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Abstract As the primary excitatory neurotransmitter in the mammalian CNS, l-glutamate
participates not only in standard fast synaptic communication, but also contributes to
higher order signal processing, as well as neuropathology. Given this variety of functional
roles, interest has been growing as to how the extracellular concentrations of l-glutamate
surrounding neurons are regulated by cellular transporter proteins. This review focuses
on two prominent systems, each of which appears capable of influencing both the sig-
naling and pathological actions of l-glutamate within the CNS: the sodium-dependent
excitatory amino acid transporters (EAATs) and the glutamate/cystine exchanger, sys-
tem x–

c (Sx–
c ). While the family of EAAT subtypes limit access to glutamate receptors by

rapidly and efficiently sequestering l-glutamate in neurons and glia, Sx–
c provides a route

for the export of glutamate from cells into the extracellular environment. The primary
intent of this work is to provide an overview of the inhibitors and substrates that have
been developed to delineate the pharmacological specificity of these transport systems,
as well as be exploited as probes with which to selectively investigate function. Particular
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attention is paid to the development of small molecule templates that mimic the struc-
tural properties of the endogenous substrates, l-glutamate, l-aspartate and l-cystine and
how strategic control of functional group position and/or the introduction of lipophilic
R-groups can impact multiple aspects of the transport process, including: subtype selec-
tivity, inhibitory potency, and substrate activity.

Keywords Aspartate · Aspartylamide · Benzyloxyaspartate · Pyrrolidine-dicarboxylate ·
Uptake

Abbreviations
#24 3-{[3′-Trifluoromethyl-2-methyl-1,1′-biphenyl-4-yl)car-

bonyl]amino}-l-alanine
4-MG (2S,4R)-4-Methyl glutamate
2,4-MPDC 2,4-Methanopyrrolidine-2,4-dicarboxylate
(2S,3R)-3-Me-L-trans-2,3-PDC (2S,3R)-3-Methyl-l-trans-2,3-pyrrolidine dicarboxylate
(2S,4R)-4-Me-L-trans-2,4-PDC (2S,4R)-4-Methyl-l-trans-2,4-pyrrolidine dicarboxylate
(4S,2′S)-APOC (4S,2′S)-2-[2′-Aminopropionate]-4,5-dihydro-oxazole-4-

carboxylic acid
(4S,5S)-POAD (4S,5S)-2-Phenyl-4,5-dihydro-oxazole-4,5-dicarboxylate
AHTP (R,S)-2-Amino-3-(1-hydroxy-1,2,3-triazol-5-yl)propio-

nate
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
CNB-TBOA (2S,3S)-3-[3-(4-Cyanobenzoylamino)benzyloxy]aspar-

tate
DHK Dihydrokainate
EPSC Excitatory postsynaptic current
ETB-TBOA (2S,3S)-3-{3-[4-Ethylbenzoylamino]benzyloxy}aspartate
KA Kainic acid
L-anti-endo-3,4-MPDC l-anti-endo-3,4-Methanopyrrolidine dicarboxylate
L-AP4 l(+)-2-Amino-4-phosphonobutyric acid
L-β-THA l-β-threo-Hydroxy-aspartate
L-SOS l-Serine-O-sulphate
L-TBOA l-threo-Benzyloxy aspartate
L-trans-2,3-PDC l-trans-2,3-Pyrrolidine dicarboxylate
L-trans-2,4-PDC l-trans-2,4-Pyrrolidine dicarboxylate
NBI 59159 N-4-(9H-Fluoren-2-yl)-l-asparagine
NMDA N-Methyl-d-aspartate
PMB-TBOA (2S,3S)-3-[3-(4-Methoxybenzoylamino)benzyloxy]aspar-

tate
(S)-4-CPG (S)-4-Carboxy-phenylglycine
T3MG threo-3-Methylglutamate
TDPA S-2-Amino-3-(3-hydroxy-1,2,5-thiadiazol-5-yl)propionic

acid
TFB-TBOA (2S,3S)-3-(3-[4-(Trifluoromethyl)-benzoylamino]-benz-

yloxy)aspartate
WAY-855 3-Amino-tricyclo[2.2.1.0[2.6]]heptane-1,3-dicarboxylate
WAY 212922 N[4]-[7-(Trifluoromethyl)-9H-fluoren-2-yl]-l-aspar-

agine
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WAY 213394 N[4]-(2′-Methyl-1,1′-biphenyl-4-yl)-l-asparagine
WAY 213613 N4-[4-(2-Bromo-4,5-difluorophenoxy)phenyl]-l-aspara-

gine

1
Introduction

As our understanding of the physiological and pathological significance of
glutamate-mediated neurotransmission has increased over the past 40 years,
so too has our interest in the development of the excitatory amino acid (EAA)
analogues that can be used to study the structure, function, and therapeutic
relevance of the participating proteins. Now recognized as the primary ex-
citatory neurotransmitter in the mammalian CNS, this dicarboxylic amino
acid participates not only in standard fast synaptic communication, but
also contributes to the cellular signaling that underlies higher order pro-
cesses such as development, synaptic plasticity, learning and memory [1].
To a large extent, the ability of L-glutamate (L-Glu) to participate in such
a wide variety of functions is a result of the large diversity of EAA receptor
subtypes and splice variants available for signal mediation. These receptors
include those directly associated with ion channels (ionotropic receptors,
iGluRs), such as NMDA, KA and AMPA receptors, as well as those coupled
to second messenger systems (metabotropic receptors, mGluRs). The iGluRs
have garnered significant attention from both mechanistic and therapeutic
perspectives, because the over-activation of these receptors and subsequent
influx of excessive levels of ions (e.g., Ca2+, Na+) is now accepted as the funda-
mental pathological pathway (i.e. excitotoxicity) underlying neuronal injury
in both acute insults (e.g., stroke, trauma, hypoglycemia) and chronic neu-
rological and neuropsychiatric disorders (e.g., amyotrophic lateral sclerosis,
epilepsy, schizophrenia, Alzheimer’s disease, Huntington’s disease) [2–8]. The
mGluR’s, on the other hand, are more typically associated with the modula-
tion of excitatory transmission through a variety of G-protein coupled signal
transduction pathways [9, 10]. In addition to neurodegenerative pathways,
interest in these receptors has been linked to a number of disorders where
a therapeutic benefit may be found in establishing new balance points in
excitatory signaling through regulatory mechanisms, including epilepsy, anx-
iety and pain management [9, 11, 12]. Not surprisingly, much of the progress
made in understanding the pharmacology and physiological roles of EAA re-
ceptors have been dependent upon strong medicinal chemistry efforts that
have yielded growing libraries of receptor specific agonists and antagonists.

More recently, attention has focused on another family of proteins that
are also becoming accepted as integral to excitatory signaling i.e., the trans-
port systems that regulate the extracellular and intracellular concentrations
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of glutamate in the CNS. Given the ability of the transporters to efficiently
control the movement of glutamate into and out of cellular and subcellu-
lar compartments, these proteins have the potential to influence the amount
and time-course of the excitatory transmitter that reaches synaptic and ex-
trasynaptic receptors, thereby influencing both physiological signaling and
pathological injury. Not surprisingly, this has also created a need for addi-
tional EAA analogues with which to selectively characterize these transport
proteins. The present review focuses on two cellular transport systems that
appear to have a significant impact on excitatory transmission and/or excito-
toxicity: the sodium-dependent excitatory amino acid transporters (EAATs)
and the glutamate/cystine exchanger, system x–

c (Sx–
c ). The EAATs have long

been recognized for the ability to efficiently sequester L-Glu in neurons and
glia, thereby providing a route to clear this transmitter from the extracellular
space and regulate its access to EAA receptors. Sx–

c , on the other hand, func-
tions as an obligate exchanger that typically couples the import of L-cystine
(L-Cys2) with the export of L-Glu. While the uptake of L-Cys2 has been the
more common focus of studies on Sx–

c , recent evidence suggests that the re-
sulting export of L-Glu may represent a non-synaptic source of this excitatory
transmitter that may also contribute to both physiological and pathological
signaling. This review is intended to complement other works examining the
structure, regulation, and physiology of these transporters [13–19], by plac-
ing an emphasis on the small molecules that have been developed to delineate
the pharmacological specificity of these two transport systems, as well as be
exploited as probes with which to assess their potential contributions to CNS
signaling and pathology.

2
Excitatory Amino Acid Transporters (EAATs)

Among the uptake systems addressed in this review the excitatory amino
acid transporters (EAATs) have been studied for the longest period of time
and, not surprisingly, are the most thoroughly characterized. Interest in glu-
tamate transport initially arose within the context of establishing that this
dicarboxylic acid was indeed an excitatory transmitter, as it provided a mech-
anism to meet the requisite criteria of transmitter inactivation in the absence
of a synaptically localized degradative enzyme akin to acetylcholinesterase.
The identification of the high affinity glutamate uptake systems was also
key to unraveling the complexities of its metabolic compartmentalization
in the brain and the recognition of the glutamine cycle, in which synapti-
cally released glutamate is rapidly transported into astrocytes and converted
to glutamine by glutamine synthetase [20]. In turn, the glutamine is shut-
tled back to the presynaptic terminal, where it is reconverted into glutamate
by glutaminase for repackaging into synaptic vesicles. The significance of
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this pathway, and particularly the maintenance of low extracellular levels
of glutamate, became increasingly evident as the pathological properties of
L-Glu were delineated. Referred to as excitotoxicity, the over activation of
ionotropic EAA receptors by excitatory agonists produces an excessive influx
of ions (particularly Na+ and Ca2+) that triggers a number of pathological
pathways [6, 21–23]. Glutamate-mediated neuronal injury has become in-
creasingly recognized as a fundamental mechanism of CNS pathology that is
now linked to acute insults (e.g., stroke, head trauma, spinal cord injury) as
well as chronic neurodegenerative diseases (e.g., amyotrophic lateral sclero-
sis, Alzheimer’s, Parkinson’s and Huntington’s disease [5, 24–27].

2.1
Properties

Initially characterized on a basis of activity, the transport system was dis-
tinguished by its sodium dependency and high affinity (Km ≈ 1–5 µM) for
L-Glu [28]. To date, five isoforms of the EAATs have been isolated and
characterized. The first three were identified almost simultaneously: GLAST
(EAAT 1) [29] and GLT1 (EAAT 2) [30], which are principally considered glial
transporters, from rat brain and EAAC1 (EAAT 3) [31], a neuronal trans-
porter, from rabbit intestine. In addition to the subsequent identification
of the three homologous transporters from human brain [32], EAAT 4 and
EAAT 5 were isolated from cDNA libraries of human cerebellum and human
retina, respectively [33, 34]. On the basis of substrate specificity, EAATs 1–5
are considered as members of System X–

AG, while molecular analysis reveals
that the EAATs are members of a novel gene family [Human Genome Organi-
zation solute carrier family (SLC1)] that also includes the sodium-dependent
neutral amino acid transporters ASCT1 and ASCT2 [35, 36]. EAAT 1–3 have
been reported to be present outside the nervous system, while EAAT 4 is be-
lieved to be restricted to cerebellar and EAAT 5 to the retina [13, 37].

The EAATs are thought to function using an “alternate access” gating
mechanism in which the substrate initially interacts with an outwardly facing
binding domain [38, 39]. The binding of the substrate and requisite ions then
produces a conformational change that orients the protein such that the sub-
strate now has access to the intracellular compartment. In the instance of the
EAATs, the transport of one molecule of L-Glu is coupled to the inward move-
ment of 3 Na+ ions and a H+ [40]. Interestingly, recent crystallographic data
(see below) suggest that a minimum of two sodium ions are needed for bind-
ing, while the third may be more closely linked to the transition/translocation
step [39]. The reorientation that allows the binding domain to again be ac-
cessed extracellularly is coupled to the export of one K+ ion. The Na+ and
K+ gradients generated in CNS cells allows L-Glu to be concentrated intra-
cellularly more than 5 orders of magnitude and provides a way to maintain
L-Glu extracellular concentrations at a level that do not induce excitotoxic in-



192 R.J. Bridges · S.A. Patel

jury. Further, the stoichiometric ratio of substrate and its co-transported ions
also makes the uptake of L-Glu electrogenic [41]. Advantageously, this prop-
erty enables the transporter’s activity, pharmacology and biophysics to be
investigated using electrophysiological recording techniques. Using such ap-
proaches, the transporters have also been found to exhibit ion conductances
that are stoichiometrically independent of uptake and more consistent with
channel-like properties [33, 34, 42].

The publication of a crystal structure of an archaeal glutamate transporter
homologue from Pyrococcus horikoshii (GltPh) by Gouaux and colleagues in
2004 was a major turning point in understanding the molecular structure
of the EAATs [43]. While a number of previous studies supported the con-
clusion that the EAATs exist as homomultimers, the number of proposed
noncovalently associated subunits ranged from dimers to pentamers [44–46].
In the instance of GltPh, the transporter is composed of three subunits that
assemble into a bowl-like configuration with its solvent-filled basin facing
the extracellular surface. Each subunit is composed of eight α-helical trans-
membrane segments and two helical hairpin loops. Subsequent studies on
GltPh, have yielded more clearly resolved binding sites for the substrate, as
well as two of three requisite sodium ions needed for uptake [39]. Access to
these sites appears to be gated by one of the two hairpin loops, HP 2. In the
mechanistic model emerging from these studies, the binding of substrate and
sodium prompts the movement and stabilization of the HP 2 loop in a closed
configuration. Although not yet demonstrated, the HP 1 loop may play an
analogous role in the subsequent gating of the substrate and access of ions to
the intracellular compartment. Interestingly, when GltPh was crystallized with
L-TBOA, rather than L-aspartate, the aryl group of this competitive inhibitor
appeared to interact with the HP 2 and prevent this presumed gate from clos-
ing. Such an effect would explain the action of TBOA, as well as a number
of other analogues discussed in the pharmacology section, as a non-substrate
inhibitor; i.e., a ligand that binds to the substrate site but cannot be translo-
cated across the membrane. Having such structural models in hand provides
an important new contextual framework with which to evaluate our under-
standing of the pharmacological specificity of the EAATs that emerged from
traditional SAR studies.

2.2
Pharmacology

Much of the pharmacological characterization of the EAATs have revolved
around traditional competition assays, where EAA analogues are assayed for
the ability to reduce the uptake of a radiolabeled substrate, typically 3H-
L-Glu, 3H-L-aspartate or 3H-D-aspartate. The latter of these three has been
extensively employed because it affords the advantage of being metabolically
inert. Early studies relied on a variety of CNS preparations, such as synapto-
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somes tissue slices, or primary cell cultures, while current experiments more
often employ cells transfected to selectively express one of the five isolated
subtypes. Xenopus oocytes have played an especially important role in this
regard, not only as an expression system for cloning the subtypes, but also
because of the ease with which electrophysiological techniques can be used
to exploit the electrogenic character of EAAT-mediated uptake and quantify
substrate-induced currents in these cells [47]. This approach has allowed in-
hibitors previously identified in radiolabeled flux studies to be further differ-
entiated into alternative substrates or non-substrate inhibitors [48]. Indeed,
it is now common to find substrates characterized on a basis of maximum
current produced (Imax), rather than the traditional Vmax value generated in
radiolabel flux experiments.

Initial studies delineating the pharmacology of EAAT-mediated uptake
were carried out prior to the isolation of the individual subtypes and
therefore relied upon CNS preparations containing a mixture of isoforms.
Nonetheless, a number of fundamental structure–activity relationships
emerged from these experiments that may generalize to ligands capable
of binding to most or all of the EAATs [28, 49, 50]. These include being
an α-amino acid with a second acidic/charged group separated from the
α-carboxylate by 2–4 carbon atoms. The uptake systems exhibit an enantios-
electivity that is observed with the longer length ligands, such as L-Glu, but
diminishes with the shorter length analogues; e.g., D-aspartate and D-cysteate
are active not only as inhibitors, but also as substrates. While little if any vari-
ability is tolerated with respect to the α-carboxyl group, the distal carboxylate
can be replaced with sulfinic and sulfonic, but not phosphate-containing,
charged groups. Some limited modification can also be made to the distal
carboxylate without loss of inhibitory activity, such as derivatization to a hy-
droxamate. Additional steric bulk appended directly on the carbon backbone
also appears to be tolerated in the transporter binding site, as illustrated
by the inhibitory activity of threo-OH-aspartate, 3-methyl-, and 4-methyl-
glutamate [51]. In particular the hydroxy-aspartate provided a template for
the development of the very potent TBOA library of inhibitors [52].

Further progress in the development of more potent inhibitors, as well as
the first major inroads into subtype-selective ligands, emerged through the
development and application of conformationally constrained analogues [53].
In these compounds, ring systems and/or steric bulk are introduced so as to
limit the conformational flexibility of the compounds. As a result of this in-
creased rigidity, the compounds mimic fewer of the conformations attainable
by glutamate and, consequently, interact with a more limited range of glu-
tamate binding sites. In addition to conformational bias, appending alkyl or
aryl groups to the carbon backbone of substrates such as L-Glu or L-aspartate
also serve to facilitate interactions between the ligands and lipophilic protein
domains adjacent to the substrate binding site. As will be discussed below,
such side group interactions may be key to enhancing the potency and/or
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subtype specificity of the inhibitors, as well as a determining factor in the dif-
ferentiation of alternative substrates from non-substrate inhibitors. Another
benefit of the conformational restrictions, particularly evident in compounds
in which a glutamate or aspartate mimic is embedded in a ring system, is that
the positions of the functional groups can be accurately mapped in 3D space
and incorporated into SAR-based pharmacophore models [54–56]. Examples
of analogues designed using both acyclic and cyclic templates can be found in
the groups of inhibitors discussed below.

2.2.1
Substituted Aspartate Analogues

Long recognized as an alternative substrate, L-aspartate (Fig. 1a) has proven
to be of particular value as a “backbone” template in the design of EAAT
inhibitors. Indeed, two of the most potent families of blockers identified to
date can be traced back to two aspartate analogues characterized in some of
the earliest SAR work focused on glutamate uptake: β-threo-hydroxyaspartate
(β-THA) and L-aspartate-β-hydroxamate (Fig. 1b,c) [50]. β-THA was shown
to be an effective uptake blocker in tissue slices, synaptosomes and cultured
astrocytes, while more recent studies with the cloned EAATs demonstrate that
it acts as a competitive inhibitor at all five EAAT subtypes [47, 57]. Kinetic
studies yielded Ki values that range from a low of about 1 µM (EAAT 4 and
5) to a high of about 40 µM at EAAT 3. Interestingly, β-THA also exhibits
a wide range of activities with respect to its ability to serve as a substrate
and be translocated across the plasma membrane. Thus, based on substrate-
induced currents (i.e., Imax), β-THA is similar to L-Glu at EAATs 3 and 4,

Fig. 1 β-Substituted aspartate analogues
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about 30–70% as active as L-Glu at EAATs 1 and 2, and a non-substrate in-
hibitor of EAAT 5.

A significant advance in the development of much more potent inhibitors
came from Shimamoto and colleagues who discovered that the hydroxy
group of β-THA could serve as a linkage point for attachment of a variety
of side chains. These compounds were initially synthesized with ester link-
ages and included the acetoxy, propionyloxy, benzoyloxy, and (1-, 2-napthoyl)
oxy derivatives [52]. While these compounds proved to be effective com-
petitive inhibitors when tested at the EAATs (most often EAAT 1 or 2),
their use was limited because of chemical instability attributable to es-
ter cleavage or acyl migration. Importantly, however, these results led to
the development of comparable analogues that incorporated an ether link-
age. Especially noteworthy was D,L-TBOA (Fig. 1d), which was identified
at the time as one of the most potent EAAT 2 inhibitors yet recognized,
exhibiting Ki values in the low to sub-µM range, depending upon the
assay employed [58]. Further characterization revealed that: (i) more in-
hibitory activity resided with the L-enantiomer, (ii) TBOA competitively
blocked all five EAATs, and (iii) in each instance TBOA was acting as
a non-substrate inhibitor. Continued work by the Shimamoto group has
produced a growing library of TBOA derivatives that included modifica-
tions to the benzyl moiety, as well as its replacement with a variety of
aryl groups [59]. In addition to demonstrating that the presumed lipophilic
pocket with which these side groups were binding could accommodate sub-
stantial steric bulk, some of the analogues were found to be significantly
more potent than the parent compound. Thus, (2S,3S)-3-[3-(4-methoxy-
benzoylamino)benzyloxy]aspartate (PMB-TBOA) (Fig. 2a), (2S,3S)-3-{3-[4-
(trifluoromethoxy)benzoylamino]benzyloxy}aspartate CF3O-Bza-TBOA and

Fig. 2 L-threo-Benzyloxy aspartate analogues
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(2S,3S)-3-{3-[4-(trifluoromethyl)benzoylamino]benzyloxy}aspartate (TFB-
TBOA) (Fig. 2b) each exhibited IC50 values in the 1–10 nM range. Equally
significant, these modifications also increased the selectivity of some of
the analogues. For example, PMB-TBOA, (2S,3S)-3-[3-(4-cyanobenzoyl-
amino)benzyloxy]aspartate (CNB-TBOA) (Fig. 2c) and (2S,3S)-3-[3-(4-fluro-
benzoylamino)benzyloxy}aspartate (F-BzA-TBOA) are each 20 to 40-fold
more potent at EAAT 2 relative to EAAT 3. Most recently a tritiated deriva-
tive of (2S,3S)-3-{3-[4-ethylbenzoylamino]benzyloxy}aspartate (ETB-TBOA)
(Fig. 2d) was synthesized and used as a radioligand to selectively investi-
gate the binding properties of the EAATs [60]. This compound exhibited Kd
values of 10 to 30 nM for EAATs 1, 2, 4 and 5, and 320 nM for EAAT 3. Beyond
their value in distribution studies, such radioligands can serve as standards to
cross-correlate SAR data that is strictly based upon ligand binding, much in
the same way as has been done in studies of monoamine transporters [61, 62].

Esslinger and coworkers recently prepared the β-substituted aspartate
analogue in which the benzyl group is attached to the carbon backbone
via a methylene bond, rather than the ether linkage used in TBOA [54].
Significantly, L-β-benzyl-aspartate (Fig. 1e) proved to be one of the first com-
petitive inhibitors identified that preferentially blocked EAAT 3. The threo
diastereoisomer, which was more potent than the erythro, yielded a Ki value
in C17 cells expressing EAAT 3 (0.8 µM) that was about 10-fold lower than
found with either EAAT 1 or 2. Electrophysiological recording in oocytes ex-
pressing EAAT 3 confirmed that L-β-threo-benzyl-aspartate is a non-substrate
inhibitor. Computational modeling suggested that while the position of the
carboxylate and amino groups are very similar, the differential activity at
EAAT 3 may reside in the orientation of the benzyl group and/or the pres-
ence of the ether oxygen and how these specifically interact with the binding
domains of the individual EAATs.

2.2.2
Substituted Glutamate Analogues

While it has not proved quite as fruitful in terms of producing highly po-
tent or specific inhibitors, similar modifications to the carbon backbone of
L-Glu (Fig. 3a) has yielded a number of compounds that exhibit intriguing
activities at the EAATs. Initial studies, many of which were carried out by
Vandenberg and colleagues, focused on the addition of methyl or hydroxyl
groups to the 3 and 4 positions of glutamate. In this manner, the (±)-erythro
diastereoisomer of 3-methyl-glutamate was shown to exhibit little or no ac-
tivity at either EAAT 1 or 2, while (±)-threo-3-methyl-glutamate (Fig. 3b) was
found to be inactive at EAAT 1, yet act as a non-substrate inhibitor of EAAT 2
(Ki ≈ 20 µM; [51]). In the instance of substitutions at the 4-position, both
hydroxy and methyl groups are tolerated, but exhibit stereo-specific differ-
ences [51, 63]. Thus, (2S,4S)-4-hydroxy-glutamate is an alternative substrate
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Fig. 3 3-, 4-Substituted glutamate analogues

of both EAAT 1 (Km ≈ 61 µM) and EAAT 2 (Km ≈ 48 µM), while the 2S,4R
isomer appears inactive. In contrast, (2S,4S)-4-methylglutamate is inactive at
EAATs 1 and 2, while the 2S,4R isomer (Fig. 3c) is an alternative substrate of
EAAT 1 (Km ≈ 54 µM) and a non-substrate inhibitor of EAAT 2 (Ki ≈ 3 µm).
When substitutions at the 4-position of L-Glu were markedly expanded to in-
clude a variety of alkyl groups, the resulting SAR data was consistent with
TBOA-based analogues with respect to the conclusion that the binding sites of
EAATs 1–3 could accommodate considerable steric bulk, although the mod-
ifications did not yield a comparable increase in inhibitory potency. With
the exception of the ability of EAAT 1 to use (2S,4R)-methylglutamate as
a substrate, all of the alkyl-substituted analogues proved to be non-substrate
inhibitors at all three transporters. (2S,4R)-4-Benzyl-glutamate was also of
particular note because it preferentially inhibited EAAT 1, compared to either
EAAT 2 or 3 [63].

2.2.3
Amide Derivatives of Aspartate and Diaminopropionate

Another valuable series of EAAT inhibitors has emerged from collabora-
tive work of Dunlop, Foster, Butera and colleagues, using L-aspartate and
diaminopropionate as structural templates [64, 65]. Rather than TBOA-like
molecules, in which additions were made to the C3 position, this new se-
ries of analogues employed amide linkages to mimic the distal carboxylate
group and as a point of attachment for a wide variety of aryl groups. This
modification is particularly interesting as it suggests that the distal car-
boxylate, unlike its α counterpart, can be partially “masked”. While the
ability of such a modification to be tolerated in the binding site was sug-
gested by early studies examining the activity of aspartate and glutamate
hydroxamates, this library of analogues is particularly interesting because
it contains inhibitors that both exhibit IC50 values in the sub-µM range
and display increased subtype selectivity. For example, WAY-213394 (IC50 ≈
0.1 µM), WAY-2129222 and WAY-0213613 (Fig. 4a–c) are reported to be be-
tween 20 to 100-fold more potent as inhibitors of EAAT 2 (IC50 ≈ 0.1 µM),
then either EAAT 1 or 3. Equally interesting are analogues such as NBI-
59159 (IC50 ≈ 0.1 µM) and 3-{[3′-trifluoromethyl-2-methyl-1,1′-biphenyl-4-
yl)carbonyl]amino}-L-alanine cited by Greenfield and co-workers as #24 [64]
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Fig. 4 Amide derivatives of aspartate and diaminopropionate

(IC50 ≈ 9 µM) (Fig. 4d,e) that are among the first to show preferential activity
at EAAT 3.

2.2.4
Carboxy-cyclopropyl and Cyclobutyl Analogues

As an alternative to appending functional groups directly to a glutamate or
aspartate template, a number of inhibitor collections have exploited ring sys-
tems to bias, and often at times limit, the spatial configuration of the required
carboxylic and amino function of the excitatory amino acids. The carboxy-
cyclopropylglycines have proven quite advantageous in this respect, as this
parent structure has led to pharmacological probes of not only transporters,
but also ionotropic and metabotropic receptors [66, 67]. Three of the isomers,
CCG-II, III and IV, effectively inhibited the transport of L-Glu, although these
initial studies were primarily carried out in heterogeneous CNS preparations
(e.g., synaptosomes, glial plasmalemmal vesicles), rather than with isolated
EAAT subtypes [68]. In later studies employing expressed EAATs, both CCG-
III and CCG-IV (Fig. 5a,b) were shown to inhibit EAAT 2 with IC50 values
of 0.3 and 1 µM respectively, while CCG-II produced no inhibitory activity
when tested at 10 µM [69]. Subsequent studies reported that CCG-III blocked
EAAT 1 and EAAT 3, as well as EAAT 2 (although the Ki values were some-
what higher, e.g., 2.5–10 µM), but that CCG-IV was considerably less potent
at EAATs 1–3 (Ki or IC50 values ranging from 170 to 900 µM) [58, 70].
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Fig. 5 Carboxy-cyclopropyl and cyclobutyl analogues

A related series of L-2-(2-carboxycyclobutyl)glycines (CBG’s) was recently
prepared using an aspartate aminotransferase in a chemo-enzymatic synthe-
sis and assessed for EAAT activity with a FLIPR-based membrane potential
assay [71, 72]. While none of the CBG isomers tested proved to be exception-
ally potent inhibitors, L-CBG-I was found to be a substrate for EAAT 1–3, al-
beit with Km values 10 to 20-fold greater than for L-Glu. In contrast, L-CBG-II
(Fig. 5c) inhibits all three EAATs, acting as an alternative substrate of EAAT 1
(Km = 96 µM) and a non-substrate inhibitor of EAATs 2 and 3 (Km = 22 and
49 µM, respectively). A marked subtype selectivity (up to about 30-fold) was
observed with L-CBG-III and -IV (Fig. 5d,e), which are non-substrate in-
hibitors of EAAT 2 and 3, but exhibit markedly less activity at EAAT 1. Of all
the CBG’s characterized, CBG-IV was reported to be the most potent, yielding
Ki values of 7 and 10 µM at EAATs 2 and 3, respectively [71].

2.2.5
Pyrrolidine Dicarboxylate (PDC) Analogues

One of the earliest cyclic analogues of glutamate to garner attention as an
uptake inhibitor was dihyrokainate (DHK) (Fig. 6a), the reduced form of the
classic iGluR agonist kainate [73]. While first characterized as a transport
blocker in heterogeneous CNS preparations, interest in DHK has remained,
as studies with the isolated EAAT subtypes identified it as a selective inhibitor
of EAAT 2 [32]. The same five-membered pyrrolidine ring present in DHK is
also found in a series of analogues in which the distal carboxylate group is di-
rectly attached to the pyrrolidine ring rather than via a methylene linkage. In
the first of this series, carboxylate groups were placed at the 2 and 4 positions
to mimic glutamate. Of the four diastereoisomers, L-trans-2,4-pyrrolidine
dicarboxylate (L-trans-2,4-PDC) (Fig. 6b) was found to be the most potent
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Fig. 6 Pyrrolidine dicarboxylate (PDC) analogues

inhibitor of synaptosomal L-Glu transport (Ki ≈ 2–5 µM) [74]. Significantly,
L-trans-2,4-PDC also exhibited little if any activity at EAA ionotropic recep-
tors. When later examined against the individual EAAT subtypes, L-trans-
2,4-PDC was shown to: (i) inhibit all five subtypes, (ii) act as an alternative
substrate of EAATs 1–4 (Km ≈ 28, 7, 27 and 3 µM, respectively) and (iii) be
a non-substrate inhibitor of EAAT 5 (EC50 ≈ 6 µM) [32–34]. Repositioning
the distal carboxylate mimic from the 4 to the 3 position on the pyrrolidine
ring yielded a more “aspartate-like” compound that was void of substrate
activity at EAAT 2, yet acted at this subtype as a non-substrate inhibitor
(Ki ≈ 10 µM) with an enhanced selectivity (≈ 10 to 20 fold), compared to
EAATs 1–4 ([48] and M.P. Kavanaugh, personal communication). With a func-
tional group configuration more similar to aspartate, it was not surprising
that L-trans-2,3-PDC (Fig. 6c), unlike L-trans-2,4-PDC, is a potent NMDA ag-
onist and excitotoxin [75].

Further restricting the PDC template through the addition of methy-
lene bridges has also demonstrated that subtle structural changes can pro-
duce compounds with very divergent properties at the EAATs, particu-
larly as related to the ability of analogues to serve as alternative sub-
strates. For example, L-anti-endo-3,4-MPDC (Fig. 6d) is a non-substrate in-
hibitor of EAAT 2, exhibiting Ki values of ≈ 5 µM synaptosomes (in which
the EAAT 2 subtype is predominant) and ≈ 9 µM in oocytes expressing
EAAT 2. The closely related 2,4-methanopyrrolidine-2,4-dicarboxylate (2,4-
MPDC) (Fig. 6e) also binds and competitively inhibits synaptosomal uptake
of 3H-D-aspartate (Ki ≈ 7 µM), yet appears to be translocated quite effec-
tively by EAAT 2, as it yielded an Imax value that is actually greater (115%,
Km ≈ 45 µM) than that produced by the endogenous substrate L-Glu [48].
Interestingly, these results suggest that conformational restriction does not
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necessarily attenuate substrate suitability. Analogous changes in activity can
also be produced by introducing methyl groups into the PDC template. Thus,
both L-trans-2,4-PDC and (2S,4R)-4-methyl-2,4-PDC (Fig. 6f) act as compet-
itive inhibitors of EAAT 2-mediated uptake, (Ki = 2–3 µM in synaptosomes),
although the presence of the methyl group essentially converts L-trans-2,4-
PDC from a substrate to a non-substrate inhibitor ([55], also confirmed in
oocytes expressing EAAT 2 by M.P. Kavanaugh). Taken together, these SAR
studies highlight that the value of the PDC’s rests not as much with their po-
tency as inhibitors, but with their constrained structures that allow requisite
functional group positions to be identified and exploited in the generation of
pharmacophore models for both binding and translocation.

2.2.6
Heterocyclic and Carbocyclic Analogues

A number of other alternative ring systems have also been employed in
the development of EAAT inhibitors, several of which were initially used as
probes of EAA receptor pharmacology. For example, the library of azole-
containing heterocyclic analogues used in the development of AMPA receptor
agonists and antagonists by Krogsgaard-Larsen, Stensbol, Madsen, Brauner-
Osborne and colleagues have also yielded compounds that exhibit activity
at the EAATs [76, 77]. In particular, (R,S)-2-amino-3-(1-hydroxy-1,2,3-triazol-
5-yl)propionate (AHTP) (Fig. 7a) inhibited 3H-D-aspartate uptake into Cos-7
cells expressing EAAT 1 and EAAT 2 with IC50 values of about 100 and
300 µM, respectively. The compound appeared inactive at EAAT 3. This ac-
tivity is notable not so much in terms of potency, but because this triazole
derivative is one of the few compounds that preferentially acts at EAAT 1,
rather than EAAT 2. In contrast, S-2-amino-3-(1-hydroxy-1,2,5-thiadiazol-4-
yl)propionic acid (TDPA) (Fig. 7b), a related analogue in which the central
nitrogen of the triazole group was replaced with sulfur, proved to be a se-
lective inhibitor of EAAT 2 (Ki ≈ 100 µM) [77]. Comparisons between these
compounds and related AMPA analogues also led to the supposition that
AMPA itself does not bind to the EAATs because its 5-methyl substituent is
not tolerated within the binding site.

A similar series of analogues incorporating oxazole and oxazoline ring
systems were developed by Campiani and coworkers and also shown to act
as EAAT inhibitors [78, 79]. While also nitrogen-containing heterocyclics,
these compounds, like the PDC’s, possess carboxylate groups directly at-
tached to the five-membered ring. Interestingly, when tested against EAAT 3
(EAAC 1) expressed in HEK-293 cells, (4S,2′S)-2-[2′-aminopropionate]-4,5-
dihydro-oxazole-4-carboxylic acid ((4S,2′S)-APOC) (Fig. 7c) was found not
only to bind, but to act as a substrate of the transporter, exhibiting an Imax
comparable to L-Glu and a Km value of about 30 µM. Like AHTP and TDPA,
the presumed α-amino and α-carboxylate mimics of L-Glu are incorporated
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Fig. 7 Heterocyclic and carbocyclic EAAT inhibitors

into APOC via a 2-amino-3-propionate group. If the linkage to the ring is in-
creased by another methylene group, it results in a marked loss of activity.
Interestingly, it appears as if the nitrogen of the oxazole ring can also function
as an amino group mimic, similar to the PDC’s, as (4S,5S)-2-phenyl-4,5-
dihydro-oxazole-4,5-dicarboxylate (4S,5S-POAD) (Fig. 7d) inhibited EAAT 3
with a Ki value of 14 µM [78]. In contrast to 4S,2′S-APOC, however, 4S,5S-
POAD acts as a non-substrate inhibitor.

Rather than a heterocyclic template, Dunlop and coworkers have also de-
veloped a tricycloheptane-based analogue, 3-amino-tricyclo[2.2.1.0[2.6]]hep-
tane-1,3-dicarboxylate (WAY-855) (Fig. 7e), that is somewhat akin to the PDC
analogues in its use of conformational restriction, with the exception that the
α-amino acid group mimic is not embedded within the ring [80]. WAY-855
has attracted considerable attention because it displays a very strong prefer-
ence for EAAT 2, compared to either EAAT 1 or 3. When tested in oocytes
expressing EAATs 1–3, the analogue was reported to be a non-substrate in-
hibitor of all three subtypes that was 50-fold more potent at EAAT 2, where
it exhibited an IC50 of about 1 µM.

2.3
Analogues as Probes of Substrate and Subtype Specificity

The combination of a growing library of analogues that potently bind to
the EAATs, the ease with which the subtypes can be individually studied,
and a crystallographic-based structural model of a homologous transporter
have all had a dramatic impact on advancing our understanding of EAAT
pharmacology. Two issues that have now progressed to the forefront of the
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field concern delineating the structure–activity relations that govern subtype
selectivity and substrate activity. The goal of developing subtype selective
inhibitors is especially applicable to functional studies aimed at determin-
ing if the various EAATs, particularly EAATs 1–3 differentially contribute to
the physiological roles generally ascribed to uptake, including signal termi-
nation, transmitter recycling, and excitotoxic protection. To date the greatest
progress has been made in developing inhibitors that exhibit a marked selec-
tivity for EAAT 2. These compounds include DHK and L-anti-endo-3,4-PDC
among the pyrrolidine dicarboxylates, WAY-213394 and WAY-213613 among
the aspartamides, PivA-TBOA and CNB-TBOA among benzoylaspartates, and
the tricyclohexane analogue WAY-855 [32, 48, 56, 80]. While not as much
progress has been made with respect to the other subtypes, new lead com-
pounds are beginning to emerge. In the instance of the neuronal transporter
EAAT 3, L-β-threo-benzyl-aspartate and NBI-59159 have been shown to pref-
erentially block EAAT 3 with IC50/Ki values (0.8 and 0.1 µM, respectively) that
are about 10 to 20 times lower than found with EAATs 1 or 2 [54, 81]. Both
of these compounds function as non-substrate inhibitors. The triazole-based
analogue AHTP is one of the first conformationally constrained analogues
to exhibit a modest degree of selectivity for EAAT 1 (≈ 3-fold), compared to
EAATs 2 or 3, although it is relatively weak when compared to the potency
of the more recently developed blockers (IC50 ≈ 100 µM). Interestingly, sub-
strate selectivity can also be used to distinguish EAAT 1 from EAAT 2. For
example, L-serine-O-sulfate and 4-methylglutamate exhibit Imax values that
are much more comparable to L-Glu at EAAT 1 (≈ 100 and 80%, respec-
tively), than at EAAT 1, where L-serine-O-sulfate is only a moderate substrate
(Imax ≈ 50%) and 4-methylglutamate is a non-substrate inhibitor. As a major-
ity of the analogues discussed above have only been assessed for activity at
EAATs 1–3, considerably less is known about the specificity of EAATs 4 and 5.
Initial studies on these transporters have, however, identified a few distin-
guishing properties also linked to substrate specificity. For example the longer
glutamate homologues L-α-aminoadipate and L-homocysteic acid that exhibit
little or no interactions with EAATs 1–3, serve as substrates of EAAT 4 with
Imax greater than L-Glu itself. In contrast, the substrate specificity of EAAT 5,
is readily differentiated from the other subtypes by β-THA and L-trans-2,4-
PDC, which are partial or full substrates of EAATs 1–4, but non-substrate
inhibitors of EAAT 5.

It is quite intriguing that subtle variations among the “R” groups within
families of compounds such as the benzoylaspartates, benzylaspartates, and
aspartamides may be central to developing subtype selective inhibitors. SAR-
based pharmacophore modeling with inhibitors of EAAT 1-3 and, more
recently, crystallographic results, are consistent with the conclusion that
the primary functional groups of the endogenous substrates (i.e., α-amino,
α-carboxyl and distal carboxyl groups), are likely occupying very similar pos-
itions within the transporter binding sites. In turn, this would suggest that
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the selectivity observed with the compounds described above may be due to
the presence of lipophilic groups and the likelihood that the protein domains
with which these groups interact vary among the subtypes. In particular, the
structural data generated when the transporter (GLtPh) was crystallized with
TBOA bound, suggest that the HP 2 loop thought to be involved in substrate
gating may represent one of these lipophilic domains. However, the fact that
a number of inhibitors, such as TBOA itself, act at all three EAATs and exhibit
little or no selectivity, while the closely related PMB-TBOA and L-β-threo-
benzyl-aspartate exhibit preferences for EAAT 2 and EAAT 3, respectively,
indicates that it is not merely the presence or absence of a lipophilic R group
that dictates specificity but probably subtle differences in its linkage, orienta-
tion and/or chemical composition.

The presence of the lipophilic R groups on these inhibitors also appears to
be an important determinant in whether or not compounds act as alternative
substrates for the transporters. Computational-based pharmacophore model-
ing with identified substrates demonstrated that these compounds not only
share a very similar placement of amino and carboxylate groups, but also the
space occupied by their respective carbon backbones [54]. Comparisons with
other competitive inhibitors that lacked substrate activity allowed regions to
be identified where steric bulk is tolerated within the binding site, but falls
outside of the volume constrained by the substrates. In particular, there was
considerable overlap in the regions occupied by the lipophilic R groups linked
to the distal part of aspartate, such as present in the benzoylaspartates, benzy-
laspartates, and aspartamides. The increased potency of these inhibitors led
to the hypothesis that the interaction of these lipophilic R groups with specific
protein domains enhanced binding, but also led to a loss of substrate activity.
Significantly, crystallographic studies with TBOA added a structural explana-
tion to this concept, as the R-group of TBOA was shown to interact with the
HP 2 loop of GLtPh and produce a configuration that was different from that
observed in the “closed” orientation normally seen with the binding of as-
partate [39]. Thus, the binding of TBOA (and its closely related analogues)
may be enhanced because of its ability to interact with the HP 2 loop, but be-
cause this prevents the HP 2 loop from closing, the gating mechanism fails to
operate and the inhibitor cannot be transported. It will be interesting to see
if other non-substrate inhibitors, with smaller R-groups, (e.g., methyl-PDCs),
can be utilized to define the limits of HP 2 loop movement during binding and
translocation.

2.4
Analogues as Probes of Physiological and Pathological Roles

The EAATs are juxtaposed within the pathways of glutamate-mediated neu-
rotransmission in such a manner as to potentially influence a number of
variables, including: the concentration and time course with which vesic-
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ularly released glutamate interacts with synaptic EAA receptors, spillover
of transmitter out of the synaptic cleft and access to extrasynaptic recep-
tors, and the general maintenance of extracellular levels of glutamate be-
low those which could trigger excitotoxic pathology. Considerable effort has
been focused on trying to determine how these various roles are distributed
and/or differ among transporter subtypes, cell populations, and specific cir-
cuits. Toward this goal the inhibitors and substrates discussed above have
often been used in attempts to assess whether or not the EAATs signifi-
cantly contribute to a particular activity. For example, the questions as to
the respective contributions of uptake and diffusion to the termination of
the excitatory signal has been investigated by examining if excitatory post-
synaptic current (EPSC) properties are effected by the presence of EAAT
inhibitors. Such studies have revealed a heterogeneity among synaptic con-
nections, as transport blockers produced a slowing of the EPSC in some
circuits (e.g., inputs to cerebellar Purkinje neurons), but not in others (be-
tween CA 3 and CA 1 hippocampal neurons) [82–85]. Comparisons among
a number of preparations suggest that transport will have more of an in-
fluence on excitatory signaling where there is an increased likelihood that
L-Glu can accumulate in the synaptic cleft. These relatively higher levels
of L-Glu could be a consequence of increased release due to the presence
of multivesicular release, increased density of release sites, or increased
incidence of high frequency stimulation. Alternatively, any spatial charac-
teristic that would make the cleft less accessible to the bulk CSF, such as
glial ensheathment, would tend to lessen diffusion and favor accumula-
tion. Examples of connections in which EAAT-mediated uptake has been
reported to contribute to signal termination include synapses of the cerebel-
lar climbing fibers, mossy fibers, retinal bipolar ganglion, and auditory brain
stem [86–91].

The localization of EAATs around synapses also places these transporters
in a position to regulate the amount of L-Glu that can either escape from or
enter a particular synaptic cleft. In this manner, uptake can potentially serve
as a control point in determining the extent to which L-Glu released from one
synapse can activate EAA receptors present perisynaptically (i.e., spillover) or
even in adjacent synapses (i.e., cross-talk). Once again, EAAT inhibitors have
featured prominently in these studies and have been used to demonstrate that
attenuating transporter activity can enhance the ability of L-Glu to reach and
activate mGluRs at a distance. Examples include postsynaptic group I mGluR
in the hippocampus and cerebellum, the group II mGluRs that mediate presy-
naptic inhibition on hippocampal neurons, and group III mGluRs on GABA
terminals [92–94]. While it is more difficult to establish whether synaptic
ionotropic receptors are being specifically activated by extrasynaptic L-Glu,
studies suggest that this indeed is occurring and that the EAATs are influenc-
ing this signaling process in hippocampal CA1 cells, cerebellar stellate cells,
and olfactory bulb mitral cells [95–98].
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As will be discussed later in this review, the efflux of L-Glu through
the System x–

c (Sx–
c ) transporter rather than synaptic release may, in some

brain regions, represent another physiological relevant source of extracellu-
lar L-Glu. The normal operation of Sx–

c stoichiometrically couples the import
of L-cystine with the export of L-Glu [99]. In addition to providing a needed
amino acid precursor, evidence suggests that under some circumstances the
resulting extracellular L-Glu provides for the tonic activation of presynaptic
mGluRs that, in turn, regulate L-Glu release [100–102]. Even though the ex-
change of L-cystine and L-Glu are mediated by Sx–

c , the EAATs play an integral
role in both of these pathways. In the first, the EAATs maintain the L-Glu gra-
dient necessary to drive the import of L-cystine, and in the second, it is the
balance between the densities, location, and activities of both Sx–

c and the
EAATs that should ultimately determine if L-Glu accumulates to a sufficient
level to activate the mGluRs.

As extracellular levels of L-Glu increase, the functional significance of the
EAATs shifts from signal termination to excitotoxic protection. Both phar-
macological and molecular manipulations of the EAATs indicate that there
is an inverse relationship between transport activity and excitotoxic vulnera-
bility. For example, co-administration of glutamate with transport inhibitors
that exhibit little or no toxicity by themselves, such as L-2,4-PDC or β-THA,
have been found to exacerbate the extent of the glutamate-mediated neuronal
damage both in vitro and in vivo [103–106]. Subsequent studies also demon-
strated that the pathological consequences of compromised EAAT activity
was not necessarily dependent upon the inhibitors being co-administered
with exogenous L-Glu. Thus, neuronal loss was also observed in long-term
organotypic spinal cord slice cultures that were chronically exposed to EAAT
inhibitors [107]. This study was of particular interest because of the reported
loss of EAAT 2 in amyotrophic lateral sclerosis (ALS) (for review see [25])
and the observation that the motor neurons within these slices were found
to be the most vulnerable to injury. Stereotaxic injections of TBOA directly
into the hippocampus or striatum also produced increased extracellular levels
of L-Glu, electroencephalographic activity indicative of seizures and neuronal
damage [108]. In contrast, comparable administrations of L-2,4-PDC did not
produce significant neuronal loss, suggesting that the substrate properties of
an inhibitor (i.e., whether or not it can be cleared from the extracellular space,
see above) can have a marked influence on its actions in vivo. The ability of
an inhibitor to serve as a substrate also raises the possibility that the ana-
logues may participate in the process of heteroexchange with intracellular
L-Glu. This possibility was highlighted in experiments in which pathologi-
cal conditions (e.g., typically energy depletion) lead to the disruption of the
ion gradients used to maintain the L-Glu gradient and, consequently, pro-
mote its efflux through the reversed action of the transporter [48, 109–112].
Under such conditions, non-substrate inhibitors, such as TBOA and L-trans-
2,3-PDC attenuate this reversed action, essentially trapping the transporter
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binding site in its external-facing configuration. Alternative substrates, on the
other hand, can be translocated and allow a continued efflux of L-Glu as the
transporter cycles between the external and internal compartments.

The pharmacological experiments described above are also consistent with
studies in which the expression of the EAATs has been molecularly ma-
nipulated. Thus, neuronal pathology indicative of excitotoxicity was also
observed following the in vitro or in vivo administration of antisense oligonu-
cleotides for EAATs 1–3 [113, 114]. Mice that are homozygous deficient for
Glt 1 (EAAT 2) show an increased vulnerability to cortical injury, hip-
pocampal neurodegeneration, and die prematurely from severe spontaneous
seizures [115]. GLAST (EAAT 1) knockout mice do not exhibit any overt neu-
rodegeneration, but display motor problems and increased neuropathology
following cerebellar injury [116]. Similarly, neurodegenerative pathology was
not present in mice homozygous deficient for EAAC 1 (EAAT 3), although
there is a significant decrease in locomotor activity [117]. More recent stud-
ies on these mice report an increased neurodegeneration with age, decreased
neuronal levels of glutathione and an increased vulnerability to oxidative
stress, consistent with a role of EAAT 3 in cysteine transport and glutathione
production [118]. Although brain development appeared normal in each of
these transgenic mice, a GLAST/GLT 1 (EAAT 1/EAAT 2) double knock out re-
vealed multiple deficits in cortical and hippocampal organization, indicating
that there may be compensation by other subtypes in the individual mouse
models [119].

Taken together, these pharmacological and molecular studies highlight
the neuroprotective role of the EAATs and, consequently, have prompted
a therapeutic interest in agents that enhance glutamate uptake, rather than
inhibit it. Unfortunately, traditional structure activity studies and rational
analogue design strategies lend themselves more to the development of in-
hibitors and substrates, rather than activating agents acting at a distinct
site. That being said, a few potential strategies have emerged to enhance
transporter activity. With respect to potential allosteric modulators, arachi-
donic acid has been reported to inhibit the activity of EAAT 1, but increase
EAAT 2 mediated uptake by increasing its affinity for L-Glu [120]. More re-
cently, attention has focused on the identification of molecules capable of
targeting and activating specific gene promoters regulating EAAT expres-
sion. In the case of GLT 1 (the rat homologue of EAAT 2) a blind screen of
1,040 FDA approved drugs and nutritionals conducted as part of the NINDS
Drug Screening Consortium identified a series of 10 to 15 β-lactam and
cephalosporin antibiotics as potent stimulators of GLT1/EAAT 2 protein ex-
pression and activity. In particular, the addition of ceftriaxone to organotypic
rat spinal cord slice cultures for 5–7 days resulted in a 3-fold increase in
both cell surface GLT1 expression, as determined by immunoblotting and
transport activity quantified by uptake of radiolabeled L-Glu [121]. Addi-
tionally, ceftriaxone was able to prevent glutamate induced large ventral mo-
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tor neuron degeneration resulting from the chronic blockade of glutamate
transport by threo-β-hydroxyaspartate (THA) in organotypic spinal cord cul-
tures. These findings point to possible therapeutic potential in neuropatholo-
gies where glutamate transport may be compromised elevating the risk of
excitotoxicity.

3
System x–

c : Cystine/Glutamate Exchanger

Much of the interest in the EAAT system has revolved around the process
of uptake, that is the ability of these transporters to regulate extracellular
L-Glu level by sequestering it intracellularly in glia or neurons. System x–

c
(Sx–

c ), on the other hand, has attracted attention because its accepted mode
of operation provides a route for the export of glutamate from cells into the
extracellular environment of the CNS and, consequently, access to EAA recep-
tors. As Sx–

c is an obligate exchanger, this efflux of L-Glu is linked with import
of L-cystine (L-Cys2), a sulfur-containing amino acid critical to a number of
metabolic pathways, most notably the synthesis of glutathione (GSH) [122].
In this respect, both sides of this exchange reaction have significant implica-
tions within the CNS: the uptake of L-Cys2 as a precursor in the maintenance
of GSH levels for oxidative protection, and the efflux of L-Glu as a novel
source of the neurotransmitter for excitatory signaling or excitotoxicity. The
significance of these actions is reflected in the range of CNS processes to
which Sx–

c has recently been linked, including: oxidative protection [123], the
operation of the blood–brain barrier [124], drug addiction [102], and synap-
tic organization [125].

3.1
Properties

Like most transporters, Sx–
c was first identified (and named) on an activity

dependent basis, where its specificity, ionic dependence, and exchange prop-
erties differentiated it from other transporters. Recent molecular studies re-
veal that Sx–

c is part of the heteromeric amino acid transporter family (HATs;
aka glycoprotein-associated amino acid exchangers) [126, 127]. These pro-
teins are disulfide-linked heterodimers containing one of two type-II mem-
brane N-glycoproteins termed “heavy chains” (e.g., 4F2hc or rBat) in com-
bination with one of several different highly hydrophobic, non-glycosylated
“light chains”. In the instance of Sx–

c , the heavy and light chains are 4F2hc
(≈ 80 kDa; aka CD98 or FRP1) and xCT (≈ 40 kDa), respectively. The amino
acid transport activity of the complex resides with the xCT subunit, which
is thought to adopt a 12 transmembrane domain topology with the N and
C termini found intracellularly. Thiol modification studies on xCT suggest
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that a re-entrant loop between TM 2 and 3, as well as regions of TM 8
may be involved in substrate binding and permeation [128, 129]. Interest-
ingly, the xCT subunit has also been identified as the fusion-entry receptor
for Kaposi’s sarcoma-associated virus [130]. The 4F2hc subunit has a sin-
gle transmembrane domain and is required for the trafficking of xCT to the
plasma membrane [128, 131, 132].

Sx–
c has been identified in a wide variety of CNS cells (e.g., astro-

cytes [99, 133, 134], microglia [135], retinal Muller cells [136], immature
cortical neurons [137], and glioma cell lines [99, 138]), as well as fibrob-
lasts, macrophages, hepatocytes and endothelial cells [124, 127, 139, 140]. The
transporter is an obligate exchanger that mediates a 1 : 1 exchange of extra-
cellular and intracellular amino acid substrates. In contrast to the EAATs, its
activity is Na-independent and Cl-dependent, although it is still unclear if
Cl– ions are co-transported. As mentioned above, its primary mode of opera-
tion couples the import of L-Cys2 with the export of L-Glu, thereby allowing
the L-Glu gradient generated by (EAATs) to serve as the driving force for
L-Cys2 accumulation. Activity can be assessed with either radiolabeled L-Cys2
or L-Glu, with each acting as a competitive inhibitor of the other [99, 138].
On the basis of the influence of pH, it was concluded that both L-Glu and L-
Cys2 are transported in an anionic form which, in turn, is also consistent with
uptake being electroneutral [141].

3.2
Pharmacology

Initial pharmacological characterizations of Sx–
c defined the substrate activi-

ties of L-Cys2 and L-Glu (Km ≈ 50 µM) (Fig. 8a,b), established it as an obligate
exchanger and identified several defining features of its specificity, includ-
ing that: (i) L-aspartate is neither a substrate nor inhibitor, (ii) homocysteate
is an effective inhibitor, (i.e., the binding site will tolerate a SO3

– moiety
in place of the distal COO– functional group) and (iii) α-aminoadipate and
α-aminopimelate are inhibitors (i.e., the binding site will accept longer ho-
mologues of L-Glu) [142]. Ironically, some of the earliest insights into the
presence and pharmacology of Sx–

c specifically within the CNS, emerged not
from uptake studies, but from autoradiographic and membrane binding ex-
periments. Thus, at a time when considerable effort was being devoted to
the characterization of the EAA receptors, a chloride-dependent glutamate
binding site identified in CNS preparations was suspected of being a novel
receptor [143]. Subsequent studies, however, provided evidence that the ob-
served binding was: likely associated with a transporter, could be blocked
by L-Cys2, exhibited a distinct distribution, and was enriched on glial mem-
branes [144–148]. As the properties and roles of Sx–

c in other cell systems
became more widely recognized, it became clear that much of this CNS bind-
ing was undoubtedly attributable to the Sx–

c transporter.
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Fig. 8 System x–
c inhibitors and substrates

Exploiting the finding that CNS-derived tumor cell lines exhibit high levels
of Sx–

c activity [99, 149–152] has allowed more thorough investigations of the
structure–activity relationships (SARs) governing binding and translocation.
Consistent with the inhibitory activity of L-homocysteate, the substrate-
binding site accommodates the SO3

– moieties of S-sulfo-L-cysteine and
L-serine-O-sulfate (Ki ≈ 25 µM) (Fig. 8c), the SO2

– group of L-homocysteine-
sulfinate, but not the PO3

2– group of L-serine-O-phosphate. Additionally, it
appears as if an N-nitroso group can also serve as a γ -carboxylate mimic
in the substrate binding site of Sx–

c , as the antibiotic and antitumor drug
L-alanosine (Fig. 8d) was identified as a competitive inhibitor in studies ex-
amining the transporter as a possible therapeutic target in the treatment
of astrocytomas [153]. Assays demonstrating that the lathyrus toxin β-N-
oxalyl-L-α,β-diaminopropionic acid (β-ODAP) (Fig. 8e) is also a competitive
inhibitor about equipotent with L-Cys2, provides further evidence that the
distal portion of L-Glu can be derivatized and still retain activity at the trans-
porter [151]. Additionally, both L-alanosine and β-ODAP can serve as alterna-
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tive substrates for the transporter (see below) and exchange with intracellular
L-Glu when incubated with cells expressing Sx–

c . The ability to bind longer ho-
mologues of L-Glu, such as α-aminoadipate (Fig. 8 f), is substantiated by the
actions of S-carboxymethyl- and S-carboxyethyl-L-cysteine. However, there is
a limit where increasing chain length to that of L-homocystine or L-djenkolate
results in a marked loss of inhibitory activity [152].

The EAA ionotropic and metabotropic receptor agonists NMDA, KA,
AMPA, L-AP4 and trans-ACPD were also all found to be essentially inac-
tive as inhibitors, as were the Na+-dependent EAAT inhibitors dihydrokainate
and L-trans-2,4-PDC. While a lack of activity by these class-defining lig-
ands clearly differentiate Sx–

c from the other glutamate system proteins,
a number of conformationally constrained EAA analogues well-recognized
for their interactions with EAA receptors have been identified as Sx–

c in-
hibitors. Probably the most prominent among these is quisqualate (QA)
(Ki ≈ 5 µM) (Fig. 8g) [99, 149, 152], which also acts as an agonist at AMPA
and mGluR receptors [1]. The action of QA at Sx–

c , as well as the significance
of this transporter in providing L-Cys2 for glutathione synthesis, was illus-
trated by the work of Coyle, Murphy and colleagues who demonstrated that
certain neuronal cell lines and immature cortical neurons were vulnerable to
QA-mediated toxicity because of compromised glutathione synthesis and ox-
idative stress, rather than a typical EAA receptor-mediated excitotoxic mech-
anism [137, 149]. Other EAA analogues that are now realized to exhibit some
cross-reactivity with Sx–

c , include: (i) ibotenate (Ki ≈ 30 µM) (Fig. 8h) [152],
an NMDA receptor [154] and non-selective metabotropic agonist [155],
(ii) (RS)-4-Br-homoibotenate (Ki ≈ 20 µM) [152], an AMPA receptor ago-
nist [156] (iii) (RS)-5-Br-willardiine [152], a kainate receptor agonist [157]
and (iv) 4-S-carboxy-phenylglycine (4-S-CPG; Ki ≈ 5 µM) (Fig. 8i) [99, 149],
a group I metabotropic receptor antagonist [158]. 4-S-CPG is of particular
interest because it is one of the more potent inhibitors of Sx–

c yet identified
and because it has been shown to control the growth of glial tumors that ex-
press high levels of the transporter [159]. More detailed studies with other
phenylglycines revealed that 4-R-CPG was 1,000-fold less potent than the S-
enantiomer and that S-4-carboxy-3-hydroxyphenylglycine and S-3-carboxy-
4-hydroxyphenylglycine were also effective inhibitors as judged by the ability
to block Sx–

c -mediated release of L-Glu from tumor cells [160]. The lack of
a carboxy group on the phenyl ring or the addition of a methyl group to the
α-carbon also resulted in a marked loss of inhibitory activity.

Even though the cross-reactivities of these compounds with other EAA
proteins render them somewhat less valuable as physiological probes (as well
as raise questions as to agonist-induced responses attributed to specific recep-
tors) the analogues listed above begin to shed light on the SAR’s that govern
the binding of L-Glu and L-Cys2 to Sx–

c . Thus, akin to what was observed
with the EAATs, the requirement of an amino and carboxylate group in a clas-
sic L-α-amino acid configuration appears almost absolute. Greater flexibility,
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however, appears to be tolerated with respect to the position of distal car-
boxylate, which can be replaced with a variety of mimics. As many of the
inhibitors entirely lack a distal carboxylate equivalent to the second amino
group of L-Cys2, it may be that this functional group plays a less important
role. The distances separating the carboxylate groups of L-Glu and L-Cys2,
as well as in the configuration of charged groups in the conformationally re-
stricted inhibitors (e.g., QA, 4-S-CPG, 3-S-4HPG) suggest that the binding site
may tolerate some degree of variation with respect to placement of the dis-
tal acidic group. Indeed, given the strict requirement at the α-position, it is
tempting to speculate that the same domains on the transporter are interact-
ing with the proximal functional groups on all the inhibitors, while there may
be more than one domain participating in the binding of the distal charges.
Given the shorter length of L-Glu (and a number of the other inhibitors)
relative to L-Cys2, the binding domains for the two substrates may not be
identical, but subsets of one another that exhibit the greatest overlap in the
regions accommodating the α carboxylate and amino groups.

3.3
Substrate Specificity

As discussed with the EAATs, competition studies address the process of
binding (evidenced by inhibition of uptake), but shed little insight as to
whether an inhibitor is also a transportable substrate. Unlike the EAATs,
however, uptake by Sx–

c , is not electrogenic, which limits the utility of electro-
physiological recordings to quantify substrate translocation. Advantageously,
the fluorometric assay originally developed to examine the vesicular release
of L-Glu from synaptosomes can be readily modified to follow Sx–

c activ-
ity [151, 152, 161]. Thus, the exchange of extracellular L-Cys2 for intracellular
L-Glu through Sx–

c can be quantified, in real time, by measuring the conver-
sion of NADP+ to NADPH as the extracellular L-Glu is rapidly metabolized
by glutamate dehydrogenase (GDH) included in the assay mixture. Using this
approach the competitive inhibitors discussed above can be further differ-
entiated on the basis of substrate activity. Once again, it appears that subtle
structural changes in ligands can substantially influence not only binding,
but also substrate activity. For example, ibotenate and serine-O-sulfate exhibit
comparable Ki values (≈ 30 µM) for inhibiting the uptake of 3H-L-Glu by Sx–

c ,
yet ibotenate is transported as well as the endogenous substrate L-Cys2, while
the substrate activity of serine-O-sulfate is only half as much [152]. QA, which
is one of the most potent inhibitors of Sx–

c (Ki ≈ 5 µM), exchanges with L-
Glu at a rate of about 35% of that observed with L-Cys2. The demonstration
that QA can directly exchange for intracellular L-Glu through Sx–

c is also con-
sistent with its proposed role in “QA-sensitization” observed in physiological
brain slice preparation, where internalized QA can be subsequently released
through Sx–

c and activate EAA receptors [162]. In contrast to these partial sub-
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strates, 4-S-CPG also blocks Sx–
c with a Ki of ≈ 5 µM, but essentially fails to

exchange with intracellular L-Glu. As appears to be the case with EAAT lig-
ands, the most potent inhibitors identified tended to exhibit lower levels of
substrate activity. This might reflect the fact that, as ligands are optimized
for inhibition (and therefore binding), the compounds may be interacting
strongly with domains that are distinct from those that participate in the
translocation mechanism.

3.4
Analogues as Probes of Physiological and Pathological Roles

Sx–
c is a particularly intriguing transporter from a functional perspective, be-

cause both the import of L-Cys2 and the export of L-Glu are each associated
with a distinct set of physiological roles within the CNS. Until only recently,
most studies on Sx–

c have primarily focused on its significance as a rate-
limiting step in the provision of intracellular cysteine needed to maintain
appropriate levels of the antioxidant glutathione (GSH). Given the sensitivity
of the CNS to oxidative pathology it is not surprising that specific pathways
have evolved to ensure neurons and glia have adequate capacities to pro-
duce GSH. Although both cell types require intracellular CysH to synthesize
GSH, the extracellular precursor and route of entry necessary to provide this
CysH appear to differ. Thus, a Cys2/CysH shuttle has been proposed in which
the CysH needed to maintain neuronal GSH levels is ultimately dependent
upon the Sx–

c -mediated uptake of Cys2 into astrocytes and its subsequent ef-
flux from the cell as either CysH or GSH [122, 163–165]. The significance of
Sx–

c in GSH synthesis is underscored by the fact that QA-mediated toxicity
in some cells is a consequence of blocking this transporter and the resultant
oxidative stress, rather than the result of EAA receptor-mediated excitotoxic-
ity [99, 149].

Within this protective context, Sx–
c expression is a part of a number

of different adaptive cellular responses (e.g., amino acid starvation, ox-
idative stress, toxic exposure) that are under transcriptional control reg-
ulated by genomic cis-elements. In the most thoroughly studied cases,
exposure to electrophiles and/or increased oxidative stress activates tran-
scription factors (e.g., Nrf2) that bind to electrophilic-responsive elem-
ents (EpRE)/antioxidant-responsive elements (ARE) and result in the up-
regulation of proteins presumed critical to detoxification and/or antioxidant
defense mechanisms, including: GSH transferase, γ -glutamylcysteine syn-
thetase, NAD(P)H: quinone reductase, heme-oxygenase 1 and Sx–

c [166–169].
The transporter is also present (and inducible) at the blood–brain barrier,
where it may serve as a point of entry not only for L-Cys2, but also struc-
turally related drugs and neurotoxins (e.g., β-L-ODAP, see above) [124, 151,
164, 170]. Surprisingly, the level of Sx–

c -mediated uptake typically reported to
be present in primary cultures of astrocytes is remarkably low. This incon-
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sistency was largely resolved when it was found that Sx–
c activity is markedly

up-regulated when the neonatal astrocyte cultures are differentiated with
dibutyryl-cAMP and adopt a morphology more closely resembling that ob-
served in vivo [134].

The Cys2/CysH shuttle model, and its dependence upon Sx–
c is, however,

not without controversy. Indeed, it has been reported that the EAATs may
provide another route of entry of Cys2 into either neurons or glia [133, 171,
172]. Interestingly the EAATs, particularly neuronal EAAT 3, have also been
postulated to transport CysH selectively into neurons [173, 174]. This role
has received considerable support with the finding that EAAT 3/EAAC 1-null
mice exhibit markedly lower levels of neuronal GSH, increased markers of
oxidative damage, enhanced sensitivity to oxidative stress, and exhibit age-
dependent neurodegeneration [118].

As an obligate exchanger, the import of L-Cys2 is coupled to the export of
an equivalent amount of L-Glu. While this allows cells to utilize high intra-
cellular concentrations of L-Glu as a driving force for the uptake of needed
L-Cys2, it also provides a route for the accumulation of L-Glu in the extracel-
lular space that, if not adequately regulated by the EAATs, could potentially
trigger an excitotoxic response. Thus, in the two disorders where the evi-
dence is strongest for Sx–

c acting as a source for excitotoxic levels of L-Glu,
CNS infection and glial tumors, it is not surprising that both of the cell types
involved express enriched levels of the transporter. In CNS infection and in-
flammation, the cellular source of L-Glu are microglia, whose oxidative-based
defense mechanisms necessitate high levels of Sx–

c activity to provide the
Cys2/CysH necessary to maintain an adequate glutathione supply. Ironically, it
thus appears that the excitotoxic pathology associated with a number of infec-
tions may actually be a secondary result of the migration of high numbers of
microglia into an area and a subsequent release of L-Glu as these cells import
the L-Cys2 integral to their protective roles [135, 175].

Similarly, astrocytoma cells express markedly higher levels of Sx–
c [153,

160]. Numerous cellular and functional changes accompany the progres-
sion from low-grade astrocytomas to high-grade glioblastoma multiforme
tumors. Of particular interest is the observation that the increase in Sx–

c
expression is also accompanied by a reduction in EAAT-mediated trans-
port of glutamate [138]. Several studies utilizing human tumor cell lines
and animal models now suggest these tumors employ the mechanism of ex-
citotoxicity, in part by the release of excessive glutamate through Sx–

c , to
actively kill surrounding neurons in the peritumoral space to aid tumor ex-
pansion [138, 160, 176]. Epileptic seizures associated with brain tumors are
also believed to result from this released glutamate. Further, the concurrent
ability to acquire more L-Cys2 and maintain high levels of GSH allows the tu-
mor to survive the necrotic biochemical environment engulfing the tumor.
As a transporter, Sx–

c may also impact the chemosensitivity and chemoresis-
tance of a broad range of tumors through the uptake and efflux of anticancer
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agents [153, 159, 177]. The application of identified Sx–
c inhibitors, (S)-4-CPG

or sulfasalazine (Fig. 8j) to a series of glioma cell lines produced a marked
reduction in L-Cys2 uptake and intracellular GSH concentration whilst also
inhibiting tumor cell growth and inducing caspase-dependent apoptotic cell
death. Sulfasalazine was also demonstrated to suppress tumor growth in vivo.
In addition to inhibiting the uptake of L-Cys2, L-alanosine has been shown to
induce cytotoxicity in lung and ovarian cancer cell lines as a consequence of
its intracellular accumulation following uptake through Sx–

c . Consistent with
such a mechanism, inhibition of Sx–

c with S-4-CPG decreased the cytotoxicity
of L-alanosine. In contrast, the cytotoxic potential of geldanamycin was in-
creased following inhibition of Sx–

c , as the subsequent reduction in GSH level
attenuated the detoxification of this drug. This suggests a multidrug strat-
egy based on substrate and/or inhibitor activity may be a relevant therapeutic
approach in treating tumors that needs to be further investigated.

Significantly, evidence is beginning to emerge that this export of L-Glu
through Sx–

c may be relevant to more than just pathological mechanisms and
may actually represent a novel route of release through which L-Glu can ac-
tivate extrasynaptic EAA receptors. Based primarily on microdialysis data,
work by Kalivas, Baker and coworkers report that Sx–

c appears to be a primary
source of extracellular L-Glu in select brain regions, such as the striatum and
nucleus accumbens [100–102]. Indeed in vivo microdialysis has revealed Sx–

c
is the primary source of non-vesicular extracellular glutamate outside the
synaptic cleft and responsible for as much as 50–70% of the basal extracel-
lular level in the nucleus accumbens (NAc). Consistent with this hypothesis,
inhibition of Sx–

c with 4-S-CPG reduced extracellular L-Glu level, as well as
blocked the accumulation of L-Glu produced by inhibiting EAAT activity.
This efflux of L-Glu is thought to regulate synaptic release (of both L-Glu and
dopamine) through the tonic activation of extrasynaptic Group II mGluRs,
which have been implicated in various forms of neuroplasticity and neuro-
physchiatric disorders. Of particular significance, these extracellular levels
of L-Glu are reduced in the nucleus accumbens during cocaine addiction
and withdrawal, an effect attributed to the decreased function of Sx–

c [102].
Consistent with this model, the infusion of Cys2 restored L-Glu levels and,
importantly, treatment of rats with the CysH/Cys2 prodrug N-acetyl-CysH
prevented reinstatement in cocaine-addicted rats. This led to the conclusion
that the increased susceptibility to relapse that accompanies withdrawal from
cocaine addition is linked to the decreased activity of Sx–

c , reductions in ex-
tracellular L-Glu levels, and consequent loss of mGluR-mediated regulation
of excitatory transmission. Remarkably restoring Sx–

c activity, presumably
with increased substrate levels, prevents “cocaine-primed drug seeking” [102,
178]. This suggests that in addition to receptor-targeted approaches, agents
directed at Sx–

c may hold therapeutic value in the treatment of addiction.
This postulated role of Sx–

c (and Cys2) in regulating extracellular L-Glu
level is, however, not without its controversies and complications. For ex-
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ample, very similar microdialysis studies in prefrontal cortex demonstrated
that inhibition of Sx–

c did not reduce extracellular L-Glu concentrations, yet
did block the accumulation of L-Glu produced following the inhibition of
EAAT activity [179]. All of these studies are also complicated by the fact
that the Sx–

c inhibitor most often employed was 4-S-CPG, which is also an
mGluR1/5 antagonist. Ironically, during the course of the studies another
mGluR1/5 antagonist (LY367385) was also found to be an Sx–

c inhibitor [179].
In related studies by Atwell and coworkers, an L-Cys2-mediated efflux of L-
Glu through Sx–

c was shown to be significant enough to activate non-NMDA in
cerebellar slices and NMDA receptors in hippocampal slices [180, 181]. How-
ever, it was concluded that given both CSF levels of L-Cys2 (typically in the
0.1–0.5 µM range) and its Km values at Sx–

c (typically reported in 100 µM
range), it was unlikely that this mechanism contributed to tonic glutamate
levels (and EAA receptor signaling) under normal physiological conditions.
This conclusion, however, must be tempered somewhat by direct measure-
ments of 35S-L-Cys2 uptake in slices of nucleus accumbens which yielded Km
values in the 2–4 µM range [102]. Further, an Sx–

c -mediated efflux of L-Glu
was also shown capable of decreasing the synaptic release of L-Glu (decreased
mEPSC and spontaneous EPSC frequency) as a consequence of presynap-
tic mGluR2/3 activation by levels of L-Cys2 in the 0.1–0.3 µM range [178].
Lastly, recent studies in which homologues of Sx–

c (e.g., genderblind) have
been genetically eliminated in Drosophila support the participation of Sx–

c in
the regulation of extracellular L-Glu levels and further suggest a role of this
extracellular L-Glu in iGluR desensitization and clustering [125].

Taken together, these findings suggest that Sx–
c may indeed function to

regulate extracellular L-Glu levels and set a tone at extrasynaptic mGluRs,
although this contribution may be a function of the synaptic circuit being
examined, the activity of Sx–

c and EAATs, as well as extracellular Cys2 lev-
els. A particularly intriguing aspect of these variables concerns the balance
set between these two transporters, with respect to kinetic properties, expres-
sion levels and localizations within the microenvironment of extrasynaptic
receptors. Changes in any one of these properties, whether the result of de-
velopment, plasticity, or pathology could impact excitatory signaling and/or
excitotoxic vulnerability. Assessing the coordinate activity and functions of
the EAATs and Sx–

c will be dependent upon the continued development of po-
tent, selective inhibitors and substrates in combination with more thorough
understanding of the structure–activity relationships that govern binding and
uptake.

Acknowledgements The authors are grateful to M.P. Kavanaugh, S.E. Esslinger, J.M. Gerdes,
N. Natale, C.M. Thompson and P. Kalivas for their insightful discussions and comments.
This work was supported in part by NINDS NS30570 and NCCR COBRE RR15583.



Pharmacology of Glutamate Transport in the CNS 217

References

1. Balazs R, Bridges RJ, Cotman CW (2006) Excitatory amino acid transmission in
health and disease. Oxford University Press, New York

2. Natale N, Magnusson K, Nelson J (2006) Curr Top Med Chem 6:823
3. Foster A, Kemp J (2006) Curr Opin Pharmacol 6:7
4. Waxman E, Lynch D (2005) Neuroscientist 11:37
5. Hynd MR, Scott HL, Dodd PR (2004) Neurochem Int 45:583
6. Olney JW (2003) Curr Opin Pharmacol 3:101
7. Rao SD, Weiss JH (2004) Trends Neurosci 27:17
8. Coyle J, Tsai G (2004) Psychopharmacol 174:32
9. Niswender CM, Jones CK, Conn PJ (2005) Curr Top Med Chem 5:847

10. Recasens M, Guiramand J, Aimar R, Abdulkarim A, Barbanel G (2007) Curr Drug
Targets 8:651

11. Meldrum BS, Chapman AG (1999) Adv Neurol 79:965
12. Varney M, Gereau R (2002) Curr Drug Targets CNS Neurol Disord 1:283
13. Danbolt NC (2001) Prog Neurobiol 65:1
14. Borre L, Kavanaugh MP, Kanner BI (2002) J Biol Chem 277:13501
15. Gonzalez MI, Robinson MB (2004) Curr Opin Pharmacol 4:30
16. Diamond JS (2005) J Neurosci 25:2906
17. Kanner BI (2006) J Membr Biol 21:89
18. Dunlop J (2006) Curr Opin Pharmacol 6:103
19. Wadiche JI, Tzingounis AV, Jahr CE (2006) Proc Natl Acad Sci USA 103:1083
20. Farinelli SE, Nicklas WJ (1992) J Neurochem 58:1905
21. Choi DW (1994) Prog Brain Res 100:47
22. Rothman SM, Olney JW (1995) Trends Neurosci 18:57
23. Mattson MP (2003) Neuromolecular Med 3:65
24. Hara MR, Snyder SH (2007) Annu Rev Pharmacol Toxicol 47:117
25. Maragakis NJ, Rothstein JD (2004) Neurobiol Dis 15:461
26. Aarts MM, Tyminski M (2003) Biochem Pharmacol 66:877
27. Boillee S, Vande Velde C, Cleveland DW (2006) Neuron 52:39
28. Logan WJ, Snyder SH (1972) Brain Res 42:413
29. Storck T, Schulte S, Hofmann K, Stoffel W (1992) Proc Natl Acad Sci USA 89:10955
30. Pines G, Danbolt NC, Bjoras M, Bendahan A, Eide L, Koepsell H, Storm-Mathisen J,

Kanner BI (1992) Nature 360:464
31. Kanai Y, Hediger MA (1992) Nature 360:467
32. Arriza JL, Fairman WA, Wadiche JI, Murdoch GH, Kavanaugh MP, Amara SG (1994)

J Neurosci 14:5559
33. Arriza JL, Eliasof S, Kavanaugh MP, Amara SG (1997) Proc Natl Acad Sci USA

94:4155
34. Fairman W, Vandenberg RJ, Arriza JL, Kavanaugh MP, Amara SG (1995) Nature

375:599
35. Hediger MA, Romero MF, Peng JB, Rolfs A, Takanaga H, Bruford EA (2004) Pflugers

Arch Eur J Physiol 447:465
36. Palacin M, Estevez R, Bertran J, Zorzano A (1998) Physiol Rev 78:969
37. Gegelashvili G, Schousboe A (1998) Brain Res Bull 45:233
38. Wadiche JI, Arriza JL, Amara SG, Kavanaugh MP (1995) Neuron 14:1019
39. Boudker O, Ryan RM, Yernool D, Shimamoto K, Gouaux E (2007) Nature 445:387
40. Zerangue N, Kavanaugh MP (1996) Nature 383:634
41. Wadiche JI, Amara SG, Kavanaugh MP (1995) Neuron 15:721



218 R.J. Bridges · S.A. Patel

42. Otis TS, Kavanaugh M (2000) J Neurosci 20:2749
43. Yernool D, Boudker O, Jin Y, Gouaux E (2004) Nature 431:811
44. Haugeto O, Ullensvang K, Levy LM, Chaudhry FA, Honore T, Nielsen M, Lehre KP,

Danbolt NC (1996) J Biol Chem 271:27715
45. Eskandari S, Kreman M, Kavanaugh MP, Wright EM, Zampighi GA (2000) Proc Natl

Acad Sci USA 97:8641
46. Beliveau R, Demeule M, Jette M, Potier M (1990) Biochem J 268:195
47. Arriza JL, Kavanaugh MP, Fairman WA, Wu Y, Murdoch GH, North RA, Amara SG

(1993) J Biol Chem 268:15329
48. Koch HP, Kavanaugh MP, Esslinger CS, Zerangue N, Humphrey JM, Amara SG,

Chamberlin AR, Bridges RJ (1999) Mol Pharmacol 56:1095
49. Balcar VS, Johnston GAR (1972) J Neurobiol 3:295
50. Roberts PJ, Watkins JC (1975) Brain Res 85:120
51. Vandenberg RJ, Mitrovic AD, Chebib M, Balcar VJ, Johnston GAR (1997) Mol Phar-

macol 51:809
52. Lebrun B, Sakaitani M, Shimamoto K, Yasuda-Kamatani Y, Nakajima T (1997) J Biol

Chem 272:20336
53. Chamberlin AR, Koch HP, Bridges RJ (1998) In: Amara SG (ed) Neurotransmitter

Transporters (Meth Enzymol), vol 296. Academic Press, San Diego, p 175
54. Esslinger CS, Agarwal S, Gerdes JM, Wilson PA, Davies ES, Awes AN, O’Brien E,

Mavencamp T, Koch HP, Poulsen DJ, Chamberlin AR, Kavanaugh MP, Bridges RJ
(2005) Neuropharmacology 49:850

55. Esslinger CS, Titus J, Koch HP, Bridges RJ, Chamberlin AR (2002) Bioorg Med Chem
10:3509

56. Dunlop J, McIlvain B, Carrick T, Jow B, Lu Q, Kowal DM, Lin S, Greenfield A,
Grosanu C, Fan K, Petroski R, Williams J, Foster A, Butera J (2005) Mol Pharmacol
68:974

57. Shigeri Y, Shimamoto K, Yasuda-Kamatani Y, Seal RP, Yumoto N, Nakajima T,
Amara SG (2001) J Neurochem 79:297

58. Shimamoto K, LeBrun B, Yasuda-Kamatani Y, Sakaitani M, Shigeri Y, Yumoto N,
Nakajima T (1998) Mol Pharmacol 53:195

59. Shimamoto K, Sakai R, Takaoka K, Yumoto N, Nakajima T, Amara SG, Shigeri Y
(2004) Mol Pharmacol 65:1008

60. Shimamoto K, Otsubo Y, Shigeri Y, Yasuda-Kamatani Y, Satoh M, Kaneko T, Naka-
gawa T (2007) Mol Pharmacol 71:294

61. Rudnick G (1997) In: Mea R (ed) Neurotransmitter transporters, structure, function
and regulation. Humana Press, New Jersey, p 73

62. Tatsumi M, K. G, Blakely R, Richelson E (1997) Eur J Pharmacol 340:249
63. Alaux S, Kusk M, Sagot E, Bolte J, Jensen A, Brauner-Osborne H, Gefflaut T, Bunch L

(2005) J Med Chem 48:7980
64. Greenfield A, Grosanu C, Dunlop J, McIlvain B, Carrick T, Jow B, Lu Q, Kowal DM,

Williams J, Butera J (2005) Bioorg Med Chem Lett 15:4985
65. Dunlop J, McIlvain HB, Carrick T, Jow B, Lu Q, Kowal DM, Lin S, Greenfield A,

Grosanu C, Fan K, Petroski R, Williams J, Foster A, Butera J (2005) Mol Pharmacol
68:974

66. Ishida M, Ohfune Y, Shimada Y, Shimamoto K, Shinozaki H (1991) Brain Res 550:152
67. Nakagawa Y, Saitoh K, Ishihara T, Ishida M, Shinozaki H (1990) Eur J Pharmacol

184:205
68. Nakamura Y, Kataoka K, Ishida M, Shinozaki H (1993) Neuropharmacology 32:833



Pharmacology of Glutamate Transport in the CNS 219

69. Yamashita H, Kawakami H, Zhang Y, Hagiwara T, Tanaka K, Nakamura S (1995) Eur
J Pharmacol 289:387

70. Dowd LA, Coyle AJ, Rothstein JD, Pritchett DB, Robinson MB (1996) Mol Pharmacol
49:465

71. Faure S, Jensen A, Maurat V, Gu X, Sagot E, Aitken D, Bolte J, Gefflaut T, Bunch L
(2006) J Med Chem 49:6532

72. Jensen A, Brauner-Osborne H (2004) Biochem Pharmacol 67:2115
73. Johnston GAR, Kennedy SME, Twitchin B (1979) J Neurochem 32:121
74. Bridges RJ, Stanley MS, Anderson MW, Cotman CW, Chamberlin AR (1991) J Med

Chem 34:717
75. Willis CL, Humphrey JM, Koch HP, Hart JA, Blakely T, Ralston L, Baker CA, Shim S,

Kadri M, Chamberlin AR, Bridges RJ (1996) Neuropharmacology 35:531
76. Stensbol TB, Uhlmann P, Morel S, Eriksen BL, Felding J, Kromann H, Hermit MB,

Greenwood JR, Brauner-Osborne H, Madsen U, Junager F, Krogsgaard-Larsen P,
Begtrup M, Vedso P (2002) J Med Chem 45:19

77. Brauner-Osborne H, Hermit MB, Nielsen B, Krogsgaard-Larsen P, Johansen TN
(2000) Eur J Pharmacol 406:41

78. Campiani G, De Angelis M, Armaroli S, Fattorusso C, Catalanotti B, Ramunno A,
Nacci V, Novellino E, Grewer C, Ionescu D, Rauen T, Griffiths R, Sinclair C, Fuma-
galli E, Mennini T (2001) J Med Chem 44:2507

79. Campiani G, Fattorusso C, De Angelis M, Catalanotti B, Butini S, Fattorusso S, Fior-
ini I, Nacci V, Novellino E (2003) Curr Pharm Des 9:599

80. Dunlop J, Eliasof S, Stack G, McIlvain HB, Greenfield A, Kowal DM, Petroski R,
Carrick T (2003) Br J Pharmacol 140:839–846

81. Dunlop J, Butera J (2006) Curr Top Med Chem 6:1897
82. Barbour B, Keller BU, Liana I, Marty A (1994) Neuron 12:1331
83. Isaacson JS, Nicoll RA (1993) J Neurophysiol 70:2187
84. Sarantis M, Ballerini L, Miller B, Silver RA, Edwards M, Attwell D (1993) Neuron

11:541
85. Wadiche JI, Jahr CE (2001) Neuron 32:301
86. Matsui K, Hosoi N, Tachibana M (1999) J Neurosci 19:6755
87. Kinney GA, Overstreet LS, Slater NT (1997) J Neurophysiol 78:1320
88. Overstreet LS, Kinney GA, Liu YB, Billups D, Slater NT (1999) J Neurosci 19:9663
89. Turecek R, Trussell LO (2000) J Neurosci 20:2054
90. Dzubay JA, Otis TS (2002) Neuron 36:1159
91. Higgs MH, Lukasiewicz PD (1999) J Neurosci 19:3691
92. Brasnjo G, Otis TS (2001) Neuron 31:607
93. Scanziani M, Salin PA, Vogt KE, Malenka RC, Nicoll R (1997) Nature 385:630
94. Semyanov A, Kullmann DM (2000) Neuron 25:663
95. Asztely F, Erdemli G, Kullmann DM (1997) Neuron 18:281
96. Carter AG, Regehr WG (2000) J Neurosci 20:4423
97. Isaacson JS (1999) Neuron 23:377
98. Diamond JS, Jahr CE (2000) J Neurophysiol 83:2835
99. Cho Y, Bannai S (1990) J Neurochem 55:2091

100. Baker DA, Shen H, Kalivas PW (2002) Amino Acids 23:161
101. Baker DA, Xi ZX, Hui S, Swanson CJ, Kalivas PW (2002) J Neurosci 22:9134
102. Baker DA, McFarland K, Lake RW, Shen H, Tang XC, Toda S, Kalivas PW (2003) Nat

Neurosci 6:743
103. McBean GJ, Roberts PJ (1985) J Neurochem 44:247
104. Robinson MB, Djali S, Buchhalter JR (1993) J Neurochem 61:586



220 R.J. Bridges · S.A. Patel

105. Amin N, Pearce B (1997) Neurochem Int 30:271
106. Velasco I, Tapia R, Massieu L (1996) J Neurosci Res 44:551
107. Rothstein JD, Jin L, Dykes-Hoberg M, Kuncl RW (1993) Proc Natl Acad Sci USA

90:6591
108. Montiel T, Camacho A, Estrada-Sanchez A, Massieu L (2005) Neuroscience 133:667
109. Anderson CM, Bridges RJ, Chamberlin AR, Shimamoto K, Yasuda-Kamatani Y,

Swanson RA (2001) J Neurochem 79:1207
110. Koch HP, Chamberlin AR, Bridges RJ (1999) Mol Pharmacol 55:1044
111. Bonde C, Sarup A, Schousboe A, Gegelashvilli G, Zimmer J, Noraberg J (2003) Neu-

rochem Int 43:371
112. Marcaggi P, Hirji N, Attwell D (2005) Neuropharmacology 49:843
113. Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl RW, Kanai Y,

Hediger MA, Wang Y, Schielke JP, Welty DF (1996) Neuron 16:675
114. Rao V, Dogan A, K. B, Todd K, Dempsey RJ (2001) Eur J Neurosci 13:119
115. Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M, Takahashi K, Iwama H,

Nishikawa T, Ichihara N, Kikuchi T, Okuyama S, Kawashima N, Hori S, Takimoto M,
Wada K (1997) Science 276:1699

116. Watase K, Hashimoto K, Kano M, Yamada K, Watanabe M, Inoue Y, Okuyama S, Sak-
agawa T, Ogawa S, Kawashima N, Hori S, Takimoto M, Wada K, Tanaka K (1998) Eur
J Neurosci 10:976

117. Peghini P, Janzen J, Stoffel W (1997) EMBO J 16:3822
118. Aoyama K, Suh SW, Hamby AM, Liu J, Chan WY, Y. C, Swanson RA (2006) Nat

Neurosci 9:119
119. Matsugami T, Tanemura K, Mieda M, Nakatomi R, Yamada K, Kono T, Ogawa M,

Obata K, Watanabe M, Hashikawa T, Tanaka K (2006) Proc Natl Acad Sci USA
103:12161

120. Zerangue N, Arriza JL, Amara SG, Kavanaugh MP (1995) J Biol Chem 270:6433
121. Rothstein J, Patel S, Regan M, Haenggeli C, Huang Y, Bergles DE, Jin L, Dykes

Hoberg M, Vidensky S, Chung D, Toan S, Bruijn L, Su Z, Gupta P, Fisher P (2005)
Nature 433:73

122. Kranich O, Dringen R, Sandberg M, Hamprecht B (1998) Glia 22:11
123. Shih A, Erb H, Sun X, Toda S, Kalivas P, Murphy T (2006) J Neurosci 41:10514
124. Hosoya K, Tomi M, Ohtsuki S, Takanaga H, Saeki S, Kanai Y, Endou H, Naito M,

Tsuruo T, Terasaki T (2002) J Pharmacol Exp Ther 302:225
125. Augustin H, grosjean Y, Chen K, Sheng Q, Featherstone D (2007) J Neurosci 27:111
126. Palacin M, Nunes V, Jimenez-Vidal M, Font-Llitjos M, Gasol E, Pineda M, Feli-

ubadalo L, Chillaron J, Zorzano A (2005) Physiology 20:112
127. Sato H, Tamba M, Ishii T, Bannai S (1999) J Biol Chem 274:11455
128. Gasol E, Jimenez-Vidal M, Chillaron J, Zorzano A, Palacin M (2004) J Biol Chem

279:31228
129. Jimenez-Vidal M, Gasol E, Zorzano A, Nunes V, Palacin M, Chillaron J (2004) J Biol

Chem 279:11214
130. Kaleeba JA, Berger EA (2006) Science 311:1921
131. Nakamura E, Sato M, Yang H, Miyagawa F, Harasaki M, Tomita K, Matsuoka S,

Noma A, Iwai K, Minato N (1999) J Biol Chem 274:3009
132. Palacin M, Kanai Y (2004) Eur J Physiol 447:490
133. Allen JW, Shanker G, Aschner M (2001) Brain Res 894:131
134. Gochenauer GE, Robinson MB (2001) J Neurochem 78:276
135. Piani D, Fontana A (1994) J Immunol 3578
136. Kato S, Ishita S, Sugawara K, Mawatari K (1993) Neuroscience 57:473



Pharmacology of Glutamate Transport in the CNS 221

137. Murphy TH, Schnaar RL, Coyle JT (1990) FASEB J 4:1624
138. Ye Z, Rothstein JD, Sontheimer H (1999) J Neurosci 19:10767
139. Sasaki H, Sato H, Kuriyama M, K., Sato K, Maebara K, Wang H, Tamba M, Itoh K,

Yamamoto A, Bannai S (2002) J Biol Chem 274:44765
140. Bannai S, Takada A, Kasuga H, Tateishi N (1986) Hepatology 6:1361
141. Bannai S, Kitamura E (1981) J Biol Chem 256:5770
142. Bannai S (1986) J Biol Chem 261:2256
143. Fagg GE, Foster AC, Mena EE, Cotman CW (1982) J Neurosci 2:958
144. Pin JP, Bockaert J, Recasen M (1984) FEBS Lett 175:31
145. Bridges RJ, Hearn TJ, Monaghan DT, Cotman CW (1986) Brain Res 375:204
146. Bridges RJ, Nieto SM, Kadri M, Cotman CW (1987) J Neurochem 48:001
147. Kessler M, Baudry M, Lynch G (1987) Neurosci Lett 81:221
148. Anderson KJ, Monaghan DT, Bridges RJ, Tavoularis AL, Cotman CW (1990) Neuro-

science 38:311
149. Murphy TH, Miyamoto M, Sastre A, Schnaar RL, Coyle JT (1989) Neuron 2:1547
150. Waniewski RA, Martin DL (1984) J Neurosci 4:2237
151. Warren BA, Patel SA, Nunn PB, Bridges RJ (2004) Toxicol Appl Pharmacol 200:83
152. Patel SA, Warren BA, Rhoderick JF, Bridges RJ (2004) Neuropharmacology 46:273
153. Huang Y, Barbacioru C, Sadee W (2005) Cancer Res 65:7446
154. Ebert B, Madsen U, Johansen TN, Krogsgaard-Larsen P (1991) Adv Exp Med Biol

287:483
155. Brauner-Osborne H, Krogsgaard-Larsen P (1998) Eur J Pharmacol 5:311
156. Coquelle T, Christensen JK, Banke TG, Madsen U, Schousboe A, Pickering DS (2000)

Neuroreport 21:2643
157. Wong LA, Mayer ML, Jane DE, Watkins JC (1994) J Neurosci 14:3881
158. Bedingfield JS, Kemp MC, Jane DE, Tse HW, Roberts PJ, Watkins JC (1995) Br J

Pharmacol 116:3323
159. Chung WJ, Lyons SA, Nelson GM, Hamza H, Gladson CL, Gillespie GY, Sontheimer H

(2005) J Neurosci 25:7101
160. Ye ZC, Sontheimer H (1999) Cancer Res 59:4383
161. Nicholls DG, Sihra TS, Sanches-Prieto J (1987) J Neurochem 1987:50
162. Chase LA, Roon RJ, Wellman L, Beitz AJ, Koerner JF (2001) Neuroscience 106:287
163. Wang XF, Cynader MS (2000) J Neurochem 74:1434
164. Guebel DV, Torres NV (2004) Biochim Biophys Acta 1674:12
165. Dringen R, Gutterer JM, Gros C, Hirrlinger J (2001) J Neurosci Res 66:1003
166. Sun X, Erb H, Murphy TH (2005) Biochem Biophys Res Commun 326:371
167. Sato H, Nomura S, Maebara K, Sato K, Tamba M, Bannai S (2004) Biochem Biophys

Res Commun 325:109
168. Kim JY, Kanai Y, Chairoungdua A, Cha SH, Matsuo H, Kim DK, Inatomim J, Sawa H,

Ida Y, Endou H (2001) Biochim Biophys Acta 1512:335
169. Ishii T, Itoh K, Takahashi S, Sato H, Yanagawa T, Katoh Y, Bannai S, Yamamoto M

(2000) J Biol Chem 275:16023
170. Nagasawa M, Ito S, Kakuda T, Nagai K, Tamai I, Tsuji A, Fujimoto S (2005) Toxicol

Lett 155:289
171. Bender AS, Reichelt W, Norenberg MD (2000) Neurochem Int 37:269
172. McBean GJ, Flynn J (2001) Biochem Soc Trans 29:717
173. Zerangue N, Kavanaugh MP (1996) J Physiol 493:419
174. Chen Y, Swanson RA (2003) J Neurochem 84:1332
175. Barger SW, Basile AS (2001) J Neurochem 76:846
176. Takano T, Lin J, G. A, Gao Q, Yang J, Nedergaard M (2001) Nat Med 7:1010



222 R.J. Bridges · S.A. Patel

177. Gout PW, Buckley AR, Simms CR, Bruchovsky N (2001) Leukemia 15:1633
178. Moran M, McFarland K, Melendez RI, Seamans JK (2005) J Neurosci 25:6389
179. Melendez RI, Vuthiganon J, Kalivas PW (2005) J Pharmacol Exp Ther 314:139
180. Warr O, Takahashi M, Attwell D (1999) J Physiol 514.3:783
181. Cavelier P, Attwell D (2005) J Physiol 564:397


