT2 and neu-
ronal transporter EAAT3, although to a lesser extent for the latter. Biochemi-
cal analysis further confirmed the association of glutamate transporters with
cholesterol-rich lipid raft microdomains of the plasma membrane (Butchbach
et al. 2004). The reduced glutamate uptake in the absence of cholesterol was
accompanied by a decrease of transporter protein at the cell surface, which
was blocked by a non-specific inhibitor of receptor internalization. This sug-
gests that endocytosis of the transporters may be increased when there is no
membrane cholesterol present to stabilize the transporters at the cell surface,
resulting in decreased glutamate uptake.

Another study proposed the localization of glutamate transporters to spe-
cialized membrane domains, although based on transcriptional regulation (see
Sect. 2.1) rather than on posttranslational modification. Zschocke et al. (2005)
studied the effects of cAMP and TGF-a on caveolin gene expression in corre-
lation with GLT-1 gene expression. Caveolin is the main structural constituent
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of caveolae, a subset of lipid rafts. The authors hypothesized that caveolin and
GLT-1 may be regulated through a common PI3K-dependent pathway. Bio-
chemical analyses using pharmacological blockers suggested a correlation of
areciprocal regulation of caveolins and GLT-1. Activation of a PI3K-dependent
pathway using either TGF-a or cAMP decreased caveolin expression, while
GLT-1 protein expression was upregulated. Immunocytochemistry and analy-
sis of membrane fractions confirmed a localization of GLT-1 to non-caveolar
lipid raft microdomains of cortical astroglial cells.

Both of these studies suggest that glutamate transporters are localized to
specific membrane domains where they can take up glutamate most efficiently.
Future work will be needed to examine how this localization is regulated under
basal as well as pathophysiological conditions.

The targeting of transporter protein to specific sites was further suggested to
be dependent on splice variations of the protein. A splice variant of GLT-1, GLT-
1v/GLT-1b, with N-terminal splicing of the original GLT-1 but an alternative
splicing at the carboxyl-terminal region (Chen et al. 2002; Schmitt et al. 2002),
was studied in regards to its transport properties and localization compared to
GLT-1 (Sullivan et al. 2004). While the functional properties of the splice variant
were similar to GLT-1, GLT-1v was localized to glial processes in extrasynaptic
regions. The authors conclude that while GLT-1v does not seem to be involved
in clearing extracellular glutamate during fast synaptic transmission, it may
be important to prevent glutamate spillover to adjacent synapses, and it may
become a crucial player during pathological conditions, when extracellular
glutamate rises highly above normal levels. It will be interesting to see whether
these conditions will upregulate protein expression of this particular splice
variant in order to provide better neuroprotection.

Localization and stabilization of membrane proteins is often dependent
on their interaction with intracellular anchoring proteins. This phenomenon
has been intensively studied in the field of neurotransmitter receptors, and
a large number of receptor interacting proteins have been identified over the
last decade (for review see Kim and Huganir 1999; Scannevin and Huganir
2000). Jackson et al. (2001) identified two interacting proteins, GTRAP41 (BIII
spectrin) and GTRAP48 (PDZ RhoGef), that specifically bind to the intracellu-
lar carboxyl-terminal domain of EAAT4. When co-expressed in heterologous
cells, the interaction of these proteins with EAAT4 increases glutamate trans-
port in these cells. In addition, viral injection of GTRAP41 and GTRAP48 in
vivo also resulted in increased glutamate uptake. The increased transport is
associated with increased surface expression of the transporter at the plasma
membrane (Jackson et al. 2001). GTRAP41 and GTRAP48 are suggested to sta-
bilize EAAT4 at the plasma membrane, thereby reducing internalization and
subsequent degradation. Interestingly, GTRAP3-18,an EAACI interacting pro-
tein, does not affect surface expression of EAACI at all (Lin et al. 2001). Similar
to GTRAP41 and GTRAP48, GTRAP3-18 specifically binds to the C-terminal
intracellular domain of EAACI. Co-expression of GTRAP3-18 with EAACI1
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in HEK293 cells decreased EAAC1-mediated glutamate uptake. As mentioned
before, surface expression of EAAC1 was unaltered when co-expressed with
GTRAP3-18, suggesting that loss of EAAC1-mediated glutamate uptake was
not due to altered protein targeting. Instead, kinetic analyses of glutamate
transport indicated decreased glutamate affinity of EAACI1 in the presence of
overexpressed GTRAP3-18. To confirm the effects of GTRAP-18 in vivo, the
authors knocked down GTRAP-18 gene expression by administering antisense
oligomers intraventricularly, which led to increased cortical glutamate uptake
(Lin et al. 2001).

In order for proteins to be targeted properly to their final destinations on
the plasma membrane cell surface, a sorting process occurs as the proteins
exit the trans-Golgi network. In general, neuronal proteins that are localized
dendritically are concentrated on the basolateral surface when expressed in
epithelial cells. The sorting of basolateral proteins depends on short motifs
present in the cytoplasmic tails of the proteins. Apical sorting in epithelial cells
correlates with axonal distribution in neurons. Mechanisms of apical sorting
are not well characterized but are thought to involve glycosylation, raft associ-
ation, and glycosylphosphatidylinositol linkage (Winckler and Mellman 1999).
Cheng et al. (Cheng et al. 2002) identified a novel sorting motif in EAAT3 that
directs the transporter to the apical membrane of epithelial cells and to the
somatodendritic location in hippocampal neurons, a rather counterintuitive
process. Deletion of the motif eliminated apical localization and impaired den-
dritic targeting in hippocampal neurons. The motif was sufficient to redirect
the basolaterally localized EAAT1 and the nonpolarized EAAT?2 to the apical
surface. Clustering of EAAT3 was not affected by mutations of the sorting motif.
The motif is very likely to bind to adaptor proteins that direct the transporter
to its peri-synaptic location. Whether or not this sorting can be regulated by
soluble factors or activity is still unknown and requires further investigation.

223
Transporter Protein Trafficking

One mechanism for regulating neurotransmitter transport involves changes
in membrane trafficking of the transporter. Trafficking of membrane proteins
between the plasma membrane and intracellular stores that is mediated by an
interplay of internalization and membrane insertion can occur in a very short
period and therefore allows for very fast regulation of functional protein ac-
tivity. While trafficking of other membrane proteins such as neurotransmitter
receptors has been studied extensively, the regulation of glutamate transporter
trafficking is only starting to be understood. Two of the most prominent mech-
anisms for regulating membrane protein trafficking to and from the plasma
membrane are direct phosphorylation of the membrane protein and phospho-
rylation of interacting scaffolding proteins.
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2.23.1
EAAT2/GLT-1

Casado etal. (1991) were the first to observe increases in glutamate transport in
glial cells when incubated with 12-O-tetradecanoylphorbol 13-acetate (TPA),
a potent activator of PKC. A follow-up study from the same lab confirmed the
increase in glutamate uptake and phosphorylation by PKC on serine residues
of GLT-1 when virally overexpressed in HeLa cells (Casado et al. 1993). Interest-
ingly, when GLT-1 was stably transfected into HeLa cells or two other peripheral
celllines, PKC had no regulatory effects on GLT-1 at all (Tan et al. 1999). Finally,
activating PKC in Y-79 human retinoblastoma cells, which express endogenous
EAAT2/GLT-1, inhibited glutamate uptake by decreasing the transporter’s affin-
ity for glutamate. The PKC-dependent decrease in GLT-1-mediated glutamate
uptake was replicated using primary co-cultures of neurons and astrocytes
that endogenously express GLT-1 as well as with overexpressed GLT-1 in C6
glioma cells (Kalandadze et al. 2002). Using these cultures models, the au-
thors demonstrated a PKC-dependent decrease in GLT-1 surface expression
that requires the presence of a 43-amino-acid long carboxyl-terminal domain
of GLT-1 protein. Mutation analysis of serines and threonines in this domain
indicated that serine 486 is partially responsible for PKC-dependent internal-
ization of GLT-1. Further biochemical studies in C6 glioma cells as well as in
crude rat brain synaptosomes identified PKCa as the required PKC subtype
for PMA-induced GLT-1 internalization (Gonzalez et al. 2005). Immunoprecip-
itation of GLT-1 showed a complex formation with PKCa that was increased
after PMA treatment and blocked by PKC inhibitors. Whether or not there
is a direct interaction between GLT-1 and PKCa is unclear. However, these
data strongly suggest that a formation of GLT-1-PKCa complexes is part of the
internalization process.

Zhou and Sutherland (2004) confirmed the PKC-dependent internalization
of GLT-1 in primary astrocyte cultures as well as C6 glioma cells. Using real-
time imaging of green fluorescent protein (GFP)-tagged GLT-1 overexpressed
in both cell systems, they visualized transporter internalization and noticed an
increased cluster formation of GLT-1 upon PKC activation. Both events were
blocked by PKC inhibitors as well as by overexpression of a dominant negative
form of dynamin, suggesting that GLT-1 endocytosis is a clathrin-mediated
process.

Arecent study performed in neuron-enriched cultures confirmed a decrease
in surface expression of GLT-1 in the presence of PMA (Guillet et al. 2005). The
authors also identified a PI3K-dependent internalization of GLT-1. When cells
were incubated with wortmannin, an inhibitor of PI3K, cell surface expression
of GLT-1 was dramatically reduced. On the other hand, an inhibitor of PKA
significantlyincreased surface expression of GLT-1 in these cultures. These data
suggest that trafficking of glutamate transporters, and subsequently functional
activity, can be regulated via independent signaling pathways.
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The diverse effects of PKC activation on GLT-1 uptake activity as reported in
varying cell model systems suggest that cell type-specific intracellular proteins
may be required to allow for a PKC-dependent regulation of GLT-1 trafficking
and thereby glutamate uptake activity upon stimulation.

2.2.3.2
EAAT3/EAACT

Using C6 glioma cells, which endogenously express EAACI, Dowd and Robin-
son (1996) reported a PKC-dependent increase in EAAC1-mediated glutamate
transport activity by application of PMA. The increase in glutamate uptake
occurred within minutes of PMA application and was independent of new
protein synthesis. Follow-up studies from the same laboratory showed a corre-
lation of increased uptake activity with increased surface expression of EAAC1
(Davis et al. 1998). PKC inhibitors blocked both PMA-induced increased ac-
tivity and membrane insertion of EAACI1, while PI3K inhibitors only blocked
PMA-induced membrane insertion. Using confocal microscopy, Davis et al.
(1998) examined the increase in EAACI cell surface expression and confirmed
increased membrane insertion as well as increased numbers of EAACI clusters
at the cell surface. Although in the opposite direction, these results are rem-
iniscent of what Zhou and Sutherland (2004) found with GLT-1 in astrocytes
and C6 glioma cells. Similar increases in cell surface expression of EAAC1 were
observed in C6 glioma cells when stimulated with PDGF (Sims et al. 2000). The
increase in membrane insertion was paralleled by a decrease in intracellular
EAACI protein and was blocked by PI3K inhibitors, but not by PKC inhibitors.
No redistribution of EAAC1 was seen when cells were treated with other growth
factors.

Guillet et al. (2005) confirmed a PKC-dependent increase in EAACI surface
expression in primary neuron-enriched cultures. At the same time, inhibition
of PKA or PI3K caused an internalization of EAACI in these cells. Similar to
what Davis et al. (1998) found, the authors showed an increased formation
of EAACI clusters in the intracellular compartment following wortmannin-
induced internalization of the transporters.

Gonzalez et al. (2002, 2003) identified PKCe as the PKC subtype to mediate
the PMA-induced increase in EAAC1 uptake activity, while activation of PKCa
is responsible for the phorbol ester-induced membrane insertion of EAACI. In
addition, biochemical analysis of the activated EAACI protein showed the for-
mation of EAAC1-PKCa complexes upon PMA treatment, which was blocked
by PKC inhibitors. This observation was made in both C6 glioma cells and rat
brain synaptosomes.

A more detailed kinetic analysis of EAACI trafficking in C6 glioma cells
and primary neurons revealed PKC-dependent membrane insertion of EAAC1
in PMA-treated cultures within minutes (Fournier et al. 2004). Furthermore,
PMA treatment reduced constitutive internalization of EAACI, indicating that
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activation of PKC decreased EAACI endocytosis. When cells were incubated
at lower temperatures to reduce intracellular membrane trafficking, PMA was
not able to increase EAACI surface expression, while constitutive recycling of
EAACI was unaffected. This suggests the presence of two distinct intracellular
pools of EAACI, one that is regulated by PMA-mediated PKC activation and
one that is responsible for basal, constitutive protein recycling (Fournier et al.
2004).

2233
EAAT1/GLAST

Overexpressed GLAST in Xenopus oocytes and HEK293 cells showed decreased
transport activity when cells were treated with the PKC activator PMA (Conradt
and Stoffel 1997). Site-directed mutagenesis of all putative PKC phosphoryla-
tion sites did not block the decrease in transport activity, suggesting that
GLAST transporter activity is inhibited by phosphorylation at non-PKC con-
sensus sites. Interestingly, immunostaining of surface protein did not reveal
achangein surface expression of GLAST upon PMA treatment. Acute treatment
of cerebellar chick Bergmann glial cells (BGC) with PKC activator phorbol 12-
tetradecanoyl-13-acetate (TPA) confirmed a significant decrease in glutamate
uptake activity without changes in protein levels of GLAST (Gonzalez et al.
1999; Gonzalez and Ortega 1997). However, when the authors prolonged the
exposure to TPA to several hours, GLAST protein levels were decreased. They
proposed that PKC activation might have an effect on GLAST gene expression
through activation of transcription factor AP-1, which is found on the GLAST
promoter sequence (Hagiwara et al. 1996; see also Sect. 2.1.2). While this study
did not examine the effects of TPA on surface expression of GLAST in this
culture system, Wang et al. (2003) found that treatment of BGC with PMA sig-
nificantly decreased glutamate transport and GLAST cell surface expression as
shown by biotinylation assays.

Using intact retinal tissue, inhibition of PKC$ activity decreased GLAST-
mediated glutamate uptake (Bull and Barnett 2002). The authors did not ex-
amine whether inhibition of PKCé caused internalization of the transporter.
Meanwhile, working in neuron-enriched cultures, Guillet et al. (2005) reported
a PMA-induced decrease in cell surface expression of GLAST. Similar results
were obtained with inhibitors of PKA, while inhibitors of PI3K resulted in
increased cell surface expression, suggesting again that independent signaling
pathways are able to rapidly regulate transporter trafficking in response to
acute intracellular signaling processes. PI3K inhibitors also blocked insulin-
like growth factor-1-mediated increase in GLAST-dependent glutamate uptake
in BGC (Gamboa and Ortega 2002).

In yet another study, acute treatment of primary astrocyte cultures with
PMA caused an increase in glutamate transport activity, while long-term treat-
ment had no effect (Susarla et al. 2004). The authors discovered modifications
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of several intracellular epitopes while attempting an immunohistochemical
analysis of the treated cultures, which led to a loss of GLAST immunoreactiv-
ity. Using a different approach to study surface expression, they did not find
a change upon PMA exposure. The opposing effects of PMA on uptake activity
in this study compared to Guillet et al. (2005) remains unclear.

Another major mechanism responsible for subcellular membrane traffick-
ing is changes in the cellular cytoskeleton. Amyloid B-protein (AB), a major
constituent of amyloid plaques in AD, induced increased glutamate uptake
and GLAST surface expression in cultured astrocytes, which was inhibited by
actin-disrupting agents (Ikegaya et al. 2002). These data suggest the existence
of actin-dependent mechanisms of GLAST redistribution. Similar changes in
the cytoskeleton were achieved when primary astrocytes were treated with
glutamate. Glutamate exposure produced an increase in GLAST surface ex-
pression that was blocked by cytochalasin B or cytochalasin D, both actin
depolymerizing agents (Duan et al. 1999). Interestingly, inhibitors of PKC,
PKA, or PI3K had no effect on glutamate-induced redistribution of GLAST
(Duan et al. 1999).

224
Transporter Modification

Arachidonic acid (AA) is released from neurons during synaptic activity and
can modulate synaptic transmission and therefore may be a good candidate
as a transporter regulator (Linden 1998; Williams et al. 1989). Indeed, AA
has been reported to inhibit the rate of glutamate uptake in neuronal synap-
tic terminals and astrocytes (Dorandeu et al. 1998; Lundy and McBean 1995;
Manzoni and Mennini 1997; Volterra et al. 1992). Zerangue et al. (1995) iden-
tified a subtype-specific regulation of EAAT1 and EAAT2 by AA. While ex-
posure of overexpressed EAAT1 in oocytes to AA led to decreased glutamate
uptake, EAAT2-mediated glutamate transport in the same cell system was in-
creased upon AA treatment. A second study from the same laboratory showed
AA-induced increases of EAAT4-mediated transporter currents in cerebellar
Purkinje neurons (Tzingounis et al. 1998). When they overexpressed EAAT4 in
oocytes to study the mechanisms of increased uptake, they found that AA did
not mediate an increase in the rate of glutamate transport but instead activated
a proton-selective conductance. The authors suggest a mechanism by which
synaptic activity may decrease intracellular pH in neurons where this trans-
porter is localized. Whether or not these mechanisms are similar for GLT-1 or
GLAST upregulation by AA is unknown.

Proteins that interact with the intracellular carboxyl-terminal domains of
membrane proteins can control the subcellular localization of the protein (see
Sect. 2.2.2 for GTRAPs), but they can also modulate activity. Marie and Attwell
(1999) were able to demonstrate that the interaction of the last eight amino
acids of the carboxyl terminal tail of GLAST with an as-yet-unknown intra-



294 R. Sattler - J. D. Rothstein

cellular protein modifies the affinity of GLAST for glutamate in retinal glia
cells. Disruption of the interaction increased the glutamate affinity for GLAST
and consequently increased the transporter currents by 40% at low glutamate
concentrations. The same group recently identified the Lim protein Ajuba as an
interacting protein for GLT-1 (Marie et al. 2002). When co-expressed in a het-
erologous system, transporter affinity and uptake velocity were unchanged.
Thus, the functional significance of this interaction and how it may regulate
glutamate transporter activity is not known.

Glutamate transporters are further modified and regulated by sulfhydryl-
based redox mechanisms (extensively reviewed by Trotti et al. 1998). Exposure
of cortical astrocytes to H,O, or xanthine/xanthine oxidase decreased gluta-
mate uptake dramatically, and the effect was blocked by free radical scavenger
enzymes (Volterra et al. 1994). The same group later identified sulfhydryl
(SH)-based redox modulatory sites (Trotti et al. 1997b). Mutation of three cys-
teine residues in GLAST (canine origin) showed oligomer formation, plasma-
membrane localization, and transport kinetics similar to wildtype GLAST
(Tamahara et al. 2002). Inhibition of glutamate transport by mercury was
identical for mutant and wildtype GLAST when overexpressed in Cos-7 cells.
The authors suggest that cysteine residues are not critical for the functional
expression of GLAST. While oxidative processes play an important role dur-
ing pathological conditions and could explain decreased functional activity
of glutamate transporters in disease, the physiological role of these oxidative
processes in regulation of glutamate transporter function is still unclear. In
fact, as yet, there is little quantitative evidence that transporter disruptions in
animal models can be accounted for by oxidative modifications.

3
Dysregulation of Glutamate Transporters

As mentioned in the introduction, glutamate transporters keep synaptic and
extrasynaptic concentrations of glutamate low enough to prevent excitotoxi-
city. This was confirmed in early studies in which glutamate transporter ex-
pression was suppressed by either antisense oligonucleotide treatment or by
genetically modified transporter knockout (KO) mice (Rothstein et al. 1996;
Tanakaetal. 1997). In both studies, loss of glutamate transporter protein caused
a significant increase in extracellular glutamate concentrations concomitant
with increased neuronal cell death. The question of whether glutamate trans-
porter dysfunction, leading to a rise in extracellular glutamate, plays a role in
development and propagation of neurodegenerative diseases has only more
recently been addressed. We will briefly summarize the data on dysregulation
of glutamate transporters in regards to the topics we have discussed above. (For
a more detailed discussion on glutamate transporters in disease, see reviews
by reviews by Gegelashvili et al. 2001; Maragakis and Rothstein 2004.)



Regulation and Dysregulation of Glutamate Transporters 295

3.1
Dysregulation Through Altered Transcriptional Regulation

The most common dysfunction of glutamate transport in neurodegenerative
disease seems to be caused by a decrease in transporter protein level. The
mechanisms for loss of protein (transcriptional/translational) are generally
not known. Protein downregulation is found in acute neurodegenerative dis-
eases, such as ischemia/hypoxia (Chen et al. 2005; Fukamachi et al. 2001; Inage
et al. 1998; Martin et al. 1997; Raghavendra Rao et al. 2000; Rao et al. 2001;
Rothstein et al. 1996; Yeh et al. 2005) and a number of chronic neurodegen-
erative disorders, including HD (Behrens et al. 2002; Lievens et al. 2001), PD
(Ginsberg et al. 1995; Levy et al. 1995), AD (Li et al. 1997; Masliah et al. 2000),
and ALS (Bruijn et al. 1997; Howland et al. 2002; Rothstein et al. 1995). The
downregulation of transporter protein was not always paralleled by decreases
in mRNA levels. For example, transgenic mice expressing a mutant form of
amyloid precursor protein, which plays a central role in AD, showed decreased
glutamate uptake activity and decreased transporter protein levels, but had
normal transporter mRNA levels (Masliah et al. 2000). The same results were
obtained from a postmortem analysis of frontal cortex of AD patients (Li
et al. 1997). A possible explanation for the loss in transporter protein without
a loss in mRNA could be a dysregulation of transporter protein degradation
processes.

Regardless of the mechanism for loss of transporter activity, overcoming
this loss could be therapeutically relevant. Few attempts have been made so far
to pharmacologically intervene with the loss of transporter protein in any of
these diseases. The idea would be that bringing back the levels of transporter
protein to physiological levels would prevent accumulation of extracellular
glutamate and consequently protect against excitotoxic neuronal cell death.
Two studies support this hypothesis. In both studies, transgenic mice have
been generated that overexpress GLT-1 to varying degrees (1.5- to 5-fold over
wildtype mice) (Guo et al. 2003; Sutherland et al. 2001). When these mice
were crossed with transgenic mice overexpressing a mutant form of SODI, an
animal model for ALS, the animals showed a delayed onset of motor neuron
degeneration and increased survival. This suggests that increasing the total
number of GLT-1 molecules protects against neurodegeneration. Rothstein
et al. 2005) have taken this idea one step further. The authors discovered that
B-lactam antibiotics increase protein expression of GLT-1, both in vitro and
in vivo. When they then treated SOD1 mutant mice with ceftriaxone, they
reported a significant delay in disease onset as well as a significant increase in
survival in the treated mice, confirming a neuroprotective effect of p-lactam
antibiotics through upregulation of glutamate transporter protein (Rothstein
et al. 2005).

Gene regulation can also be altered through abnormal splicing processes.
For example, abnormal splicing of EAAT2 mRNA was found in motor cortex of
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ALS patients (Lin et al. 1996). The altered splice productled to the production of
truncated EAAT?2 protein that they suggested might be responsible for reduced
capacity for glutamate transport.

3.2
Dysregulation Through Altered Transporter Targeting

Very little is known about mistargeted glutamate transporter proteins in dis-
ease. It has been suggested that glutamate plays a role in glioma growth and
invasion. One study, which was done in cell lines derived from human gliomas,
indicates a mislocalization of EAAT1 to the nucleus, which consequently re-
duces glutamate uptake into these cells significantly (Ye and Sontheimer 1999).
EAAT1 was also mislocalized in brain tissue from glioblastoma patients (Ye
et al. 1999). The reduced glutamate uptake may lead to increased extracellular
glutamate and may contribute to seizures that are common in glioma patients.

3.3
Dysregulation Through Altered Transporter Modification

There are very few studies reported that present direct proof on altered trans-
porter modifications during disease. One can speculate that during an ischemic
insult, where it is known that reactive oxygen species (and arachidonic acid) are
produced and liberated in response to excessive glutamate receptor activation
(Siesjo et al. 1989), glutamate uptake can be inhibited through direct oxida-
tion of cysteine sulfhydryl groups (Trotti et al. 1997a, b). The same laboratory
further showed that mutant SOD1 proteins catalyze oxidative reactions that
target the carboxyl-terminal domain of GLT-1 and render it inactive (Trotti
et al. 1999). The authors propose that toxic properties of SOD1 mutant pro-
tein lead to neuronal cell death via excitotoxic mechanisms in SOD1-linked
familial ALS.

4
Conclusions

The awareness of the importance of glutamate transporters in health and dis-
ease has led to an increasing interest in the regulation of glutamate transporter
function. We now know that transporters can be regulated very specifically
via multiple mechanisms, starting from regulation of gene transcription by
a number of different molecules to modulations of the transporter protein
through posttranslational modifications. The understanding of these processes
has helped us to identify mechanisms of dysfunction of the transporter under
pathological conditions, when a loss of glutamate uptake leads to neurodegen-
eration in many neurological disorders.
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Most importantly, the identification of these mechanisms has further ad-
vanced the development of new strategies for pharmacological intervention
and therapy during diseases associated with a dysfunction of glutamate trans-
porters.

References

Arriza JL, Eliasof S, Kavanaugh MP, Amara SG (1997) Excitatory amino acid transporter 5,
a retinal glutamate transporter coupled to a chloride conductance. Proc Natl Acad Sci
USA 94:4155-4160

Barpeled O, BenHur H, Biegon A, Groner Y, Dewhurst S, Furuta A, Rothstein JD (1997) Dis-
tribution of glutamate transporter subtypes during human brain development. ] Neu-
rochem 69:2571-2580

Becher A, White JH, McIlhinney RA (2001) The gamma-aminobutyric acid receptor B, but
not the metabotropic glutamate receptor type-1, associates with lipid rafts in the rat
cerebellum. ] Neurochem 79:787-795

Behrens PF, Franz P, Woodman B, Lindenberg KS, Landwehrmeyer GB (2002) Impaired
glutamate transport and glutamate-glutamine cycling: downstream effects of the Hunt-
ington mutation. Brain 125:1908-1922

Berger UV, Hediger MA (2000) Distribution of the glutamate transporters GLAST and GLT-1
in rat circumventricular organs, meninges, and dorsal root ganglia. ] Comp Neurol
421:385-399

Bruijn L, Becher M, Lee M, Anderson K, Jenkins N, Copeland N, Sisodia S, Rothstein J,
Borchelt D, Price D, Cleveland D (1997) ALS-linked SOD1 mutant G85R mediates damage
toastrocytes and promotes rapidly progressive disease with SOD1-containing inclusions.
Neuron 18:327-338

Bull ND, Barnett NL (2002) Antagonists of protein kinase C inhibit rat retinal glutamate
transport activity in situ. ] Neurochem 81:472-480

Butchbach ME, Tian G, Guo H, Lin CL (2004) Association of excitatory amino acid trans-
porters, especially EAAT2, with cholesterol-rich lipid raft microdomains: importance
for excitatory amino acid transporter localization and function. ] Biol Chem 279:34388-
34396

Casado M, Zafra F, Aragon C, Gimenez C (1991) Activation of high-affinity uptake of
glutamate by phorbol esters in primary glial cell cultures. ] Neurochem 57:1185-1190

Casado M, Bendahan A, Zafra F, Danbolt NC, Aragon C, Gimenez C, Kanner BI (1993)
Phosphorylation and modulation of brain glutamate transporters by protein kinase C.
] Biol Chem 268:27313-27317

Chen JC, Hsu-Chou H, Lu JL, Chiang YC, Huang HM, Wang HL, Wu T, Liao JJ, Yeh TS
(2005) Down-regulation of the glial glutamate transporter GLT-1 in rat hippocampus and
striatum and its modulation by a group III metabotropic glutamate receptor antagonist
following transient global forebrain ischemia. Neuropharmacology 49:703-714

Chen W, Aoki C, Mahadomrongkul V, Gruber CE, Wang GJ, Blitzblau R, Irwin N, Rosen-
berg PA (2002) Expression of a variant form of the glutamate transporter GLT1 in
neuronal cultures and in neurons and astrocytes in the rat brain. ] Neurosci 22:2142-
2152

Cheng C, Glover G, Banker G, Amara SG (2002) A novel sorting motif in the glutamate
transporter excitatory amino acid transporter 3 directs its targeting in Madin-Darby
canine kidney cells and hippocampal neurons. ] Neurosci 22:10643-10652



298 R. Sattler - J. D. Rothstein

Conradt M, Stoffel W (1997) Inhibition of the high-affinity brain glutamate transporter
GLAST-1 via direct phosphorylation. ] Neurochem 68:1244-1251

Conradt M, Storck T, Stoffel W (1995) Localization of N-glycosylation sites and functional
role of the carbohydrate units of GLAST-1, a cloned rat brain L-glutamate/L-aspartate
transporter. Eur ] Biochem 229:682-687

Danbolt NC (2001) Glutamate uptake. Prog Neurobiol 65:1-105

Davis KE, Straff DJ, Weinstein EA, Bannerman PG, Correale DM, Rothstein JD, Robinson MB
(1998) Multiple signaling pathways regulate cell surface expression and activity of the
excitatory amino acid carrier 1 subtype of Glu transporter in C6 glioma. J Neurosci
18:2475-2485

Derouiche A, Rauen T (1995) Coincidence of L-glutamate/L-aspartate transporter (GLAST)
and glutamine synthetase (GS) immunoreactions in retinal glia: evidence for coupling
of GLAST and GS in transmitter clearance. ] Neurosci Res 42:131-143

DorandeuF, Antier D, Pernot-Marino I, Lapeyre P, Lallement G (1998) Venom phospholipase
A2-induced impairment of glutamate uptake: an indirect and nonselective effect related
to phospholipid hydrolysis. ] Neurosci Res 51:349-359

Dowd LA, Robinson MB (1996) Rapid stimulation of EAAC1-mediated Na*-dependent L-
glutamate transport activity in C6 glioma cells by phorbol ester. ] Neurochem 67:508-516

Drejer ], Meier E, Schousboe A (1983) Novel neuron-related regulatory mechanisms for
astrocytic glutamate and GABA high affinity uptake. Neurosci Lett 37:301-306

Duan S, Anderson CM, Stein BA, Swanson RA (1999) Glutamate induces rapid upregula-
tion of astrocyte glutamate transport and cell-surface expression of GLAST. ] Neurosci
19:10193-10200

Eng DL, Lee YL, Lal PG (1997) Expression of glutamate uptake transporters after dibu-
tyryl cyclic AMP differentiation and traumatic injury in cultured astrocytes. Brain Res
778:215-221

Fallon L, Moreau E, Croft BG, Labib N, Gu W], Fon EA (2002) Parkin and CASK/LIN-2 asso-
ciate via a PDZ-mediated interaction and are co-localized in lipid rafts and postsynaptic
densities in brain. ] Biol Chem 277:486-491

Figiel M, Engele J (2000) Pituitary adenylate cyclase-activating polypeptide (PACAP),
a neuron-derived peptide regulating glial glutamate transport and metabolism. ] Neu-
rosci 20:3596-3605

Fournier KM, Gonzalez MI, Robinson MB (2004) Rapid trafficking of the neuronal glutamate
transporter, EAACI: evidence for distinct trafficking pathways differentially regulated
by protein kinase C and platelet-derived growth factor. ] Biol Chem 279:34505-34513

Fukamachi S, Furuta A, Ikeda T, Ikenoue T, Kaneoka T, Rothstein JD, Iwaki T (2001) Altered
expressions of glutamate transporter subtypes in rat model of neonatal cerebral hypoxia-
ischemia. Brain Res Dev Brain Res 132:131-139

Furness DN, Lehre KP (1997) Immunocytochemical localization of a high-affinity gluta-
mate-aspartate transporter, GLAST, in the rat and guinea-pig cochlea. Eur ] Neurosci
9:1961-1969

Furuta A, Martin L], Lin CL, Dykes-Hoberg M, Rothstein JD (1997a) Cellular and synaptic
localization of the neuronal glutamate transporters excitatory amino acid transporter 3
and 4. Neuroscience 81:1031-1042

Furuta A, Rothstein JD, Martin L] (1997b) Glutamate transporter protein subtypes are
expressed differentially during rat CNS development. ] Neurosci 17:8363-8375

Gamboa C, Ortega A (2002) Insulin-like growth factor-1 increases activity and surface levels
of the GLAST subtype of glutamate transporter. Neurochem Int 40:397-403



Regulation and Dysregulation of Glutamate Transporters 299

Gegelashvili G, Civenni G, Racagni G, Danbolt NC, Schousboe I, Schousboe A (1996) Glu-
tamate receptor agonists up-regulate glutamate transporter GLAST in astrocytes. Neu-
roreport 8:261-265

Gegelashvili G, Danbolt NC, Schousboe A (1997) Neuronal soluble factors differentially
regulate the expression of the GLT1 and GLAST glutamate transporters in cultured
astroglia. ] Neurochem 69:2612-2615

Gegelashvili G, Dehnes Y, Danbolt NC, Schousboe A (2000) The high-affinity glutamate
transporters GLT1, GLAST, and EAAT4 are regulated via different signalling mechanisms.
Neurochem Int 37:163-170

Gegelashvili G, Robinson MB, Trotti D, Rauen T (2001) Regulation of glutamate transporters
in health and disease. Prog Brain Res 132:267-286

Ginsberg SD, Martin L], Rothstein JD (1995) Regional deafferentation down-regulates sub-
types of glutamate transporter proteins. ] Neurochem 65:2800-2803

Gonzalez I, Susarla BT, Robinson MB (2005) Evidence that protein kinase Calpha interacts
with and regulates the glial glutamate transporter GLT-1. ] Neurochem 94:1180-1188

Gonzalez MI, Ortega A (1997) Regulation of the Na*-dependent high affinity glutamate/
aspartate transporter in cultured Bergmann glia by phorbol esters. ] Neurosci Res
50:585-590

Gonzalez MI, LopezColome AM, Ortega A (1999) Sodium-dependent glutamate transport
in Muller glial cells: regulation by phorbol esters. Brain Res 831:140-145

Gonzalez MI, Kazanietz MG, Robinson MB (2002) Regulation of the neuronal glutamate
transporter excitatory amino acid carrier-1 (EAAC1) by different protein kinase C sub-
types. Mol Pharmacol 62:901-910

Gonzalez MI, Bannerman PG, Robinson MB (2003) Phorbol myristate acetate-dependent
interaction of protein kinase Calpha and the neuronal glutamate transporter EAACI.
] Neurosci 23:5589-5593

Guillet BA, Velly L], Canolle B, Masmejean FM, Nieoullon AL, Pisano P (2005) Differen-
tial regulation by protein kinases of activity and cell surface expression of glutamate
transporters in neuron-enriched cultures. Neurochem Int 46:337-346

Guo H, Lai L, Butchbach ME, Stockinger MP, Shan X, Bishop GA, Lin CL (2003) Increased
expression of the glial glutamate transporter EAAT2 modulates excitotoxicity and delays
the onset but not the outcome of ALS in mice. Hum Mol Genet 12:2519-2532

Hagiwara T, Tanaka K, Takai S, Maeno-Hikichi Y, Mukainaka Y, Wada K (1996) Genomic
organization, promoter analysis, and chromosomal localization of the gene for the mouse
glial high-affinity glutamate transporter Slcla3. Genomics 33:508-515

Hering H, Lin CC, Sheng M (2003) Lipid rafts in the maintenance of synapses, dendritic
spines, and surface AMPA receptor stability. ] Neurosci 23:3262-3271

Howland D, Liu J, She Y, Goad B, Maragakis N, Kim B, Erickson J, Kulik J, DeVito L, Psaltis G,
DeGennaro L, Cleveland D, Rothstein J (2002) Focal loss of the glutamate transporter
EAAT2 in a transgenic rat model of SOD1 mutant-mediated amyotrophic lateral sclerosis
(ALS). Proc Natl Acad Sci U S A 99:1604-1609

Ikegaya Y, Matsuura S, Ueno S, Baba A, Yamada MK, Nishiyama N, Matsuki N (2002) Beta-
amyloid enhances glial glutamate uptake activity and attenuates synaptic efficacy. J Biol
Chem 277:32180-32186

Inage YW, Itoh M, Wada K, Takashima S (1998) Expression of two glutamate transporters,
GLAST and EAAT4, in the human cerebellum: their correlation in development and
neonatal hypoxic-ischemic damage. ] Neuropathol Exp Neurol 57:554-562

Jackson M, Song W, Liu MY, Jin L, Dykes-Hoberg M, Lin CI, Bowers W], Federoff HJ,
Sternweis PC, Rothstein JD (2001) Modulation of the neuronal glutamate transporter
EAAT4 by two interacting proteins. Nature 410:89-93



300 R. Sattler - J. D. Rothstein

Kalandadze A, Wu Y, Robinson MB (2002) Protein kinase C activation decreases cell surface
expression of the GLT-1 subtype of glutamate transporter. Requirement of a carboxyl-
terminal domain and partial dependence on serine 486. ] Biol Chem 277:45741-45750

Kalandadze A, Wu Y, Fournier K, Robinson MB (2004) Identification of motifs involved in
endoplasmic reticulum retention-forward trafficking of the GLT-1 subtype of glutamate
transporter. ] Neurosci 24:5183-5192

Kim JH, Huganir RL (1999) Organization and regulation of proteins at synapses. Curr Opin
Cell Biol 11:248-254

Kim SY, Choi SY, Chao W, Volsky DJ (2003) Transcriptional regulation of human excitatory
amino acid transporter 1 (EAAT1): cloning of the EAAT1 promoter and characterization
of its basal and inducible activity in human astrocytes. ] Neurochem 87:1485-1498

Levy LM, Lehre KP, Walaas SI, Storm-Mathisen J, Danbolt NC (1995) Down-regulation
of glial glutamate transporters after glutamatergic denervation in the rat brain. Eur
] Neurosci 7:2036-2041

Li S, Mallory M, Alford M, Tanaka S, Masliah E (1997) Glutamate transporter alterations in
Alzheimer disease are possibly associated with abnormal APP expression. ] Neuropathol
Exp Neurol 56:901-911

Liang Z, Valla ], Sefidvash-Hockley S, Rogers ], Li R (2002) Effects of estrogen treatment
on glutamate uptake in cultured human astrocytes derived from cortex of Alzheimer’s
disease patients. ] Neurochem 80:807-814

Lievens JC, Woodman B, Mahal A, Spasic-Boscovic O, Samuel D, Kerkerian-Le Goff L,
Bates GP (2001) Impaired glutamate uptake in the R6 Huntington’s disease transgenic
mice. Neurobiol Dis 8:807-821

Lin CL, Bristol LA, Jin L, Dykes-Hoberg M, Crawford T, Clawson L, Rothstein JD (1998)
Aberrant RNA processing in a neurodegenerative disease: the cause for absent EAAT2,
a glutamate transporter, in amyotrophic lateral sclerosis. Neuron 20:589-602

Lin CLG, Orlov I, Ruggiero AM, Dykes-Hoberg M, Lee A, Jackson M, Rothstein JD (2001)
Modulation of the neuronal glutamate transporter EAAC1 by the interacting protein
GTRAP3-18. Nature 410:84-88

Lin G, Bristol LA, Rothstein JD (1996) An abnormal mRNA leads to downregulation of
glutamate transporter EAAT2 (GLT-1) expression in amyotrophic lateral sclerosis. Ann
Neurol 40:540-541

Linden D] (1998) Synaptically evoked glutamate transport currents may be used to detect the
expression of long-term potentiation in cerebellar culture. ] Neurophysiol 79:3151-3156

Lundy DE, McBean GJ (1995) Pre-incubation of synaptosomes with arachidonic acid poten-
tiates inhibition of [3H]D-aspartate transport. Eur ] Pharmacol 291:273-279

Manzoni C, Mennini T (1997) Arachidonic acid inhibits 3H-glutamate uptake with different
potencies in rodent central nervous system regions expressing different transporter
subtypes. Pharmacol Res 35:149-151

Maragakis NJ, Rothstein JD (2004) Glutamate transporters: animal models to neurologic
disease. Neurobiol Dis 15:461-473

Marie H, Attwell D (1999) C-terminal interactions modulate the affinity of GLAST glutamate
transporters in salamander retinal glial cells. ] Physiol 520:393-397

Marie H, Billups D, Bedford FK, Dumoulin A, Goyal RK, Longmore GD, Moss SJ, Attwell D
(2002) The amino terminus of the glial glutamate transporter GLT-1 interacts with the
LIM protein Ajuba. Mol Cell Neurosci 19:152-164

Martin L], Brambrink AM, Lehmann C, Portera-Cailliau C, Koehler R, Rothstein J, Trayst-
man RJ (1997) Hypoxia-ischemia causes abnormalities in glutamate transporters and
death of astroglia and neurons in newborn striatum. Ann Neurol 42:335-348



Regulation and Dysregulation of Glutamate Transporters 301

Masliah E, Alford M, Mallory M, Rockenstein E, Moechars D, Van Leuven F (2000) Abnormal
glutamate transport function in mutant amyloid precursor protein transgenic mice. Exp
Neurol 163:381-387

Meyer T, Speer A, Meyer B, Sitte W, Kuther G, Ludolph AC (1996) The glial glutamate
transporter complementary DNA in patients with amyotrophic lateral sclerosis. Ann
Neurol 40:456-459

Pawlak J, Brito V, Kuppers E, Beyer C (2005) Regulation of glutamate transporter GLAST
and GLT-1 expression in astrocytes by estrogen. Brain Res Mol Brain Res 138:1-7

Raghavendra Rao VL, Rao AM, Dogan A, Bowen KK, Hatcher ], Rothstein JD, Dempsey R]
(2000) Glial glutamate transporter GLT-1 down-regulation precedes delayed neuronal
death in gerbil hippocampus following transient global cerebral ischemia. Neurochem
Int 36:531-537

Rao VL, Bowen KK, Dempsey RJ (2001) Transient focal cerebral ischemia down-regulates
glutamate transporters GLT-1 and EAAC1 expression in rat brain. Neurochem Res
26:497-502

Rauen T (2000) Diversity of glutamate transporter expression and function in the mam-
malian retina. Amino Acids 19:53-62

Raunser S, Haase W, Bostina M, Parcej DN, Kuhlbrandt W (2005) High-yield expression,
reconstitution and structure of the recombinant, fully functional glutamate transporter
GLT-1 from Rattus norvegicus. ] Mol Biol 351:598-613

Rothstein JD, Van Kammen M, Levey AI, Martin L], Kuncl RW (1995) Selective loss of glial
glutamate transporter GLT-1 in amyotrophic lateral sclerosis. Ann Neurol 38:73-84

Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl RW, Kanai Y, Hediger MA,
Wang Y, Schielke JP, Welty DF (1996) Knockout of glutamate transporters reveals a major
role for astroglial transport in excitotoxicity and clearance of glutamate. Neuron 16:675-
686

Rothstein JD, Patel S, Regan MR, Haenggeli C, Huang YH, Bergles DE, Jin L, Dykes Hoberg M,
Vidensky S, Chung DS, Toan SV, Bruijn LI, Su ZZ, Gupta P, Fisher PB (2005) Beta-Lactam
antibiotics offer neuroprotection by increasing glutamate transporter expression. Nature
433:73-77

Scannevin RH, Huganir RL (2000) Postsynaptic organization and regulation of excitatory
synapses. Nat Rev Neurosci 1:133-141

Schlag BD, Vondrasek JR, Munir M, Kalandadze A, Zelenaia OA, Rothstein JD, Robinson MB
(1998) Regulation of the glial Na*-dependent glutamate transporters by cyclic AMP
analogs and neurons. Mol Pharmacol 53:355-369

Schmitt A, Asan E, Lesch KP, Kugler P (2002) A splice variant of glutamate transporter
GLT1/EAAT2 expressed in neurons: cloning and localization in rat nervous system.
Neuroscience 109:45-61

Shashidharan P, Plaitakis A (1993) Cloning and characterization of a glutamate transporter
cDNA from human cerebellum. Biochim Biophys Acta 1216:161-164

Shashidharan P, Wittenberg I, Plaitakis A (1994) Molecular cloning of human brain gluta-
mate/aspartate transporter II. Biochim Biophys Acta 1191:393-396

Siesjo BK, Agardh CD, Bengtsson F, Smith ML (1989) Arachidonic acid metabolism in
seizures. Ann N'Y Acad Sci 559:323-339

Simons K, Toomre D (2000) Lipid rafts and signal transduction. Nat Rev Mol Cell Biol
1:31-39

Sims KD, Straff DJ, Robinson MB (2000) Platelet-derived growth factor rapidly increases
activity and cell surface expression of the EAAC1 subtype of glutamate transporter
through activation of phosphatidylinositol 3-kinase. ] Biol Chem 275:5228-5237



302 R. Sattler - J. D. Rothstein

Sitcheran R, Gupta P, Fisher PB, Baldwin AS (2005) Positive and negative regulation of
EAAT2 by NF-kappaB: a role for N-myc in TNFalpha-controlled repression. EMBO ]
24:510-520

Slotboom DJ, Konings WN, Lolkema JS (1999) Structural features of the glutamate trans-
porter family. Microbiol Mol Biol Rev 63:293-307

Sonders MS, Quick M, Javitch JA (2005) How did the neurotransmitter cross the bilayer?
A closer view. Curr Opin Neurobiol 15:296-304

Su Z, Leszczyniecka M, Kang D, Sarkar D, Chao W, Volsky D (2003) Insights into glutamate
transport regulation in human astrocytes: cloning of the promoter for excitatory amino
acid transporter 2 (EAAT2). Proc Natl Acad Sci U S A 100:1955-1960

Sullivan R, Rauen T, Fischer F, Wiessner M, Grewer C, Bicho A, Pow DV (2004) Cloning,
transport properties, and differential localization of two splice variants of GLT-1 in the
rat CNS: Implications for CNS glutamate homeostasis. Glia 45:155-169

Susarla BT, Seal RP, Zelenaia O, Watson DJ, Wolfe JH, Amara SG, Robinson MB (2004)
Differential regulation of GLAST immunoreactivity and activity by protein kinase C:
evidence for modification of amino and carboxyl termini. ] Neurochem 91:1151-1163

Sutherland ML, Martinowich K, Rothstein JD (2001) EAAT2 overexpression plays a neuro-
protective role in the SOD1 G93A model of amyotrophic lateral sclerosis. Soc Neurosci
Abstr 27:607.6

Suzuki T, Ito J, Takagi H, Saitoh F, Nawa H, Shimizu H (2001) Biochemical evidence for
localization of AMPA-type glutamate receptor subunits in the dendritic raft. Brain Res
Mol Brain Res 89:20-28

Swanson RA, Liu ], Miller JW, Rothstein JD, Farrell K, Stein BA, Longuemare MC (1997) Neu-
ronal regulation of glutamate transporter subtype expression in astrocytes. ] Neurosci
17:932-940

Tamahara S, Inaba M, Sato K, Matsuki N, Hikasa Y, Ono K (2002) Non-essential roles of
cysteine residues in functional expression and redox regulatory pathways for canine
glutamate/aspartate transporter based on mutagenic analysis. Biochem ] 367:107-111

Tan J, Zelenaia O, Correale D, Rothstein JD, Robinson MB (1999) Expression of the GLT-1
subtype of Na*-dependent glutamate transporter: pharmacological characterization and
lack of regulation by protein kinase C. ] Pharmacol Exp Ther 289:1600-1610

Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M, Takahashi K, Iwama H, Nishikawa T,
Ichihara N, Hori S, Takimoto M, Wada K (1997) Epilepsy and exacerbation of brain injury
in mice lacking the glutamate transporter GLT-1. Science 276:1699-1702

Trotti D, Nussberger S, Volterra A, Hediger MA (1997a) Differential modulation of the
uptake currents by redox interconversion of cysteine residues in the human neuronal
glutamate transporter EAACI. Eur ] Neurosci 9:2207-2212

Trotti D, Rizzini BL, Rossi D, Haugeto O, Racagni G, Danbolt NC, Volterra A (1997b) Neuronal
and glial glutamate transporters possess an SH-based redox regulatory mechanism. Eur
] Neurosci 9:1236-1243

Trotti D, Danbolt NC, Volterra A (1998) Glutamate transporters are oxidant-vulnerable:
a molecular link between oxidative and excitotoxic neurodegeneration? Trends Pharma-
col Sci 19:328-334

Trotti D, Rolfs A, Danbolt NC, Brown RH Jr, Hediger MA (1999) SOD1 mutants linked
to amyotrophic lateral sclerosis selectively inactivate a glial glutamate transporter. Nat
Neurosci 2:848

Tzingounis AV, Lin CL, Rothstein JD, Kavanaugh MP (1998) Arachidonic acid activates
a proton current in the rat glutamate transporter EAAT4. ] Biol Chem 273:17315-17317



Regulation and Dysregulation of Glutamate Transporters 303

Vallejo-Illarramendi A, Domercq M, Matute C (2005) A novel alternative splicing form of ex-
citatory amino acid transporter is a negative regulator of glutamate uptake. ] Neurochem
95:341-348

Volterra A, Trotti D, Cassutti P, Tromba C, Salvaggio A, Melcangi RC, Racagni G (1992) High
sensitivity of glutamate uptake to extracellular free arachidonic acid levels in rat cortical
synaptosomes and astrocytes. ] Neurochem 59:600-606

Volterra A, Trotti D, Floridi S, Racagni G (1994) Reactive oxygen species inhibit high-affinity
glutamate uptake: molecular mechanism and neuropathological implications. Ann N Y
Acad Sci 738:153-162

Wang Z, Li W, Mitchell CK, Carter-Dawson L (2003) Activation of protein kinase C reduces
GLAST in the plasma membrane of rat Muller cells in primary culture. Vis Neurosci
20:611-619

Williams JH, Errington ML, Lynch MA, Bliss TV (1989) Arachidonic acid induces a long-
term activity-dependent enhancement of synaptic transmission in the hippocampus.
Nature 341:739-742

Winckler B, Mellman I (1999) Neuronal polarity: controlling the sorting and diffusion of
membrane components. Neuron 23:637-640

Yamamoto Y, Gaynor RB (2004) IkappaB kinases: key regulators of the NF-kappaB pathway.
Trends Biochem Sci 29:72-79

Ye ZC, Sontheimer H (1999) Glioma cells release excitotoxic concentrations of glutamate.
Cancer Res 59:4383-4391

Ye ZC, Rothstein JD, Sontheimer H (1999) Compromised glutamate transport in human
glioma cells: reduction-mislocalization of sodium-dependent glutamate transporters
and enhanced activity of cystine-glutamate exchange. ] Neurosci 19:10767-10777

Yeh TH, Hwang HM, Chen JJ, Wu T, Li AH, Wang HL (2005) Glutamate transporter function
of rat hippocampal astrocytes is impaired following the global ischemia. Neurobiol Dis
18:476-483

Yernool D, Boudker O, Jin Y, Gouaux E (2004) Structure of a glutamate transporter homo-
logue from Pyrococcus horikoshii. Nature 431:811-818

Zelenaia O, Schlag BD, Gochenauer GE, Ganel R, Song W, Beesley ]S, Grinspan JB, Roth-
stein JD, Robinson MB (2000) Epidermal growth factor receptor agonists increase ex-
pression of glutamate transporter GLT-1 in astrocytes through pathways dependent
on phosphatidylinositol 3-kinase and transcription factor NF-kappaB. Mol Pharmacol
57:667-678

Zelenaia OA, Robinson MB (2000) Degradation of glial glutamate transporter mRNAs is
selectively blocked by inhibition of cellular transcription. ] Neurochem 75:2252-2258

Zerangue N, Arriza JL, Amara SG, Kavanaugh MP (1995) Differential modulation of human
glutamate transporter subtypes by arachidonic acid. ] Biol Chem 270:6433-6435

Zhou J, Sutherland ML (2004) Glutamate transporter cluster formation in astrocytic pro-
cesses regulates glutamate uptake activity. ] Neurosci 24:6301-6306

Zink M, Schmitt A, Henn FA, Gass P (2004) Differential expression of glutamate trans-
porters EAAT1 and EAAT?2 in mice deficient for PACAP-type I receptor. ] Neural Transm
111:1537-1542

Zschocke J, Bayatti N, Behl C (2005) Caveolin and GLT-1 gene expression is reciprocally
regulated in primary astrocytes: association of GLT-1 with non-caveolar lipid rafts. Glia
49:275-287



HEP (2006) 175:305-325
© Springer-Verlag Berlin Heidelberg 2006

Regulation of Vesicular Monoamine and Glutamate
Transporters by Vesicle-Associated Trimeric G Proteins:
New Jobs for Long-Known Signal Transduction Molecules

L. Brunk - M. Holtje - B. von Jagow - S. Winter - J. Sternberg - C. Blex -
I. Pahner - G. Ahnert-Hilger (5)

AG Funktionelle Zellbiologie, Institut fiir Integrative Neuroanatomie,
Centrum fiir Anatomie, Charité, Universitidtsmedizin Berlin, Berlin, Germany
gudrun.ahnert@charite.de

1 Introduction . . . .. ... ... ... L 306
2 Secretory Vesicles and Their Neurotransmitter Transporters . ... ... .. 306
2.1  Vesicular Monoamine Transporters . . . . . . . . . ..o v v v ... 307
2.2 Vesicular Glutamate Transporters . . . . .. .. .. .. ... 307
3 Factors Influencing Transmitter Content of Individual Vesicles . . . . .. .. 309
4 Heterotrimeric G Proteins on Secretory Vesicles . . . . ... ......... 310
5 Differences in the Regulation of VMAT and VGLUT Activities . . . . . . ... 312
5.1  The Role of the Electrochemical Gradient . . . . ... ............. 312
5.2 Gao2 and Gaq as Modulators of Vesicular Filling . . . .. ........... 314
5.2.1 G Protein-Mediated Regulation of VMAT Activity . . . . .. ... ... .... 314
5.2.2 Goo2 Regulates VGLUT Activity by Changing the Chloride Dependence

of the Transporter . . . . . . o v v v v i i it et et 317
6 Conclusions . . .. ..... .. ... ... ... .. 320
References . . . . . . . . . o i i e 321

Abstract Neurotransmitters of neurons and neuroendocrine cells are concentrated first in
the cytosol and then in either small synaptic vesicles of presynaptic terminals or in secretory
vesicles by the activity of specific transporters of the plasma and the vesicular membrane,
respectively. In the central nervous system the postsynaptic response depends—amongst
other parameters—on the amount of neurotransmitter stored in a given vesicle. Neuro-
transmitter packets (quanta) vary over a wide range which may be also due to a regula-
tion of vesicular neurotransmitter filling. Vesicular filling is regulated by the availability
of transmitter molecules in the cytoplasm, the amount of transporter molecules and an
electrochemical proton-mediated gradient over the vesicular membrane. In addition, it is
modulated by vesicle-associated heterotrimeric G proteins, Gao2 and Gaq. Gao2 and Gaq
regulate vesicular monoamine transporter (VMAT) activities in brain and platelets, respec-
tively. Gato2 also regulates vesicular glutamate transporter (VGLUT) activity by changing
its chloride dependence. It appears that the vesicular content activates the G protein, sug-
gesting a signal transduction from the luminal site which might be mediated by a vesicular
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G protein-coupled receptor or as an alternative possibility by the transporter itself. Thus, G
proteins control transmitter storage and thereby probably link the regulation of the vesicular
content to intracellular signal cascades.

Keywords Vesicular transmitter transporter - G protein - Vesicular filling -
Neurotransmitter - Storage

1
Introduction

Communication between neurons in the central nervous system mainly oc-
curs at specialized areas, the synapses. Variations in the input and output at
these areas are described as synaptic plasticity which is mediated by changes
in the post- and presynaptic structures. Postsynaptically, the amount of re-
ceptors and ion channels regulate synaptic strength. At the presynapse, the
availability and fusion competence of synaptic vesicles as well as the amount
of neurotransmitter stored in individual vesicles determine the strength of the
postsynaptic answer. With the advent of the molecular identification of the
various vesicular neurotransmitter transporters, more attention is being paid
to regulation of the neurotransmitter content. The present review will report on
a new type of regulation of the vesicular filling mediated by vesicle-associated
heterotrimeric G proteins.

2
Secretory Vesicles and Their Neurotransmitter Transporters

Synaptic vesicles are key organelles of neuronal and cellular communication.
While a variety of proteins common to all of them regulate their transport
to the specific release sites and the interaction with the plasma membrane,
the various types of secretory vesicles concentrate different kinds of trans-
mitters in their lumen. Small synaptic vesicles (SSV) in neuronal terminals
and SSV analogues—also referred to as small synaptic-like microvesicles—in
neuroendocrine cells store low-molecular-weight neurotransmitters. Dense-
core and large dense-core vesicles occurring besides SSV in neurons and
neuroendocrine cells contain various peptides as co-transmitters. Irrespec-
tive of the type of vesicle, vesicular neurotransmitter transporters concen-
trate low-molecular-weight neurotransmitters such as monoamines (by vesic-
ular monoamine transporters, VMATs), acetylcholine (by vesicular acetyl-
choline transporters, VAChT), glutamate (by vesicular glutamate transporters,
VGLUTSs) or y-aminobutyric acid (GABA) and glycine (by VGAT). The present
review will focus on the regulation of the VMATs and the VGLUTs.
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2.1
Vesicular Monoamine Transporters

Two structurally related but pharmacologically distinct VMATs have been
cloned from PC12 cells (VMAT1, Liu et al. 1992) and from rat brain (VMAT2,
Liu et al. 1992, 1994; Erickson et al. 1992). VMAT?2 is the dominant transporter
inbrain butalso occursina variety of peripheral cells like sympathetic neurons,
enterochromaffin-like cells (Peter et al. 1995; Erickson et al. 1996) and blood
platelets (Lesch et al. 1993; Holtje et al. 2003). VMAT1 appears to occur only
in the periphery, at least in adult individuals, with the tissue-specific coding
for one of the transporters being developmentally predetermined (Schiitz et al.
1998). Both transporters accept monoamines such as serotonin, dopamine,
noradrenaline and adrenaline at concentrations with micromolar K, values
for VMAT1 and submicromolar K, values for VMAT?2 in rat (Peter et al. 1994)
and humans (Erickson et al. 1996). VMAT?2 also transports histamine, barely
recognized by VMAT1, and is 10 times (rat) (Peter et al. 1994) to 100 times
(human) (Erickson et al. 1996) more sensitive to tetrabenazine. VMAT2 has
a generally higher affinity for monoamines than VMAT1, a property that may
be required for rapidly recycling SSV in brain compared to more slowly filling
secretory granules in the adrenal medulla (Peter et al. 1994).

Thevital importance of VMAT?2 is highlighted by the development of VMAT2
deletion mutants by three independent groups. While homozygous mutants
die postnatally, heterozygous individuals develop hypersensitivity towards
amphetamine, cocaine and MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine) a substance causing parkinsonism in rodents (Takahashi et al. 1997;
Wang et al. 1997; Fon et al. 1997). Especially the decreased resistance to MPTP
toxicity emphasizes the protective role VMAT activity plays against oxidative
stress by just removing these substances from the cytosol (Takahashi et al.
1997).

2.2
Vesicular Glutamate Transporters

Three VGLUTs, VGLUT1 (Bellocchio et al. 2000; Takamori et al. 2000), VGLUT2
(Fremeauetal.2001; Baietal. 2001; Takamorietal. 2001; Hayashietal. 2001) and
VGLUTS3 (Gras et al. 2002; Takamori et al. 2002; Fremeau et al. 2002; Schifer
et al. 2002) have been cloned. VGLUT1 and 2 were originally described as
brain-specific or differentiation-associated, Na*-dependent, inorganic phos-
phate transporters, namely BNPI (Ni et al. 1994) or DNPI (Hisano et al. 2000),
respectively, which appear to transport phosphate into the cytoplasm of nerve
terminals (Ni et al. 1994) when integrated in the plasma membrane. They were
later shown to transport glutamate into SSV with high avidity and specificity.
So far, it is unknown how the decision between either function is regulated.
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Generally, the three VGLUTSs exhibit a higher Ky, to their substrate than
VMATs, being around 1-2 mM for both VGLUT1 and VGLUT2 (Bellocchio
et al. 2000; Gras et al. 2002) and about 0.6 mM for VGLUT3 (Gras et al. 2002).
All three VGLUTs are very specific for glutamate and do not accept other amino
acids like aspartate (Takamori et al. 2000; 2001; Gras et al. 2002). The appar-
ent affinity of glutamate to VGLUT is one to two orders of magnitude lower
than to its various plasma membrane transporters. Nevertheless, the high
cytoplasmic concentration of glutamate of around 100 mM guarantees a suf-
ficient loading of vesicles with the transmitter (for review see Danbolt 2001).
VGLUT1 and VGLUT?2 have a distinct and mutually exclusive distribution in
brain with VGLUT1 being the dominant transporter in cortex, hippocampus
and cerebellum (Fremeau et al. 2001; Fujiyama et al. 2001; Kaneko and Fujiyama
2002) and VGLUT?2 in thalamic and hypothalamic regions (Hisano et al. 2000;
Sakata-Haga et al. 2001; Fujiyama et al. 2001; Fremeau et al. 2002; Kaneko
and Fujiyama 2002). VGLUT2, in addition, is expressed in the pineal gland
and in a-cells of Langerhans islets, suggesting a role in endocrine function
(Hayashi et al. 2001). A strict separation between VGLUT1- and VGLUT2-
containing terminals has been shown for cerebellar cortex, where parallel fibre
terminals contain VGLUT1 whereas climbing fibre terminals express VGLUT2
(Fremeau et al. 2002). In contrast, VGLUT3 is found in serotonergic and cholin-
ergic (Fremeau et al. 2002; Gras et al. 2002; Schifer et al. 2002) as well as in
GABAergic terminals (Fremeau et al. 2002), suggesting a role for glutamate as
co-transmitter in these nerve terminals.

Despite this strict separation, VGLUT?2 is the first transporter expressed in
the nervous system and is exchanged in the respective neurons by VGLUT1
during postnatal development (Miyazaki et al. 2003). Deletion of VGLUT]I,
however, did notlead to a complete substitution by VGLUT2. The physiological
importance of VGLUT1 is underscored by two recently published VGLUT1
knock-out models. In contrast to the VMAT?2 deletion mutants, the VGLUT1
knock-outs survived for several weeks (Wojcik et al. 2004) or even months
(Fremeau et al. 2004). Although the same molecule has been deleted, the
two studies present different models for subcellular localization of VGLUT1
and for vesicular filling. Fremeau and colleagues concluded that VGLUT1 and
VGLUT2 are segregated to separate synapses or release sites and that the
loss of VGLUT1 did reduce the frequency of postsynaptic events but not the
current amplitude. In their model, VGLUT1 and VGLUT2 do not appear to
occur on the same vesicles, and the deletion of VGLUT1 leaves only VGLUT2
bearing vesicles to sustain glutamatergic transmission. These conclusions are
contradicted by the data reported by Wojcik et al. (2004). These authors provide
evidence that the amount of transporters per vesicle directly influences the
amount of transmitter loaded and therefore the postsynaptic current. Using
overexpression of VGLUT1 and FM1-43 labelling, they showed that vesicular
filling is a reliable process and that there appears to be no checkpoint for filled
or empty vesicles. However, since different experimental approaches have been
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used, it might well be that both interpretations are correct, depending on the
developmental stage and the type of glutamatergic synapse investigated.

3
Factors Influencing Transmitter Content of Individual Vesicles

Data on the intravesicular concentrations of neurotransmitters mostly rely on
the respective miniature inhibitory or excitatory postsynaptic currents, and
thus are obscured by receptor affinity, activity of plasma membrane trans-
porters, degrading enzymes and the morphology of the synaptic cleft. There
are only reliable data for monoamine-storing vesicles where amperometry can
be used to directly measure the release and thus the content of a single vesicle.
By correlating amperometric charge and vesicular size, Bruns and colleagues
showed that the variationsin released quanta are due to variations in the volume
of the respective secretory vesicles. On average, the transmitter concentrations
in SSV and large dense-core vesicles (LDCV) are similar, being 270 mM with
LDCYV, while exhibiting a greater variability than SSV (Bruns et al. 2000). These
data, however, were obtained with unstimulated neurons that do not have ex-
perienced changes in their environment and may have constitutively set their
vesicular transmitter content (Bruns et al. 2000). Variations in quantal size
have been documented at the frog neuromuscular junction, leading to the idea
that vesicular filling may vary (van der Kloot 1991). These variations could be
described either by a set point or by a steady-state model, suggesting that vesi-
cles can only accept a certain amount or get more filled, respectively, if more
neurotransmitter is available (Williams 1997). There is now a great body of
evidence that vesicles with varying transmitter content have the same chance
to fuse with the plasma membrane. In detail, this has been shown for cholin-
ergic vesicles (van der Kloot et al. 2000) and for monoamine-storing secretory
granules in VMAT2-deficient mice (Travis et al. 2000), as well as for synaptic
vesicles in monoaminergic terminals of VMAT2-deletion mutants (Croft et al.
2005) and for glutamatergic vesicles (Wojcik et al. 2004). Even the distribution
of synaptic vesicles and their morphology do not appear to be changed (or af-
fected) irrespective of whether these vesicles are able to store transmitter or are
designed to remain empty (van der Kloot et al. 2002; Croft et al. 2005). Overex-
pression of VAChT (Song et al. 1997), VMAT2 (Pothos et al. 2000) and VGLUT1
(Wojcik et al. 2004; Daniels et al. 2004) increases the stimulated release of neu-
rotransmitters. In addition, changing the activity of synthesizing or degrading
enzymes directly influenced the inhibitory postsynaptic current in GABAergic
synapses without changing the overall morphology of the GABAergic vesicles
(Engel et al. 2001). Tissue monoamine concentrations are increased in mice
deficient for monoamine oxidase A (Cases et al. 1995). Offering the dopamine
precursor L-dopa to PC12 cells (Pothos et al. 1998a) or midbrain dopaminer-
gic neurons (Pothos et al. 1998b) increases the amount of transmitter released.
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Thus, fusion competence and transmitter filling are regulated separately and
vesicles can accept more transmitter if conditions permit.

Whether the transmitter concentration in the vesicles or the vesicular vol-
ume changes is not clear thus far, and controversial data have been obtained.
In PCI12 cells, the amount of stored transmitter appeared to be directly cor-
related to the volume of secretory granules (Colliver et al. 2000; Gong et al.
2003). In addition, overexpression of VGLUT in Drosophila is accompanied by
an increase in quantal size and synaptic vesicle volume (Daniels et al. 2004).
On the other hand, a 48-h incubation of leech neurons with reserpine did not
change the morphology of serotonin-storing vesicles (Bruns et al. 2000), and
deletion of VMAT?2 did not affect the size of SSV (Croft et al. 2005). Accord-
ingly, changes in the acetylcholine content did not change the size of secretory
vesicles (van der Kloot et al. 2002). Probably, smaller vesicles such as SSV are
not completely filled and may change their luminal transmitter concentration,
depending on the environment. In this respect, differences between species
(leech, Drosophila, frog, mouse) may be also relevant.

4
Heterotrimeric G Proteins on Secretory Vesicles

Heterotrimeric G proteins consisting of an a-, 3- and y-subunit are molecular
switches coupling heptahelical receptors of the plasma membrane to intra-
cellular effector systems. The 23 a-subunits, 5 f-subunits and 11 y-subunits
known so far may yield more than 1,000 combinations conferring specificity
to G protein-mediated up- and downstream signalling. Generally, upon re-
ceptor activation the Ga-subunit exchanges a guanosine diphosphate (GDP)
for a guanosine triphosphate (GTP) and dissociates from its y-subunit. The
GPy dimers and the GTP-a complexes are presumed to regulate specific down-
stream effectors. So far only Gao (Jiang et al. 1998) and Gaq (Offermanns
1999) have been associated with central nervous system defects in genetic ab-
lation studies. Gao-subunits are highly expressed in neuronal cells where they
may reach 1%-2% of membrane protein (Sternweis and Robishaw 1984). How-
ever, effects mediated by the ao-subunits are amongst the least understood
of the G protein «-subunits. This is complicated still further by the fact that
there are two molecularly distinct Gao proteins. Gaol and Goo2 are the result
of an alternative transcript splicing process that, after translation, produces
a-subunits that differ in 25 of their 116 carboxyterminal amino acids. The car-
boxyterminal region of G protein a-subunits is engaged in receptor interaction
and recognition in the context of the trimeric state (c.f. Grishna and Berlot
2000). Differences in receptor recognition, leading to the selective activation
of either Gol or Go2 regulating the same downstream effector system, were
documented (Kleuss et al. 1991; Chen and Clarke 1996). The selective loss of
retinal bipolar ON cell activation by glutamic acid from retinal photoreceptor
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cells in mice lacking Gaol (Dhingra et al. 2001), but not in mice lacking Goro2
(Dhingra et al. 2002)—as well as the exclusive regulation of VMAT (Hoéltje
et al. 2000) and VGLUT (Winter et al. 2005) activity by Gao2 in brain—has
provided further proof for the non-equivalence of the two Go proteins under
in vivo conditions.

Apart from their localization at the plasma membrane, G proteins reside as
functional heterotrimers on endomembranes such as secretory vesicles, where
they also might well be activated from the lumenal side of organelles (Niirnberg
and Ahnert-Hilger 1996; Ahnert-Hilger et al. 2003). Subclasses of SSV differ
in their neurotransmitter transporter, which may also be reflected by differ-
ent subsets of G proteins. Quantitative postembedding immunogold electron
microscopy identified Gao2-, Gagq- and GB-subunits, mostly G2, on chro-
maffin granules of the rat adrenal medulla, where they colocalized with either
VMAT1 or VMAT2 (Pahner et al. 2002). Since the GB-subunits 1-4 have to be

Fig.1A-D Gao2-subunits on types of glutamatergic vesicles. Gao2 immunogold signals were
identified in two different types of glutamatergic terminals of the molecular layer of the rat
cerebellum defined by either VGLUT1 or VGLUT2. A parallel fibre (Pf, A) and a climbing
fibre profile (Cf, B) each contacting a spine of Purkinje cell dendrites but exhibiting im-
munoreactivity for either VGLUT1 or VGLUT2 (several immunogold particles are indicated
by arrowheads), respectively, are shown. In both terminal types (Pf, C; Cf, D), which can be
well identified according to morphological criteria (Palay and Chan-Palay 1974), vesicle-
associated Gao2 immunogold particles (several indicated by arrowheads) can be found.
Scale bar represents 250 nm for A, 300 nm for B and 200 nm for C, D
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tightly bound to a Gy-subunit, these data indicate that chromaffin granules are
equipped with functional G protein heterotrimers which regulate VMAT activ-
ity (Pahner etal. 2002). In addition, Gao2 regulates VMAT2 activity in brain and
is also seen on VMAT2-containing SSV in serotonergic terminals (Holtje et al.
2000). Synaptic terminals defined by the expression of either VGLUTs or VGAT
contain different sets of G protein heterotrimers, and even glutamatergic vesi-
cles differ in their G protein subunit profile, depending on the VGLUT subtype.
While cerebellar parallel fibre terminals and Schaffer collateral terminals iden-
tified by the presence of VGLUT1 contain G2, cerebellar climbing fibre termi-
nals identified by the presence of VGLUT2 associate with another GB-subunits,
GBI, 3 or 4 (Pahner et al. 2003). In both types of glutamatergic—as well as in
GABAergic—terminals, equal amounts of Gy7 were found to be associated with
SSV (Pahner et al. 2003). SSV of GABAergic basket cell terminals exhibit less
Gao2 compared to the two glutamatergic terminals and also less GB2 compared
to parallel fibre terminals (Pahner et al. 2003). In Fig. 1 an example of Gao2
association to either VGLUT1 (parallel fibre, Fig. 1A, C) or VGLUT?2 (climbing
fiber, Fig. 1B, D) expressing glutamatergic terminals is given. The presence of
G protein heterotrimers, - and $-subunits, especially ao-subunits, is also con-
firmed by recent proteomic studies using either highly purified SSV (R. Jahn,
personal communication) or clathrin-coated vesicles (Blondeau et al. 2004).
Together these data strongly indicate the presence of functional G protein
heterotrimers on SSV, where they appear to be permanent constituents and
not only transient residents. As judged from electron microscope (EM) stud-
ies, all transmitter transporter-expressing vesicle populations are associated
with G proteins. Most notably, SSV of different types of glutamatergic and of
GABAergic terminals differ in their respective G protein subunit combinations.

5
Differences in the Regulation of VMAT and VGLUT Activities

All vesicular neurotransmitter transporters have in common that their activity
depends on the electrochemical gradient AuH™ . In addition, at least for VM ATs
and VGLUTs, transporter activity is regulated by either Gao2 with Gaq—
depending on tissue—or by Gao2 alone, respectively. Besides these general
similarities, the specific parameters of regulation differ considerably between
VMATs and VGLUTSs.

5.1
The Role of the Electrochemical Gradient

The role of the electrochemical gradient (ApH*) over the vesicular mem-
brane for monoamine uptake has been extensively described (Johnson 1988).
The gradient consists of a proton gradient (AH") due to the activity of the
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vacuolar H*-ATPase, resulting in an intravesicular pH of about 5.6 and an
electrical gradient (Ay) that—due to the increase of positive charges in the
vesicle lumen—results in a positive membrane potential towards the cytosol.
Physiologically, AH" and Ay drive as ApH" the vesicular transmitter uptake.
In SSV the differences in the requirements for either component of the elec-
trochemical gradient optimal for GABA, glutamate or dopamine uptake have
been realized before the molecular identification of the respective transporters
(Hell et al. 1988; 1990; Maycox et al. 1990). VMAT and VAChT activity strictly
depends on AH* —with less influence of Ay —while VGLUTs depend more on
Ay, and VGAT depends on both (Johnson 1988; Hell et al. 1990; Maycox et al.
1990; Schuldiner et al. 1995; Reimer et al. 1998). Additionally, synaptic vesicles
are equipped with chloride channels which contribute to their acidification.
Opening of vesicular chloride channels increases vesicular chloride concen-
tration, thereby increasing AH* while decreasing Ay. A decrease in chloride
intake increases Ay and decreases AH" due to reduced proton accumulation,
since under this condition the positive charges in the vesicular lumen are not
neutralized by chloride ions (Maycox et al. 1990; Reimer et al. 2001). Genetic
deletion of CIC3, a chloride channel expressed on synaptic vesicles, reduces
acidification and AH* and consequently increases vesicular glutamate content
(Stobrawa et al. 2001).

While VMATSs transport one transmitter molecule in exchange for two pro-
tons (Johnson 1988; Schuldiner et al. 1995; Reimer et al. 2001), the situation
is different for VGLUTSs. Unlike positively charged monoamines, glutamate is
negatively charged, which requires charge compensation by other ions. At low
chloride, glutamate uptake is driven by Ay (Hell et al. 1990; Maycox et al.
1990) and charge neutrality is maintained by proton co-transport. This re-
sults in a glutamate-dependent acidification of the vesicle interior. However,
glutamate may not be taken up and stored as free glutamic acid under phys-
iological conditions. Rather, charge balance may be maintained by chloride
efflux through vesicular chloride channels (Maycox et al. 1990). Since recy-
cling vesicles are likely to contain a high intravesicular chloride concentration,
glutamate uptake would thus involve a net glutamate-chloride exchange. At
high chloride, however, i.e. when ApH is high, glutamate uptake is coupled
directly to proton exchange (Tabb et al. 1992; Wolosker et al. 1996). Under
these conditions, transport is driven by AH*. Low amounts of chloride be-
tween 4-6 mM increase transport activity in a manner that is independent of
the chloride effects on the balance between Ay and AH* and probably involves
a direct activation of the transport system (Naito and Ueda 1985; Hartinger
and Jahn 1993; Wolosker et al. 1996; Winter et al. 2005, see below). A large
Ay apparently increases the affinity of VGLUTs towards their substrate, but
a large AH* positively influences the trapping of glutamate inside the vesicle
(Wolosker et al. 1996). At a given number of transporter molecules, the trans-
mitter concentration inside the vesicle thus depends on the availability of the
transmitter and—depending on the respective transporter—on AH" and Ay.
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Besides the difference of VMAT and VGLUT in relying more on AH* and
Ay, respectively, monoamines and glutamate differ in their general properties,
requiring a different handling by the respective neurons. Cytosolic concentra-
tions of monoamines are toxic and kept low, giving a biological reason for the
high affinity of VMATs for their substrates. Therefore, the highest gradient
for transmitters is sustained by VMATs, which concentrate monoamines by
a factor of 10* or 10°. In resting LDCV and SSV of the leech synapse, an aver-
age serotonin concentration of 270 mM was measured (Bruns et al. 2000). In
chromaffin granules, additional intravesicular components, i.e. the chromo-
granins, add to an effective trapping, yielding a catecholamine concentration
over 1 M (Johnson 1988; Schuldiner et al. 1995). In contrast, extracellular glu-
tamate is toxic, explaining the relatively high affinity of plasma membrane
transporters for glutamate compared to the low affinity of the VGLUTs, while
its cytosolic concentrations may reach up to 40 mM. VGLUTSs concentrate the
transmitters only tenfold or less than the cytoplasmic concentration, yielding
an intravesicular concentration of not more than 100 mM (Danbolt 2001).

5.2
Goo2 and Gouq as Modulators of Vesicular Filling

In addition to the above-mentioned regulators of transmitter storage in gluta-
matergic and monoaminergic vesicles, there is increasing evidence that vesicle-
associated G proteins directly influence and fine tune the transmitter content
by regulating the respective transporter activities.

5.2.1
G Protein-Mediated Regulation of VMAT Activity

The first indication for a regulation of VMAT activity was obtained in PC12
cells showing that Gao2 downregulates VMAT1 activity (Ahnert-Hilger et al.
1998). This was confirmed in the human pancreatic carcinoid cell line BON,
which exhibits neuroendocrine properties (Héltje et al. 2000), and in isolated
chromaffin granules of the rat adrenal medulla (Pahner et al. 2002); both also
express VMAT?2 to a minor extent. VMAT?2 is the predominant transporter
in brain (Erickson et al. 1996). VMAT?2 activity is also inhibited by the non-
hydrolysable GTP-analogue guanylylimidodiphosphate GMP-P(NH)P, a G pro-
tein activator, or by activated Goo2 applied to permeabilized raphe neurons
in primary culture (Fig. 2A; Holtje et al. 2000) and when using crude synaptic
vesicles (Holtje et al. 2000). Finally, the use of vesicular preparations from
Gao2 deletion mutants clearly indicates that Gao2 is the regulator of VMAT
activity in brain (Fig. 2B). Thus, both VMAT activities are regulated by Go.o2
irrespective of whether the transporters reside on large dense-core or small
synaptic vesicles.



Regulation of Vesicular Transmitter Transporters by G Proteins 315

A Neurons B sSsv
5601 ]
28 =24 .
T £ 501 i 3Z,]
Ta T2
E:Hiﬁ- 5 ®© 1
s £5'
o T 30 : |
Lo ol
= o o]
2 2 10- a S 8
a2 %.9 1
= 2
c D0- 5 4+
I [OE=!
r T T T 1 'E i
0 5 10 15 20 0

X
q,

&
Fig. 2 AB G protein-mediated inhibition of serotonin uptake into streptolysin O (SLO)-
permeabilized raphe neurons or small synaptic vesicles. A Raphe neurons were permeabi-
lized by SLO and subjected to serotonin uptake in the absence or presence of the indicated
concentrations of GMP-P(NH)P (abscissa) as given (Holtje et al. 2000). Values (mean of three
individual culture dishes) were corrected for unspecific binding obtained in the presence of
reserpine and are expressed as GMP-P(NH)P-mediated inhibition (%). B Synaptic vesicle
obtained from wildtype or Gao2 ™/~ mice were subjected to serotonin uptake in the absence
or presence of 50 pM GMP-P(NH)P (Holtje et al. 2003). Values (mean of three samples) were
corrected for unspecific binding obtained in the presence of reserpine and are expressed as
GMP-P(NH)P-mediated inhibition (%)
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5.2.1.1
Goo2 or Gouq Regulate VMAT2 Activity Depending on Tissue

In addition to its occurrence in brain, VMAT?2 is also expressed in platelets.
Platelets are the major storage sites of serotonin apart from the CNS. They
do not synthesize serotonin but take it up during their passage through the
capillary network of the gut villi, where it is provided by enterochromaffin cells.
Serotonin is transported by the plasma membrane transporter (SERT) and
packaged into secretory vesicles by VMAT2 activity (Holtje et al. 2003). Platelets
do not express Goo2 but instead use mainly Gaq for their signal transduction.
VMAT?2 activity in platelets is also downregulated by the G protein activator
GMP-P(NH)P irrespective of the species (Holtje et al. 2003; Fig. 3A). Using
a Gaq deletion mutant we found that in platelets VMAT?2 is regulated by Gaq.
Gaqg-mediated regulation of VMAT?2 appears to be restricted to platelets since
VMAT? activity in brain-derived SSV was inhibited by Gao2 and not affected
in SSV from Gaq_/ ~ mice (Holtje et al. 2003; Fig. 3B, C; see also Fig. 2B). Taken
together, VMAT?2 activity is regulated by different G proteins, depending on the
respective tissue. Whether such promiscuity also applies to VMAT1 or other
vesicular transmitter transporters is not known so far.
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Fig. 3 A-C Gaq regulates VMAT activity in platelets. A Platelets obtained from mouse, rat or
human were permeabilized with SLO, and serotonin uptake was performed in the absence or
presence of 50 uM GMP-P(NH)P as given (Holtje et al. 2003). Values (mean of three samples)
were corrected for unspecificbinding obtained in the presence of reserpine and are expressed
as GMP-P(NH)P-mediated inhibition (%). B Platelets obtained from wildtype or Gaq™'~
mice were subjected to serotonin uptake in the absence or presence of GMP-P(NH)P. From
Holtje et al. (2003), with permission. C Synaptic vesicle obtained from wildtype or Gaq™/~
mice (Holtje et al. 2003) were subjected to serotonin uptake in the absence or presence of
50 pM GMP-P(NH)P. Values (mean of three samples) were corrected for unspecific binding
obtained in the presence of reserpine. Note that Gaq regulates VMAT?2 activity in platelets

but not in brain
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5.2.1.2
VMAT Activity Is Regulated by the Vesicular Content

A variety of experimental approaches indicate that secretory vesicles can accept
more neurotransmitter if available (see Sect. 3). While these manipulations
increase the transmitter content over a given amount, the opposite model
characterized by empty vesicles is more difficult to find.

Using a genetic model characterized by the depletion of Tphl, a peripheral
form of tryptophan hydroxylase (Walther et al. 2003)—resulting in platelets
that are fully equipped for serotonin storage and release but contain only
minute amounts of serotonin—we provide evidence that vesicular content is
crucial for regulation of transmitter uptake. Naive platelets of Tph1~/~ mice
exhibited no G protein-mediated inhibition of serotonin uptake. Preloading
of Tph1~/~ platelets with serotonin or noradrenaline fully reconstituted the
G protein-mediated inhibition (Hoéltje et al. 2003; Fig. 4A). This is as one would
expect for a general regulation of VMAT, which transports all monoamines with
an almost similar Ky, In addition, depleting intravesicular monoamine stores
by treating BON cells or raphe neurons with the SERT inhibitor fluoxetine
reduced the subsequent G protein-mediated regulation of vesicular serotonin
uptake (Fig. 4B). These data indicate that signal transduction may start from
the luminal site of the vesicle. Although we do not know the “receptor” working
from the luminal site that senses the transmitter content, VMAT itself by one
of its intravesicular loops may be a putative candidate (Ahnert-Hilger et al.
2003).

5.2.2
Goo2 Regulates VGLUT Activity by Changing the Chloride Dependence
of the Transporter

Besides VMAT, VGLUT is also regulated by Gao2. GMP-P(NH)P downregulates
glutamate uptake into SSV from rat brain (Pahner et al. 2003; Winter et al. 2005).
Using mutant mice lacking various Ga-subunits including Gaol, Gao2, Gaq
and Gall, we found that VGLUTSs are exclusively regulated by Gao2 (Winter
et al. 2005; Fig. 5). In addition, application of a Gao2-specific monoclonal
antibody prevented GMP-P(NH)P-mediated inhibition of VGLUT regulation
in SSV obtained from either rat or mice brain, providing further evidence that
VGLUTSs are regulated by Gao2 (Winter et al. 2005). Gao2 exerts its action
by specifically affecting the chloride dependence of VGLUTs. As mentioned
earlier, VGLUTs show maximal activity at around 5 mM chloride. While at
this chloride concentration, G protein activation results in a downregulation
of VGLUT activity, VGLUT activity is increased following G protein activation
when lower chloride concentrations are applied (Fig. 6A). Thus, activated
Gao2 shifts the maximum for chloride activation of VGLUT to lower chloride
concentrations. In contrast, glutamate uptake by vesicles isolated from Goo2 ™/~
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Fig. 4 A,B Vesicular filling is required for G protein-mediated regulation of VMAT activity.
A Serotonin-diminished platelets obtained from Tphl1~~ mice (Walther et al. 2003) were
subjected to serotonin uptake in the absence or presence of GMP-P(NH)P following no
treatment (control) or preloading with either serotonin or noradrenaline in the absence or
presence of monoamine receptor inhibitors. Values were corrected for unspecific binding
obtained in the presence of reserpine and are expressed as GMP-P(NH)P-mediated inhi-
bition (%). From Holtje et al. (2003), with permission. B Bon cells or Raphe neurons were
pretreated with 20 pM fluoxetine a selective blocker of the serotonin plasma membrane
transporter for 24 h to diminish intracellular serotonin content before they were subjected
to serotonin uptake in the absence or presence of GMP-P(NH)P. As in panel A, values were
corrected for unspecific binding obtained in the presence of reserpine and are expressed as
GMP-P(NH)P-mediated inhibition (%)
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Fig.5 Gao2 regulates VGLUT activity. Glutamate uptake was performed into synaptic vesicles
in the absence or presence of GMP-P(NH)P obtained from either wildtype (wt) or from the
indicated G protein deletion mutants: Gao2 A, Gaol B, Gaq C or Gall D. Values are the
mean of two or three individual experiments and expressed as GMP-P(NH)P-mediated
inhibition. From Winter et al. (2005), with permission
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Fig. 6 A,B Gao2 regulates the chloride dependence, of VGLUT. A Glutamate uptake was
performed in synaptic vesicles in the absence or presence of GMP-P(NH)P using the chloride
concentrations given at the abscissa. B Chloride dependence of VGLUT activity is reduced
or diminished into SSV from heterozygous or knock-out animals, respectively. From Winter
et al. (2005), with permission
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Fig. 7 Model describing the regulation of VGLUT activity by Gao2. For details see text

mice is no longer activated by chloride and is dramatically decreased in SSV
obtained from heterozygous littermates (Winter et al. 2005; Fig. 6B). Thus,
Gao2 acts upon a putative regulatory chloride-binding domain that appears
to modulate transport activity of VGLUT.

The data are best explained by the hypothetical presence of a separate chlo-
ride binding factor (CBF) that binds chloride and is controlled by Gao2. In the
absence of chloride, CBF is inactive and VGLUT is in a symport mode, with
transport being exclusively driven by Ay. Atlow chloride, CBF is activated and
in turn binds and thus activates VGLUT shifting it in a putative, so-called effec-
tive mode. Furthermore, there may already be a partial shift from the symport
to the antiport mode under these conditions, with AH* contributing to the
driving force (Tabb et al. 1992; Wolosker et al. 1996). Higher concentrations of
chloride lead to a dissociation of CBF, with the transporter gradually shifting
from the symport into the antiport mode. In this scenario, chloride regulation
does not influence the transition between symport and antiport. However, it
cannot be excluded that, in addition to activating VGLUTs, it also influences
the symport-antiport equilibrium (Schuldiner et al. 1995). Activation of Gao2
increases the chloride affinity of CBE, shifting the peak of binding and VGLUT
activation to lower chloride concentrations. In Gao2~/~ mice, CBF is lost prob-
ably because Gao2 is required for its stable expression or its protection from
degradation. As a consequence, VGLUT cannot reach the putative effective
mode (Fig. 7).

6
Conclusions

G protein activation may be a mechanism by which transmitter transporters are
regulated, allowing the presynaptic terminal to modulate vesicular transmitter
content. In brain, Gao2 is the only Ga-subunit involved in the regulation of
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vesicular transmitter transporter activity that we know of. This activity is not
shared by the closely related splice variant of Gao1, underscoring the functional
divergence of these two Go-proteins in neurons.

While G protein-mediated regulation of VMAT activity appears to be linked
to the vesicular transmitter content, the situation is more complex for glu-
tamatergic vesicles, as the efficacy of G protein regulation is linked to the
cytoplasmic chloride concentration. If there is signalling from the vesicle lu-
men, the trigger could be either the vesicular glutamate or the vesicular proton
concentration. In this respect, it is remarkable that proton-sensing G protein-
coupled receptors have been recently identified which work best at pH 6.8 and
are inhibited by pH over 7.8 or beneath 5.8 (Ludwig et al. 2003). Furthermore,
it cannot be excluded that Gao2 is regulated by cytosolic factors, thus linking
it to intracellular signalling pathways as a means to regulate synaptic efficacy.
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Abstract Biogenic amine neurotransmitters are released from nerve terminals and activate
pre- and postsynaptic receptors. Released neurotransmitters are sequestered by transporters
into presynaptic neurons, a major mode of their inactivation in the brain. Genetic studies
of human biogenic amine transporter genes, including the dopamine transporter (hDAT;
SLC6A3), the serotonin transporter (hSERT; SLC6A4), and the norepinephrine transporter
(hNET; SLC6A2) have provided insight into how genomic variations in these transporter
genes influence pharmacology and brain physiology. Genetic variants can influence trans-
porter function by various mechanisms, including substrate affinities, transport velocity,
transporter expression levels (density), extracellular membrane expression, trafficking and
turnover, and neurotransmitter release. It is increasingly apparent that genetic variants of
monoamine transporters also contribute to individual differences in behavior and neu-
ropsychiatric disorders. This chapter summarizes current knowledge of transporters with
a focus on genomic variations, expression variations, pharmacology of protein variants,
and known association with human diseases.

Keywords Dopamine transporter - Serotonin transporter - Norepinephrine transporter -
Single nucleotide polymorphisms - Transporter pharmacology

1
The Human Dopamine Transporter (SLC6A3)

1.1
Introduction

The neurotransmitter dopamine (DA) is implicated in a wide range of physio-
logical processes (e.g., movement, cognition, memory, and reward) and patho-
physiogical states. Deficits of brain DA are directly associated with motor
impairment in Parkinson’s disease and DA replacement therapy is the most
effective treatment strategy for this disease. Conversely, D2 DA receptor antago-
nists are effective therapies for alleviating specific symptoms of schizophrenia,
suggestive of excess DA neurotransmission in this psychiatric disorder. The
human DA transporter (hDAT) is also a major target of therapeutic drugs
and illicit drugs of abuse/addiction. DAT inhibitors (e.g., methylphenidate) or
DAT substrates (e.g., amphetamine) effectively elevate extracellular DA levels
and are widely used to treat attention deficit hyperactivity disorder (ADHD)
and narcolepsy. A relatively weak DAT inhibitor bupropion is used therapeu-
tically to treat depression in a subpopulation and to treat nicotine addiction
in a wider cohort. Psychostimulant drugs of abuse, including cocaine, am-
phetamine, methamphetamine, and 3,4-methylene-dioxymethamphetamine
(MDMA), target the DAT, albeit not exclusively (Madras et al. 1989; Verrico
et al., 2005).

Cell bodies that produce DA are highly circumscribed in the substantia ni-
gra, the ventral tegmental area and discrete regions of the hypothalamus, with
terminals fanning out to the caudate nucleus, putamen nucleus accumbens,
and frontal cortical regions. The DAT limits synaptic activity and diffusion me-
diated by DA, sequestering extracellular DA into neurons. The DAT is present
on cell bodies, dendrites and axons, but apparently is not localized in the im-
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mediate active zone of the synapse (Hersch et al. 1997; Nirenberg et al. 1996).
Accordingly, the DAT diminishes DA overflow into perisynaptic regions, but
may not affect DA levels within the synapse. The DAT is expressed in all DA
neurons, with expression levels high in neurons originating in the substan-
tia nigra and ventral tegmental area (Ciliax et al. 1995) and projecting to the
striatum, nucleus accumbens, prefrontal cortex, and hypothalamus. Impor-
tantly, relative concentrations of DA, DAT, and DA receptors are consistent
in the caudate-putamen, nucleus accumbens, and substantia nigra, with the
DAT likely to regulate DA signaling strength and duration in these brain re-
gions. The ratio of DAT to DA receptor expression levels is lower in other
brain regions (De La Garza and Madras 2000), a mismatch that could result in
DA clearance by metabolism, diffusion, or by another transporter. The frontal
cortex expresses much lower levels of the DAT and DA autoreceptors, stores
less DA, and relies more on DA synthesis than on vesicular recycling for DA
release. Consequently, DAT-mediated DA regulation in the striatum cannot be
liberally extrapolated to frontal cortex.

The critical role of the DAT in regulating DA neurotransmission and presy-
naptic homeostasis in the basal ganglia is clearly apparent in mice with null mu-
tations of the DAT. DAT-mutant mice display robust phenotypic changes in be-
havior (hyperactivity,impaired care by females for their offspring), appearance
(small size, skeletal abnormalities), physiological function (pituitary hypopla-
sia, sleep dysregulation), and brain function (cognitive and sensorimotor gat-
ing deficits), in comparison with non-mutant mice. Adaptations in the striatum
of the mutant mice include areduction in the DA-synthesizing enzyme tyrosine
hydroxylase, vesicular DA stores, stimulated DA release, and D; and D; (but not
D3) DA receptor densities and function (review: Gainetdinov and Caron 2003).

At the molecular level, the 12-membrane-spanning DAT protein contains
alarge extracellular loop with consensus sites for glycosylation that function to
regulate DAT trafficking and stability (Li et al. 2004). Potential phosphorylation
sites (serine, threonine, and tyrosine) may also acutely modulate DAT traffick-
ing and activity (review: Mortensen and Amara 2003). DA is released from both
dendrites and axons and may activate receptors locally or remotely through vol-
ume transmission. DAT generates three types of ion channel-like conductances
(Ingram etal. 2002; Sonders et al. 1997). In the substantia nigra, substrate trans-
port by the DAT initiates an excitatory DAT-mediated current, cell depolariza-
tion, and consequent augmentation of somatodendritic DA release (Falken-
burger et al. 2001; Ingram et al. 2002). This control of DA release is region-
specific, as in the striatum; DA clearance is a primary function of the DAT.

1.1.1
DAT Regulation and Adaptation

Regulation of DAT density and function is relevant to physiological and patho-
physiological processes in brain. Physiological turnover of the DAT protein in
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rodent brain is approximately 2-3 days (Kimmel et al. 2000), but the DAT is
also dynamically regulated. Ion gradients, phosphorylation activity, and other
agents can modify DAT activity transiently or for extended periods, even after
the agents are cleared from DAT (Gulley and Zahniser 2003; Mortensen and
Amara 2003). Adaptive changes are reflected in density, activity, and cellular
localization.

1.1.2
Transient Effects

The DAT can be regulated acutely by physiological, pharmacological, and
activity-dependent mechanisms. Under normal conditions, the DAT is traf-
ficked constitutively from the cell membrane to the intracellular milieu and
then degraded or recycled to the cell surface (Daniels and Amara 1999; Loder
and Melikian 2003). Activation of protein kinase C (PKC) pathways by phor-
bol esters reduces DA transport capacity and the number of binding sites on
the cell surface (for reviews: Gulley and Zahniser 2003; Mortensen and Amara
2003). Acute exposure to substrates or inhibitors can also rapidly and reversibly
modify DAT function. By promoting DAT trafficking (to the cell interior) and
internalization, amphetamine acutely reduces DA transport capacity in rodent
brain or cultured cells within 1 h of administration (Fleckenstein et al. 1999;
Saunders et al. 2000). The DAT inhibitor cocaine, on the other hand, promotes
upregulation of DAT density, function, DAT mobilization to the cell surface,
and increased cell surface expression (Daws et al. 2002; Little et al. 2002). DA
itself regulates the DAT, directly by downregulating surface expression, or indi-
rectly by upregulating the DAT via D, DA autoreceptors (Gulley and Zahniser
2003). The DAT can act as a single unit, self-associate, or bind to other pro-
teins. Oligomers of the DAT exist but again, their functional significance is not
known (Sorkina et al. 2003; Torres et al. 2003).

113
DAT Regulation and the DAT Gene

DAT density may be altered by genetic abnormalities, but currently there
are no candidate polymorphisms that correlate with DAT density. The 3'-
untranslated region of the DAT gene has a fixed length repeat sequence that
varies by number of repeats from 3-11 (Vandenbergh et al. 1992). Although
the 10-repeat sequence is the most common form of the gene, inheritance of
this repeat length in both alleles is associated with ADHD in some studies,
but accounts for less than 4% of the variance (Cook et al. 1995; Madras et al.
2002; Waldman et al. 1998). The repeat number in this region of the gene and
association with DAT density is controversial. One study demonstrated a higher
DAT density with the 10/10 repeat genotype (Heinz et al. 2000); another study
found a lower density in the 10/10 than the 9/10 repeat (Jacobsen et al. 2000);
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a third study found no difference in DAT density (Martinez et al. 2001); and
a fourth study found a higher DAT in the 9/9 repeat (van Dyck et al. 2005).

1.2
DAT Genomic Variants

1.2.1
Introduction

The large hDAT gene (51.7 kb) displays a high density of polymorphisms
(>7/kb). It is estimated that more than 400 single nucleotide polymorphisms
(SNPs) arelocated in this gene (51.7 kb from exons 1 to 15). More than 100 SNPs
located in the 5" region (16 kb from the upstream gene FLJ12443 to exon 1)
have been deposited into the National Center for Biotechnology Information
(NCBI) dbSNP (Build 124). Less than 50 of the polymorphisms, including ap-
proximately 19 SNPs and one variable number of tandem repeat (VNTR) in the
exons, have been documented in the literature (Greenwood et al. 2001; Green-
wood and Kelsoe 2003; Grunhage et al. 2000; Vandenbergh et al. 1992, 2000)
and most of them have been included in the dbSNP. This information suggests
that SLC6A3 is subject to extensive variations among individuals, and some of
these variations perhaps confer risk factors for SLC6A3-related diseases. Listed
in Fig. 1A are polymorphisms that have been used either in association studies
and analyzed for effects on gene expression or cause missense mutations (indi-
cated in the parentheses) in the hDAT protein. rs2975226, located immediately
upstream of exon 1, is a T/A SNP and has been used in two association studies
(see Sect. 1.5).

1.2.2
Coding Region Variants

The coding region of DAT is highly conserved. Re-sequencing of 551 Caucasian
individuals for the coding region revealed 15 exon SNPs including 4 missense
mutations, none of which have frequency exceeding 1% (Table 1; Grunhage
et al. 2000; Vandenbergh et al. 2002). This information suggests that wildtype
function of hDAT is required for human survival.

1.2.3
Non-coding Region Variants

The 3’ VNTR (40 bp repeats with 92% identity located from 2741 to 3144 in
exon 15) contains at least 7-11 repeats of 40 bp, but the 9- and 10-repeats are
the most frequent alleles (Doucette-Stamm et al. 1995; Nakatome et al. 1995).
This 3’ VNTR has been the most popular genetic marker of this gene for more
than 100 association studies during the last decade. Besides the 3’ VNTR, there
are two additional islands of imperfect tandem repeats downstream. One is
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2.6 repeats of 82 bp (90% identity located 475 bp downstream of the 3’ VNTR
or from 3619 to 3830) and designated as 3" TR2 here. Another is 5 repeats of
38 bp (75% identity located 486 bp downstream of 3’ VNTR or from 3630 to
3830) and designated 3" TR3 here. 3 TR2 and 3’ TR3 overlap each other for
most of the regions. There is no information on whether 3’ TR2 and 3’ TR3 are
variable.

Linkage disequilibrium (LD) between 5" and 3’-ends of SLC6A3 is low. The
5" SNP rs11564749 (P+215 in Greenwood et al. 2001) displays D’ of less than
0.3 when pairing with eight different SNPs from exons 9 and 15, including
the seven synonymous SNPs listed in Fig. 1A, based on analysis of hundreds
of Caucasian chromosomes of northern European descent (Greenwood et al.
2002). There are two blocks of high LD, from exon 1 to intron 6 (5" block)
and from exons 9 to 15 (3’ block, see Fig. 1A; Greenwood et al. 2002). The
HapMap database (http://www.hapmap.org/index.html.en, Release 16¢.1, 15
June 2005) shows that LD between rs2617605 in intron 2 (not shown in Fig. 1A)

>

Fig. 1 A-C Variations of the human DAT (A, SLC6A3), serotonin transporter (SERT)
(B, SLC6A4), and norepinephrine transporter (NET) (C, SLC6A2) genes, which are lo-
cated on chromosomes 5p15.3, 17q11.1, and 16q12.2, respectively. Horizontal gray lines are
chromosomal regions harboring the genes; the crossing vertical bars are exons (black for
translated and gray for untranslated regions), and between exons are introns as numbered
underneath. Vertical lines indicate the locations of SNPs, and wherever possible, dbSNPs (rs)
are used; vertical arrows indicated genetic markers (horizontal arrows) of simple sequence
repeats such as VNTR (SLC6A3, STin2 VNTR of SLC6A4) and indel (5-HTTLPR of SLC6A4
and NETpPR of SLC6A2). For those that are not rs, coordinates of mRNAs (NM_001044
an entry on 2 May 2005 for SLC6A3, NM_001045 entered on 10 June 2005 for SLC6A4 and
AF061198 as reported in Kim et al. 1999 for SLC6A2) are used. Parentheses indicate amino
acid variations caused by non-synonymous SNPs. Bold labels indicate markers (or hap-
lotypes in gray of panel a) that displayed positive association with human diseases and
underlined are variants that have been analyzed for transporter activity. Italics indicate
these listed in the dbSNP database (Build 124) but not in the literature. Note for SLC6A3:
two blocks of high LD are indicated as 5" and 3’ blocks, based on LD analysis (Greenwood
et al. 2002). Notes for SLC6A2: originally reported as T-182C in (Zill et al. 2002); Poriginally
reported as 1287G/A in (Stober et al. 1996); “originally reported as an intron 8 SNP by
(Ono et al. 2003), but re-designated here because of the discovery of new exon 1 (Kim et al.
1999); three indicated blocks are haplotypes conserved in different populations, and block 1
may extends to 10.5 kb downstream of exon 15 (Belfer et al. 2004). Variation information
came from the following references: Greenwood et al. (2001), Greenwood and Kelsoe (2003),
Grunhage et al. (2000), and Vandenbergh et al. (2000) for SLC6A3; Battersby et al. (1996 and
1999), Delbruck et al. (1997 and 2001), Di Bella et al. (1996), Heils et al. (1996), Ogilvie et al.
(1996), and Ozaki et al. (2003) for SLC6A4; and Hahn et al. (2005), Halushka et al. (1999),
Iwasa et al. (2001), Ono et al. (2003), Shannon et al. (2000), Stober et al. (1996 and 1999),
and Zill et al. (2002) for SLC6A2; and the NCBI databases (dbSNP Build 124 and MapView
Build 35.1). At the bottom of each panel is the D’ value for LD in American Caucasians,
based on HapMap (http://www.hapmap.org/index.html.en). See text for details on the SNPs
used to calculate the D’ values. Scale bar: 2 kb
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and rs27072 in exon 15 display D’ = 0.375 for 59 Caucasians (CEPH, Utah
residents with ancestry from North and Western Europe), 0.436 for 45 Chinese
(Han Chinese Beijing), 0.18 for 43 Japanese (Tokyo), and 0.092 for 60 Africans
(Yoruba Ibaden, Nigeria). The 3’ block is diminished to some extent in the
non-Caucasian populations. These data are consistent with the idea that there
is very low LD between the 5’ promoter region and 3’ VNTR and that DAT gene

variations differ significantly among different populations.
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Table 1 Frequency (%) of human neurotransmitter transporter variants

hDAT hSERT hNET

V55A 1%2 T4A 0.1%¢ P621S0.1%° N7 K 0.2%9 V356L 4.3%f

V382A% 1%2 G56A 1.7%4 A31P? A369P** 2.39%f

A559V 0.5% K201N 15.7%¢4 V691 0.3%! N375S 4.3%F

E602G 0.5%° E215K 0.1%¢ T991 1.8%! V4491 0.07%!
L255M 0.1%" RI21Q* 0.5%¢  A457P** ~1%8
S293F 0.1%° V24412 K463R 10.0%4
P339L 0.1%¢ V2451 0.43%'  G478S 0.07%!
L362M 0.1%¢ V2471 0.2%4 F528C 5.5%4
1425V#0.1%¢ T283R 0.4%%  Y548H 4.7%4
K605N 0.1%¢ N292T* 4.3%%  1549T 1.4%9

*Uptake activity reduced by 37%-50%, **Uptake activity reduced by approximately 99%
(Hahn et al. 2003, 2005; Lin and Uhl 2003), #Gain-of-function (Kilic et al. 2003; Runkel et
al. 2000); see text for details, *Vandenbergh et al. 2000, ®Grunhage et al. 2000, Glatt et al.
2001, 4dbSNP, ¢Iwasa et al. 2001, fHalushka et al. 1999 and dbSNP (Build 124), 8Shannon et
al. 2000, M Di Bella et al. 1996, iRunkel et al. 2000

13
DAT Protein Variants

To date, only 4 hDAT protein variants have been reported, including V55A,
V382A, A559V, and E602G. The NCBI dbSNP database (Build 124) has not
shown any additional protein variants yet. V55A and V382A have been stud-

>

Fig. 2 Conservation of variable amino acid residues of hDAT, hSERT, and hNET as demon-
strated by alignment of 19 transporter amino acid sequences. Black and gray highlight
the conservation of human transporter residues: black and bold with clear background
for hDAT, black with gray background for hSERT, and white with black background for
hNET; the corresponding variations are indicated on top of alignment. Transmembrane
domains (TMs) are covered by horizontal lines. Prefix for transporter names: s, human;
1, rat; m, mouse; b, bovine; bf, bullfrog (Rana catesbeiana); dm, Drosophila melanogaster;
dmcs, Drosophila melanogaster Canton S; ce, Caenorhabditis elegans; ms, Manduca sexta.
DAT, dopamine transporter; SERT, serotonin transporter; NET, norepinephrine trans-
porter; ET, L-epinephrine transporter. Sequence sources as GenBank accession No.: hDAT,
124178; rDAT, M80570; mDAT, AF109072; bDAT, M80234; hNET, M65105; rNET, AB021971;
mNET, U70306; bNET, U09198; fET, U72877; hSERT, L05568; rSERT, M79450; msSERT,
AAN59781; bSERT, AF119122; dmSERT, U02296; dmcsSERT, U04809; ceDAT, AF079899;
dmDAT, AAF76882; ceSERT, AAK84832; and msSERT, AAN59781. The last few C-terminal
residues are irrelevant and not shown here



335

Human Genetics and Pharmacology of Neurotransmitter Transporters

INAODTIVIE WALTAWOVII TATMAIITAV DOONMADTAL JUMANETIAAS ADN
INAOODTVTE WALTAWOVIT TATEAIITAV DOONMADTAL JUIMANETIATY DN
NAODTVTE WAITAWOVIT TATMAIITAV OOONMADTAL JIMANPTIAAY ADN
INIOOTVTE WALTAWOVIT TATEAIITAV DOONMADTAL JUIMANETAAY IDN
INAODTVTE WALTAWOVIT TATMAIITAV DOONMADTAL JUMANETAAY ADN

AIDAATVITI AJIADADMAODLG
AADAATVITI AVADADMAIJL
AADAATVITI AVADADMAIJ
AADAATVITI AVADADMAIJ
AIDAATVITI AVADADMAIL

STTAdT MMAOMUHYH "
STTAQI MMOMITIA”
STTAQI MMOMITIA"
STTAAI AAOMLAER "
STT1AAI MMOMIIEd "

AUDWATPTWD TIVADADMTEd [UAODTVTE TAATATOPIT TWADXIITAV DHOONPADTAL MIUYMANDTAAY ADA@ETTASC MMeMIddb - - Lydssu
ATeIA30I0D IBADIDIATA UA0DTATE WAAW THOIW TWIIAIITAV DOOUMADASI JUIMINDTAAY ADA@ETTASW YIBMIMDIA" * LYHES=™0
AUDWATPITO IVADADXTEd OfUAODTVIE WAATATOBIT TATORIATAV DOONDADTAA JUMANDTAAY ADIeTTA9® MDOMLHANI " - LYdssoup
AUDWATPITO IVADADMTRd DIIMMISTOD OfUAODTVIE WAATATOPIT TATOAIATAV DOONDADTAA JUMANDTAAY ADIeTT. 9® YDOMLHANI " - LEHSWP
ASPIRAVITO IVODIODNAIA DIMIMISTOD URMUXODTIVIH WAATIIDOIT ewilXd 114V DOONDADTAd AUMANDTIAAY ADI@STIAAA MMeMIHEEH " - insicisiel
ASBIAAVITO IVADIONAI DIMMMISTOD UMUXODTIVIH WALTIIIODOIT PWTEAITTAV DOONPADTAd JUMINDTAAY AOIM@STIAQU MUOMIHYH " * LyHsw
ASBIAAVITO IVADIONAI DIMMMISTOO UMUROODTIVIH WALTIIIOOIT PUTEAITTAV DOONPADTAd JUMINDTAAY AOIM@STIAQU MUOMIHYH " * LYHSA
ASRIAAYITO IVADIDMATA DIMMMISTOD URUAODTIVIHA WAATIIONIT PUTEMAITTAY DOONDADTAL AAMANDTAAY ADI@STTIACA MMOMLAEH " * I
AAPARAYITA AVADIDNATd ATIOMOLTVD @NUODTIYTHA WAATIIODOAA TUIDAIATAY DOONMADTAL AAMANCTAAY ADT@STTAAA MOSMIHAE" " ° LYdqup
AAPARAYITL ADADIOMATA DIIBMIALTYD HRAAODTOTH WAATIADITT AWTSAAITAA DDONMADTAL AYMINODTAAY ADN@STTAAT Mbsmbaye- - LVYd=so
AADTATSITI BIADADITIA DI MAOYYD HENAOODTYTH WAATIADVAA WAFTAJATAY DDONMADTAL AYMANCTIAAY ADT@STTAdE MMSMIHANP " * LYdq
AADARASTTI AFADADMTAL DI MADBYYD HENAOODTYTH WAATIWOVIA WATTAJIATAY DODONMADTAL AYMANCTAAY ADT@STTIAAT MMSMIHANH " * Lvyqu
AADARASTTI AFADADATAL OIM ADYVYD HINAODTVTH WAATAWOYIA WATTAIATAV DDONMADTA JIAMANCTAAY ADTMSTTAAT MASMIAEH -~ Lvdax
AADAATSITI AIADADITIL DIA ABYYD HEINAODTIVTIH WAATIUDVIA WATTAJATAV DOONMADTAL ANBTAAY ADT@STTAAT MADOMLHAEP ™ * LYaY
00¢ EWL otTeTd T T WL Ie6L T IWL I69A 10T

Ooodad:- -+ + "pALAMDSEP” dVTALUNLA OIONOHMA™T ITHAPMYSdS JOUIJAAVST IUPIYBOTTT USHAWN~~~~~ ~~~~~~mmm~ v~ L339
o=l R Bpx: *sYTI0" * *° OADNIHMA A TAENINI d* -dbHsbdbeb BusdbAOIMu TIeTTH~~~~~ ~~~~~~r~mms ~mmmmmmm s LHENO
[0)7/c AR spb TSYTIO " "t OADNIHMA A Hdﬁﬂuxu.mu Tabadatdpedb OSTodDAOCMI TR TIH~~~~~ ~~~r~~~mss LENW
bRV O Ul e i e IANI
[0} /e Bpac tayIIoc  OADNATNA A TTEfMicex 1dbaabipelb uusdbAOCU TR~~~ ~mms s LENY]
aydatrs: -t cAaasISyHD: c o teried] pdddeiderd dePSAQUIc~~ s e IMHSSsSW
WSSITIITeRA IL69¥IJ3THh" -HBreetdsud pIsysisAdT F31dpeasTd whksseldviA SWSISAIISH desTrseebs sTsebTbbuyb jqazasymaTu [¥HSSD
I93°AS " CAATTISUUC Cccceryde] dpiaxed] -ty ypbppsuspp suudssypps mdedNsIHI] eeebeIpsSshH SIPU~~~~~~ ~mm s IMHSSOup
Isqagb- - cbsyeabbbh: - cebdBLS IUDDIII] "] BUlnr s s e IMHSWP
edyAdvY " " c 0 TATRLIRed " CCC tIsUybip pflebdudp e sAbustbose ey abdvdaaby DIaBNS0IdH BPAAeSTONO SNTAMIAN~~ ~~~~~~~~~~ hnSicisiel
pbyrEv- - CATLLARRd" - -3sydes pgesisdate sABUSTDDIS ededidaby BTABNS0DdH MPHO9STAMO SNIILEN~~ ~~~~~~~~~~ IdASw
PbaTEY" -~ "ATLLAIeed " " Tsyses pfesisdpte sAbusTbsde eageiadaby DIaABN20DAH IPANOSSTAMO SNIIMLAN~~ ~~~~~~~~~~ LdHST
BbyTEY" " CATLLARd " - Ttsyarp pjfebdsdace sABusTDDSS ANABIIJAAY DPTABN20DAE BpeoesTbyd SNILEW~~ ~~~~~~~~~~ IHESU
agsTsNuUpu qIdLdaysy® “STUBLASUI~ ~~rmmmmmms Rttt ettt Lyqup
dpxdaaNadb aIdT-3eub’ WHUSLIBTY SPdPPIAA"T DU~~~ ~mmsssmnss Snn s nn s s s YD
oyo" ccrr1dsbdt CdUTILSNLT OADNOHEMA T ATEARYADWE Ne IYYIYAA SSWURASDID SSUW~~~~~~~ ~~vsssssos ~oscannnss YA
OZC R TTtaAdabd -t dUTTLSNIT OADNOEMA T ITEASIdDAR SSUIDASDHNS NSW~rrmmm ~mmmmmsms o Lyqu

O R Tt adabd - CdUTTLSNLT OADNOHMA T ITHASIADAE NS HYVAVAA SSWABASDHS MSUW~~~~~m~ ~mmmmsssos mmsmsessee L¥ax
o) R Trragsbar tquITLSSIT OADNOHMA T ITHASNADAE NJ - HYVAVAA SSWIBASDHS MSU~~~~~~~ ~~mmm~msos smmmesmse IYay

00T YGGA Y95D dTevy ALN YL T



Z.Lin - B. K. Madras

336

ATOLYVYATIMA BAFNTINAAT
ATOLVVAIMA IVAATIAAAT
ATOLVVAIMA IVEMNTIXRAQT

ATOLVVAIMA
ATOLVYAIMA

AVHEATIAAAT
AVHENTAIAAAT

AIOSYVAIMA YsubTyymed
ATOLVVesSMA edpyTdeddd
ysuyymadg
ATOSYVAIMA swiTdymed
AT0RYVAAMA B3aTTbmud
AT0RYVAAMA BadTbmud
ATORYVAAMA B3gTTMbmug
AI0RYVAIMA B3grTMbmug
ANOIVVAAMA BFATesgud
ANDIVVAPMA sdayTws Jud
ODIOTVVAIMA SVYADTAYAAA
OAOLVVAIMA SYEOTIXRAAA
OAOLVVAIMA SVYHOTIXRAAA
OAOLVVAIMA SYHDTIXAA
007
¥yIxIbIVAL vt
YIRIIVVAL S C
YIAIEIVVAL S
MIXAAYYAL S C
AAALAGYAL S e
WEALTNVAL T
ATARASSALL Td3buIsIIA
YIIIFAVIS T
MEAAEVAS T e
MIRAHOYS " Tttt
REAPNEICEE) /5 (= A
YTAIHOVAS ™~
MIRAHSYS " Tttt

yudxrgsvesb Joeagbaesy
su- -dyuesy ot

MAARAVYAL -t

HHAAEVVYIL "

HHAAEVVYAL "
dHAAHYVYAL "
00€

yTaesInFs OdTADEITT AATAAAITLIY LIMAAMDSINM ADMMISAATA ITjes 10Tl Omadro1aur
UTACTONSY DA TRTOUATT AATATAITIY LIMAAMDSIM ADMMISAATA TAMTTIOTT OMPATOTAUT
UTACIONSY OdTHADUATT ALATATAITIV ILIMAAMDSIN ADMMISIATA JTREwIOTTE OMbdTIHTAUI
YTAC@IONSY DITREADUATT AATAFAITLIY LIMAAMDSIM ADMMISAXTA JTwTOTTl OMbATHTAUT
UTACIONSY DATHADUATT AITAFAATLY LIMAAMDSIN ADMMISAATA I DT OMPATDTAUT
LTAXEIDPIV DdIRADYRTT ITTAAAIRTY IAMAANDRSI ADMMISAAAT [JaMO340TVl sdxyrapwaar
LARAATONMY OdTTTOYITT ITIIAdeLY IAMATMOSSD doumTedzaw I MeTIdAvU SIYABDTACT
LTARMIDODY DATSADYATT ITTIAAAIRTY IAMAANDEST ADMMISAAAT [JIOIADT AdxAGOWIAT
LTARMIDOPY DATSADIATT ITTAAARIRTY LAMAAMDRSI ADMMTSAAAT —L 53407 3d3AGDWIAT
MTAITADINY eOUATT ITTITAAALY LAMAAMDSIN ADMMTISAAIA FATIUTDTAM OMSTHOTIADT
ATAIANDIMY eodATT ATATAGALY IAMAAMOSIM ADMMTISAAII JATTWIDTV OMSIIDTIADT
ATAIANDIMY eOIATT NETATAIALY IAMAAMDSIN ADMMTSAAIA FATTATOTIM OMSIADTIADT
ATAITADIMY eOUATT ANTIIALALY IAMAAMDSIM ADMMTISAAIA IATTWIDTV OMSIBODTIAbT
ITXADIDTIS TOMITT ITTARAJATY ILIMAAMDSIS IOMMISAAOT TAJITIOTIVW DM TeDTAUT
ITARSTONDM ADITIT IBTAAAGATY LIMAAMDSIU IDMMWSAZOT TARMITSTIVI PMIAUDTAIA
STARIIBPAY IDUTTT BATAAAIWLY LIMAAMDSIM ADMMTISAATT [tfta1osfll Omadantaar
STARYIDPWY ADYTTT CITAARJWLY LIMAAYDSIM ADMMISAATT QRTRTATOR M OM¥daniadr
STARYIDPUY ADUTTT BPATAAAJULY IIMAAMOSIN 