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Abstract

Glutamate transporters remove the excitatory neurotransmitter glutamate from the extracellular
space after neurotransmission is complete, by taking glutamate up into neurons and glia cells. As
thermodynamic machines, these transporters can also run in reverse, releasing glutamate into the
extracellular space. Because glutamate is excitotoxic, this transporter-mediated release is
detrimental to the health of neurons and axons, and it, thus, contributes to the brain damage that
typically follows a stroke. This review highlights current ideas about the molecular mechanisms
underlying glutamate uptake and glutamate reverse transport. It also discusses the implications of
transporter-mediated glutamate release for cellular function under physiological and patho-
physiological conditions.

Introduction

The plasma membrane transporters for the excitatory neurotransmitter glutamate play
important roles in many physiological processes (reviewed in (1-5)). Most importantly,
glutamate transporters control signal transmission at glutamatergic synapses, initially by
buffering, and subsequently by removing pre-synaptically-released glutamate from the
synaptic cleft into adjacent neurons and glia cells. Thus, these transporters perform their part
in an elaborate interplay of membrane and soluble proteins that recycle and repackage
glutamate for subsequent pre-synaptic release events. These proteins all contribute to the
glutamate-glutamine cycle (6,7), in which astrocytes convert glutamate into glutamine,
export glutamine to neurons, where glutamine finally is recycled to glutamate. The cycle is
completed by repackaging of glutamate into pre-synaptic vesicles, a task which is performed
by the vesicular glutamate transporters (8,9).

Many of the players of the glutamate-glutamine cycle have now been identified and
characterized at the molecular level, including the plasma membrane glutamate transporters,
which are the subject of this review. Recent findings have significantly improved our
understanding of how glutamate transporters operate and how their function is regulated.
This review will summarize current ideas on the structural basis of glutamate transport in
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light of the large body of available mechanistic information. It will also put special emphasis
on the reversibility of the glutamate transport process, discussing recent information on the
mechanism of glutamate reverse transport and its importance in pathophysiological
conditions.

Function and Structure

Glutamate transporters belong to the solute carrier 1 (SLC1) family of transport proteins
(10). They are secondary-active transporters, using the free energy stored in the
transmembrane concentration gradient of Na*, which in turn is established by the sodium
pump through hydrolysis of the primary energy source ATP, to take up glutamate into the
cell against its own concentration gradient (11). Inward transport of one glutamate molecule
is coupled to the inward movement of three Na* and one H*, and the outward movement of
one K* ion (12-14) for the mammalian transporters (Fig. 1A). This outward movement of
K* occurs in a step independent from the Na*/glutamate translocation step (15). According
to this stoichiometry, glutamate transport is electrogenic, meaning that it is associated with
net charge transport across the membrane. Coupling of glutamate uptake to cotransport of
three Na* ions together with the utilization of negative membrane potential as a driving
force allows glutamate transporter-expressing neurons to maintain an up to 106-fold
[glutamate] gradient across their membranes (14).

Glutamate transport is associated with an anion conductance (Fig. 1A). This anion
conductance is activated by glutamate binding to the transporter (16-18). The anion
conductance is not stoichiometrically coupled to the transport of glutamate and can be
activated in the presence of external sodium alone. However, it is activated by glutamate
only under ionic conditions that also favor glutamate translocation (e.g. presence of external
sodium) (16). Hence, glutamate uptake can take place already in the absence of chloride
ions, but no, or only little kinetically-coupled anion flux occurs without the activation of the
glutamate transporter by substrate and cation binding (16). Thus, glutamate transporters
have mixed characteristics that are, in part, carrier-like and, in part, similar to ligand-gated
chloride channels. In analogy to ligand-gated ion channels it was initially proposed that
anion permeation may take place through a pore formed in the center of the multimeric
subunit complex (19), although more detailed recent studies suggest that the anion-
conducting pathway is more likely formed by each individual subunit of the homotrimer
(20-22). The anion conductance is selective for hydrophobic anions. The anion permeability
follows the sequence Pscn. > Pnos- > Pi- > Pgr. > Pl > PE. >> Pgluconate- (16,23,24).
Interestingly, the anion conductance appears to be conserved in the glutamate transporter
protein family, since it is also present in the related neutral amino acid transporters (25,26)
and in bacterial glutamate/aspartate transporters (27).

Glutamate transporter structure and location of the substrate binding site

Our understanding of the glutamate transport process has been greatly facilitated by the
cloning of the transporters (28-31), as well as by the recent determination of a crystal
structure of a bacterial glutamate transporter analogue from Pyrococcus horikoshii (Fig. 1B),
GItPh (32), which confirmed previous determinations of the transmembrane topology
through biochemical methods (33,34). GItPh shares about 35% amino acid identity with the
human EAATS and, thus, is believed to serve as a valid model for the structure of the human
EAATS. A schematic of the transmembrane topology, including the binding site for the
amino acid substrate (green), and potential binding sites for cations (blue), is shown in Fig.
1C. The functionally important part of the transporter is a C-terminal peptide (red in Fig. 1C
see also top view in Fig. 1B), which is inserted into a N-terminal barrel formed by
transmembrane domains (TMDs) 1-6 (32). This C-terminal peptide is composed of two
helical transmembrane domains (TMDs 7 and 8) and two reentrant loop structures (RL 1 and
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2), which dip into the transmembrane segment of the transporter from opposite sides of the
membrane (31). As shown in Error! Reference source not found. 1B, GItPh is assembled
as a homotrimer (32), confirming previous evidence from biochemical experiments (35) that
suggested trimeric composition of the mammalian glutamate transporters. Each monomer
contains a separate amino acid binding site, which appears to be buried within the protein
and is closed off from the extracellular side by RL2 (32). The localization of this substrate
binding site is consistent with mutagenesis studies, which implicated a conserved arginine
residue (R446 in EAAC1) in the coordination of the y-carboxylate of the acidic amino acid
(36). Furthermore, the aspartate residue D443 was found to be important for interaction with
zwitterionic acidic amino acids, but not dicarboxylic acids, consistent with the location of
side-chain of the analogous GItPh residue in contact with the bound substrate (37).

A significant body of functional data suggests that the subunits of the trimer transport
glutamate independent from each other (20-22,38). Furthermore, the anion conductance
may also be catalyzed independently by each subunit, at least for the glutamate transporter
subtype EAAT3 (20-22). However, cooperativity has been observed for the activation of the
EAAT4 anion conductance by glutamate (Hill coefficient > 1) (39), suggesting a
fundamentally different mechanism by which EAAT4 conducts anions. Consistent with the
idea of crosstalk between the subunits of the trimer, inter-subunit cooperativity has also been
proposed for Na* binding events to the glutamate-free, empty EAAT3 transporter (40), in
order to explain the remarkably large Hill coefficient associated with apparent Na*
association.

Cation binding sites

In 2007 a second crystal structure of the bacterial glutamate transporter homologue GItPh
was published, in which the transporter is in complex with two thallium (TI*) ions (41). TI*
was used as a cation instead of Na* in the crystallographic study due to its anomalous
scattering properties, facilitating the detection of the bound cations. Functional studies
indicate that, like the mammalian counterparts, substrate transport by GItPh is driven by co-
transport of at least two Na* ions (41). Although substrate transport is not supported by TI*,
it was proposed that the two TI* ions bind to sites (termed Nal and Na2 sites) that also bind
Na*, because TI* and Li* competed with Na* in a binding assay, whereas K* did not
compete (41). This proposal was further supported by the fact that mutation of one of the
amino acids contributing its side chain to the Nal site, D405, to asparagine altered the 2:1
stoichiometry of Na*:aspartate binding to a stoichiometry of 1.5:1. If the D405 mutation
would fully eliminate binding of a second Na* ion, a coupling ratio of 1:1 should be
observed. Thus, the less-than-expected reduction of the coupling ratio by this mutation
points to the existence of a third GItPh Na* binding site that may be resistant to TI*
substitution (41).

In addition, our laboratory (42,43) and others (44-47) have identified amino acids that
potentially contribute to other cation binding sites by using site-directed mutagenesis. A
highly-conserved aspartate residue in TMD7, D367 in EAAC1, was found, which upon
mutagenesis to asparagine led to a >16 fold reduction in sodium affinity (42). In contrast to
this dramatic effect of the D367N mutation, the D454N exchange did not reduce the Na*
affinity of EAACL (42). Based on these data, it was hypothesized that D454 does not
contribute to Na* coordination in mammalian glutamate transporters, and an additional Na*
binding site exists that is buried deeply in the membrane, which directly or indirectly
involves the side chain of D367. This finding is consistent with the effects of mutations to
D367, and the nearby N365, reported by the Kanner laboratory (47). The existence of
additional cation binding site(s) in the mammalian transporters that is/are not present in the
GItPh crystal structure is consistent with the amino acid:Na* coupling stoichiometry of 1:3
of the mammalian transporters, in contrast to the hypothesized GItPh 1:2 coupling ratio.
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Thus, it is expected that at least one cation binding site of the mammalian transporters is not
conserved in GItPh, or that the Na* bound to this site cannot be replaced with TI*.

Mechanism of Glutamate Transport

Glutamate transport by the members of the SLC1 family, as well as secondary-active
transport by other solute carriers, is thought to occur through an alternating access
mechanism. Such a mechanism assumes that the transporter cycles through two discrete
conformational states, one of them allowing access of substrate to its binding site from the
extracellular side, the other one allowing access from the cytoplasm (48). In addition, a third
state may exist, in which the substrate binding site is closed to both sides of the membrane.
This state is called “occluded” and may be the one observed in the aspartate-bound GltPh
structure (32). Alternating access is hypothesized to be brought about by the coupled
opening and closing of two gates, one gating extracellular access, and the other gating
intracellular access to the substrate binding site (32,41,49). Only one of the two gates can be
open at a time, preventing leak flux of substrate across the membrane. Experimental
evidence for the alternating access model comes from the crystal structure of GItPh in
complex with a competitive inhibitor, DL-threo-benzyloxyaspartate (TBOA), in which RL2
does not fully close off the inhibitor binding site to the extracellular side of the membrane
(41). Thus, this structure may be analogous to the outward-facing conformation that has an
outwardly-accessible substrate binding site. The three major states are illustrated in Fig. 2A.

Due to the complex stoichiometry of the glutamate transport process, it is thought that, in
addition to the three major states shown in Fig. 2A, several sub-states exist with populations
of these sub-states depending on the presence/absence of substrate and cations. A number of
kinetic mechanisms have been proposed based on this alternating access, multi-step
hypothesis, which vary in complexity from very simplified schemes including only three or
four states (23,50), to complex mechanisms with up to 16 states (51,52). Simulations using
some of these kinetic mechanisms fit the available data remarkably well (23,52,53).
Therefore, these mechanisms can be used as working hypotheses for future mechanistic
studies.

In addition to structural evidence, there is also functional data available supporting the
alternating access, multi-step hypothesis for the transport mechanism. For example, pre-
steady-state transport currents recorded in response to glutamate concentration jumps decay
with two exponential components (53-55), both of which are also present when the
transporter is restricted to access states associated with translocation, by employing the Na*/
glutamate-exchange mode (Fig. 2B). In this exchange mode, ionic conditions are used that
prevent Na*/glutamate dissociation to both the intra- and extracellular solutions, but allow
relaxation of the translocation equilibrium. The existence of two exponential components of
this relaxation suggests that the translocation process consists of at least two separable steps
(55), consistent with the structural evidence for an intermediate on the translocation reaction
coordinate (possible occluded state). It can be hypothesized that the two molecular processes
underlying the two exponential components are related to consecutive closing of an
extracellular gate and opening of an intracellular gate, allowing alternating access of the
substrate binding site from the extracellular or intracellular medium (Figs. 2A and C). While
the extracellular gate is most likely formed by the two a-helices of RL2 (32,41), the
structural basis of the intracellular gate remains less clear, However, RL1 was suggested to
play the role of the intracellular gate, based on the striking symmetry of the RL1-TMD7-
RL2 structure (32) and a recent accessibility study of cysteine residues that were introduced
into RL1 (56). Consistent with the assignment of the two exponential components of the
overall translocation reaction to gate closing and opening, the relaxation rate constants
associated with both components show strong temperature dependence (Fig. 2C), which is
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indicative of conformational changes (55). In contrast, a third phase of the exchange current
(rising phase, Fig. 2B) is only weakly accelerated at elevated temperatures, as expected for a
diffusion-controlled process. This result is consistent with the assignment of this phase to
glutamate binding, which most likely occurs by diffusion-controlled access of glutamate to
its binding site through an aqueous pathway (55), as expected for the outward-facing
conformation with open extracellular gate (Fig. 2A).

Additional mechanistic insight into structural changes accompanying glutamate transport
was obtained from biochemical cross-linking experiments. If RL1 plays the role of the
intracellular gate, which has to move (open) to allow glutamate dissociation to the
cytoplasm, it is expected that covalently attaching RL1 to other, neighboring transporter
elements should eliminate glutamate transport. This expectation is met (transport is
inhibited) when the tip of RL1 is crosslinked with introduced cysteines in RL2 (57), as well
as when it is covalently attached to the central part of TMD7 (58). In contrast, crosslinking
of the tip of RL2 with TMD?7 did not result in inhibition of the maximum rate of glutamate
transport, but in a reduction of the apparent affinity of the transporter for glutamate (58).
These results were interpreted such that only small conformational changes of RL2 relative
to the rest of the protein are required for transport, as also suggested by fluorescence
resonance energy transfer (FRET) experiments (38), or that RL2 and TMD7 move during
transport, but not relative to each other. To summarize, although the structural, functional
and biochemical data available at present is consistent with the dual-gate alternating access
model, alternative mechanisms cannot be categorically ruled out. Furthermore, direct
experimental evidence for RL1 playing the role of the intracellular gate has yet to be
obtained.

Recent Insights into the Reverse Transport Process

Glutamate transport by the plasma membrane transporters is reversible. While the
conventional transport direction is inward under physiological conditions, glutamate can
also be transported in the outward direction when extracellular [Na*] / intracellular [K*]
decrease and/or intracellular [Na*] / extracellular [K*] increase (59-61). Due to the
electrogenicity of glutamate transport, membrane depolarization will also result in a reversal
of the transport direction because the driving force for uptake decreases under depolarized
conditions. Glutamate transport in the outward direction was also termed reverse(d)
transport, to indicate the reversal from the conventional transport direction.

Methods for studying reverse glutamate transport

Traditionally, reverse glutamate transport has been studied by applying K* to the
extracellular side of the transporter (14,59), followed by measurement of glutamate efflux or
reverse transport current. This method has proven powerful for determining the properties of
the reverse transport process at steady state. For example, it has allowed the characterization
of glutamate release from isolated retinal Mueller cells through reverse transport, as well as
its modulation by protons (59,60). More recently, reverse transport current has been studied
after directly applying glutamate to the intracellular face of the transporter. This was
achieved by using inside-out patches (62-64), in which the inside of the transporter faces the
bath solution, thus making it possible to change intracellular [glutamate] through bath
perfusion. This method allows one to also control and alter intracellular [Na*] for the
determination of Na* association kinetics with the transporters. Finally, reverse glutamate
transport was studied after rapid, sub-millisecond intracellular application of glutamate
through photolysis of an inactive, caged precursor ((64), illustrated in Fig. 3A). The power
of this method lies in the fast time resolution, allowing the determination of the pre-steady-
state kinetics of reverse transport.
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The kinetic properties of glutamate transporters depend strongly on the transport

direction

The crystal structure of GItPh shows strong asymmetry with respect to the plane of the
membrane, exhibiting a solvent-filled basin protruding half-way into the membrane from the
extracellular side, but not from the intracellular side (41). Therefore, it should not be
surprising that the kinetic properties of glutamate transport (but not the general alternating
access transport mechanism) depend on the transport direction. First, the amino acid binding
site is optimized for tight binding of extracellular, but not intracellular substrate (the
apparent affinity of the transporter for glutamate is about 50-times higher when the substrate
binding site faces the extracellular side as compared to intracellular glutamate binding (62)).
This functional feature is important because it promotes dissociation of glutamate into the
cytoplasm against a high intracellular glutamate concentration. At a physiological [Na*]; of
about 5 mM, the intracellular K, for glutamate is > 50 mM. Cytosolic glutamate
concentration in neurons, [Glu™];, is assumed to be 1-10 mM, consistent with the K4 of
vesicular glutamate transport measured between 0.3 and 2 mM (65). Thus the intracellular
glutamate binding site of the plasma membrane transporters is far from being saturated
([GIuT]j < 1/5 Kpy), preventing the transporters from being trans-inhibited by intracellular
glutamate under normal uptake conditions (64).

Second, steady-state glutamate transport is faster in the reverse direction (55 s™1) than in the
forward transport mode (24 s™1), given equal but opposite electrochemical driving forces
(64). This difference in the transport rates in the two transport directions is caused by a
difference in the rate limitation. While forward transport is strongly rate limited by one
single reaction step, the K* induced relocation (52,66) taking place with a rate constant of
about 30 s™1 at 0 mV, the reverse transport rate is limited by a number of reactions,
including the K*-induced relocation, glutamate reverse translocation, and, possibly,
glutamate dissociation to the extracellular solution (64). Thus, glutamate transporters are
optimized for efficient capture, translocation, and release of glutamate to the cytosol, but not
for rapid steady-state turnover. Consistently, in their physiological environment at the
synapse rapid steady-state turnover is not required because each transporter most likely
completes only one transport cycle per pre-synaptic release event. GABA transporters also
operate more rapidly in the reverse than in the forward transport mode (67,68). As new
functional information is gathered on other secondary-active transporters it will be
interesting to determine if rapid steady-state reverse transport is a general property also
shared by other transporters.

Third, the voltage dependence of glutamate transport depends on the transport direction.
While the forward transport current increases exponentially with increasing electrical
driving force, the reverse transport current saturates at increasingly positive potentials (V >
0 mV) (59,64), indicating that at these voltages reverse transport becomes rate-limited by an
electroneutral or weakly electrogenic process.

Fourth, the glutamate transporter anion conductance, which is thought to be activated by
substrate and/or Na* binding to their transporter binding sites, exhibits sidedness with
respect to the plane of the membrane. Although this anion conductance is activated by
glutamate application to either side of the membrane, anion currents induced by intracellular
glutamate are much smaller than those induced by extracellular glutamate (62). This finding
suggest that the anion conducting states are more strongly populated (or have higher unitary
conductance) in the forward transport than in the reverse transport mode, supporting the idea
of strongly asymmetric transporter behavior with respect to the plane of the membrane.
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Electrogenicity of the reaction steps in the reverse direction

Kinetically, the overall transport cycle can be separated into two independent branches, the
glutamate/Na* translocation branch and the K* relocation branch. In the forward transport
mode, inwardly-directed glutamate translocation was proposed to be associated with
transient inward charge movement (50,53). Thus, outward charge movement should be
observed when the transporter moves through the translocation steps in the reverse direction.
Consistent with this expectation, rapid glutamate application to the intracellular side of the
membrane resulted in transient outward currents in the reverse transport mode as well as the
reverse exchange mode (Fig. 3B and C) (64). In the reverse exchange mode (Fig. 3C) no net
dissociation of glutamate and Na™ takes place to the extracellular side, thus restricting the
transporter to the translocation steps. Thus, part of the outward charge movement has to be
caused by the actual translocation process(es) and not by electrogenic dissociation of Na* to
the extracellular side of the membrane, which has been shown to be also electrogenic (53).

In addition to glutamate translocation, charge movement is also associated with Na* binding
from the cytosol (64). This is not surprising, given that the proposed cation binding sites are
located in the center of the transmembrane domain of the transporter. Thus, Na* may have to
cross part of the transmembrane electric field when accessing its binding site from the
cytoplasm, as has been previously shown for Na* accesses of its binding site(s) from the
extracellular side of the membrane (69). In contrast, binding of the negatively-charged
glutamate molecule from the cytoplasm is associated with little, if any charge movement
(64), suggesting that an aqueous access pathway exists that connects the glutamate binding
site to the intracellular medium in the inward-facing conformation. Such an access pathway
is not visible in the presently available crystal structures (32,41), raising the possibility that
the inward-facing conformation differs dramatically from the outward-facing and occluded
conformations, which are believed to be represented by these crystal structures.

A comprehensive kinetic model for glutamate forward and reverse transport

Many kinetic models have been proposed for glutamate transport, most of them based on
functional data obtained in the forward transport mode (50-53,66,70). Although these
models are useful for describing the kinetics of glutamate uptake, they do not account for
actual experimental data on intracellular ion and substrate dissociation steps. With the recent
availability of such experimental data (64), these models can now be extended to provide a
more detailed view of how the properties of these dissociation steps affect the overall kinetic
properties of forward and reverse glutamate transport. One possible kinetic model is shown
in Fig. 4A. One of the most important features of this model is the symmetry of the sequence
of the substrate/Na* binding/dissociation events with respect to the plane of the membrane.
When simplifying the model such that only one Na* binding step is included, two possible
symmetries have to be considered, namely mirror symmetry (Fig. 4B1) and glide symmetry
(Fig. 4B2). These model symmetries are analogous to classical model symmetries for multi-
substrate soluble enzyme reactions (71). In the mirror symmetry model, the species that
associates first with its intracellular binding site dissociates last from its extracellular
binding site (assuming reverse transport direction). For glide symmetry, the substrate that
associates first intracellularly also dissociates first to the extracellular medium (also termed
first-in-first-out model). Experimental evidence points to asymmetry of the substrate/Na*
binding sequence with respect to the plane of the membrane (64), supporting the glide
symmetry, first-in-first-out model, at least for the binding sequence of one Na* ion with
respect to glutamate binding (Fig. 4B2), while the two remaining Na* ions most likely bind
in a first-in-last-out fashion (mirror symmetry) (64).
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When neurons are deprived of their energy source (glucose and oxygen), lack of ATP
synthesis will eventually lead to a run-down of the Na* and K* concentration gradients
across the neuronal membrane, which are generated usually by the Na*/K* ATPase, as well
as a run-down of the membrane potential. Energy deprivation can occur after blockage of
blood vessels, resulting in under-supply of the affected brain areas. The transmembrane
potential and the Na*™ and K* concentration gradients power glutamate uptake. As a result,
the run-down of both will cause the power-loss of the glutamate transporters with the
consequence of transporter reversal (72). Although glutamate is released from neurons under
ischemic conditions by exocytosis (73,74), it has been well established that reversal of the
transporters also strongly contributes to this release, as illustrated schematically in Fig. 5A.
It should be noted that other pathways were also implicated in glutamate release from brain
cells, such as a gap-junction hemichannel-mediated and P2X channel-dependent release
from astrocytes (75). These mechanisms, as well as Ca2*-dependent exocytosis, will not be
further discussed here. Kinetic data predict that glutamate release through reverse transport
can be dramatic, with 1 pm? of neuronal cell membrane releasing 140,000 molecules of
glutamate per second (Fig. 5 B2, see next section for a detailed description of these
estimates) at an elevated extracellular [K*] of 50 mM and reduced [Na*] of 50 mM (Vy, =
—40 mV). Such abnormal cation concentrations and mild membrane depolarization are
reached even in partial ischemia (76).

Two independent reports concluded that the majority of glutamate is released by the reverse
transport pathway upon oxygen deprivation (61,77). This conclusion was reached because
an inhibitor of glutamate transport, L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC),
strongly inhibited ischemia-induced glutamate release, whereas the absence of CaZ* in the
extracellular medium had no effect on release (77). This result suggests that Ca2*-dependent
mechanisms, such as exocytosis, played only a minor role in the glutamate release induced
by ischemia. PDC targets neuronal and astrocytic glutamate transporter subtypes alike. In
contrast, dihydrokainate (DHK) is somewhat selective for the main astrocytic glutamate
transporter GLT-1 (78). In contrast to PDC, DHK did not prevent glutamate release,
suggesting that the ischemia-induced glutamate efflux arises predominantly from neurons,
but not from astrocytes (77). This finding is consistent with the hypothesis that intracellular
[glutamate] is lower in astrocytes than in neurons, which would prevent significant release
through reverse transport (77). However, the hypothesis of low intracellular astrocytic
[glutamate], which is affected by metabolic processes in this glia cell type, is not generally
accepted, with other papers reporting cytoplasmic [glutamate] values as high as 8.5 mM
(79), a value which corresponds well with that of intracellular [glutamate] found in neurons.
An alternative explanation for the lack of astrocytic involvement in ischemic glutamate
release would be their ability to maintain glutamate uptake in the absence of sufficient levels
of oxygen, at least for a while. Thus, it is likely that astrocytes still take up glutamate in the
early phase of the anoxic response (76,80), when neurons already release glutamate. This
delayed response of astrocytes to energy deprivation may be caused by their ability to step
up glycolysis (81), as well as their higher resistance to anoxic depolarization (82,83). In fact,
astrocytes, in contrast to neurons, have the ability to metabolize glycogen (84), potentially
allowing them to sustain glutamate transport after energy deprivation, at least for a limited
amount of time. Neurons, on the other hand, cannot metabolize lactate supplied to them by
astrocytes anaerobically (85). Thus, they cannot sustain glutamate transport after energy
deprivation. The most likely sequence of events is, therefore, that in the initial phase of
energy deprivation neurons already release glutamate through reverse transport, while
astrocytes still take it up (76). In this initial phase extracellular [glutamate] may remain
relatively constant. Only after astrocytic glycogen stores are depleted will the astrocytic
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glutamate transporters start running in reverse, resulting in a catastrophic surge of
extracellular [glutamate]. The quest to directly identify the cellular sources of glutamate
release would be aided by the development of subtype specific blockers of glutamate
transport, a field which has been boosted by the recent development of an inhibitor that is
partially selective for the neuronal EAAT3 subtype (86).

Does reverse transport occur under physiological conditions?

Although glutamate release through reverse transport is an accepted release mechanism
under pathophysiological conditions, it is not clear whether such glutamate release also
occurs in the absence of energy deprivation. While experimental evidence for or against
transporter reversal under physiological conditions is lacking, the reverse transport model
shown in Fig. 4A can be used to predict the kinetics of glutamate release from EAAC1-
expressing cells upon a sudden decrease in the driving force for uptake (64). Such a decrease
in the driving force could be, for example, a glutamate receptor-induced depolarization of
the postsynaptic membrane, as encountered during normal excitatory transmission.
Assuming such a sudden depolarization from —80 mV to —40 mV ([Na*]; =5 mM, [Na*], =
140 mM, [K*]; = 140 mM, [K*], =5 mM, [Glu~]j =5 mM, [GluT], = 1 nM), the steady-
state release rate of glutamate (1.2 molecules/transporter/s) is predicted to increase 20-fold
at short times after the depolarization (Fig. 5B1). Glutamate transporters are expressed at
densities of 15,000—-20,000/um? in HEK293 cells (66), as well as in the vicinity of
glutamatergic synapses (1). Thus, the large number of transporters present at the synapse
may significantly and rapidly release hundreds of molecules of glutamate per ms and pm? of
membrane surface area upon depolarization. For example, in the simulation shown in Fig.
5B1, approximately 1000 molecules of glutamate are reverse transported by 20,000
transporters within 10 ms. This value is of the same magnitude as numbers of glutamate
molecules exocytosed from one single vesicle (100 — 5000). Furthermore, this release is
expected to be significantly stimulated as extracellular [K*] increases and extracellular
[Na*] drops (Fig. 5B2). Therefore, neuronal transporters may release significant amounts of
glutamate upon depolarization, possibly contributing to the regulation of glutamatergic
neurotransmission.

Concluding remarks

This review has summarized data available in the literature on the kinetic, mechanistic, and
structural properties of glutamate transporters, focusing specifically onto the kinetic
characteristics of reverse transport of glutamate. A significant advance in our understanding
of glutamate transporter function came with the availability of several structures of GltPh,
with substrates and inhibitors bound. Although these structures answer many questions
regarding transmembrane topology, assembly of subunits, and arrangement of TMDs, a
transport pathway for glutamate and the co-transported ions, as well as the chloride
permeation pathway are not immediately obvious. Thus, the challenge in the future will be
to integrate the large body of functional work with the structure in order to obtain a clear
picture of how glutamate is moved across the membrane. This review has made an attempt
to begin with this integration, pointing out similarities between transport mechanisms
developed on structural or functional bases.

Perhaps the most important feature of glutamate transporters with respect to their potential
as a pharmaceutical target is their ability to reverse transport direction. While progress has
been made with regard to our understanding of the biopysical mechanisms underlying the
reverse transport process, as well as of its contribution to glutamate release under
pathophysiological conditions, the cellular and molecular pathways of this glutamate release
remain to be determined. Therefore, it is expected that reverse transport will remain a highly
interesting topic for future studies.
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Figure 1.

(A) Hlustration of the stoichiometry of glutamate transporters (left panel). The plus sign (+)
inside the cell indicates depolarization of the cell induced by inward glutamate transport.
The right panel illustrates the glutamate-induced anion conductance. (B) Top view of the
trimeric assembly of GItPh adapted from (32). (C) Transmembrane topology of glutamate
transporters. The two TI* (thallium™) binding sites found in GItPh are highlighted in blue,
the bound substrate is shown in green. The functionally important C-terminal peptide is
highlighted in red.
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Figure 2.

(A) Proposed mechanism for the transmembrane movement of glutamate catalyzed by the
glutamate transporter, based on functional and structural data. (B) Pre-steady-state currents
measured in response to a rapid glutamate concentration jump point to at least two
independent processes associated with glutamate translocation. (C) The temperature
dependence of pre-steady-state kinetics indicates the existence of two conformational
changes.
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Figure 3.

Reverse translocation of glutamate is associated with transmembrane charge movement. (A)
Illustration of the rapid delivery of glutamate to the cytosolic face of the membrane by laser
photolysis of intracellular caged glutamate. (B) and (C) show reverse transport currents
induced by photolysis of 6 mM MNI-Glu at t = 0 ms (yellow arrow) in the reverse transport
mode (B, illustrated in top panel) and reverse exchange mode (C, illustrated in top panel).
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A simple kinetic model based on a “first-in-first-out” mechanism can explain the
experimental data (A). (B1) and (B2) illustrate possible substrate/Na* association/
dissociation sequences based on mirror-symmetry and glide symmetry models.
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Figure 5.
(A) Distribution and function of EAA transporters at the synapse during a synaptic event.
Glutamate (circles) binding to glutamate receptors (GIuR) mediates the signal to
postsynaptic neurons. Rapid removal of glutamate from the synaptic cleft is achieved by
glutamate transporters which are located in glial cells and neurons. Once glutamate is
transported into the cell (indicated by arrows), it can be sequestered in synaptic vesicles,
ready for a new cycle of neurotransmission (indicated by arrows in the presynapse) or is
converted in glial cells by the glia-specific enzyme glutamine-synthetase (GS) to glutamine
(GIn), which is released into the extracellular space, and subsequently taken up by
glutamatergic neurons for a new cycle of transmitter synthesis (indicated by dotted lines) for
a new transmitter synthesis. The red arrows indicate transporter-mediated glutamate release
upon energy deprivation and/or membrane depolarization. (B1) Predicted rate of glutamate
efflux (black lines) in response to a step depolarization from —80 mV to —40 mV att = 0 ms

IUBMB Life. Author manuscript; available in PMC 2009 September 1.

Time (ms)



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grewer et al.

Page 20

in the presence of 5 mM extracellular [K*] (physiological case, left Y-axis) (B2) Predicted
rate of glutamate efflux (black lines) in response to a step depolarization from —80 mV to
—40 mV at t = 0 ms in the presence of 50 mM extracellular [K*] (normal [Na*],, dashed
lines) and 50 mM extracellular [K*] (reduced [Na*], of 50 mM, solid lines,
pathophysiological case). The red lines show the total number of glutamate molecules
released by 10,000 transporters (right Y-axis).
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