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Abstract

Excitatory amino acid transporters or EAATS are the major transport mechanism for extracellular
glutamate in the nervous system. This family of five carriers not only displays an impressive
ability to regulate ambient extracellular glu concentrations but also regulate the temporal and
spatial profile of glu after vesicular release. This dynamic form of regulation mediates several
characteristic of synaptic, perisynaptic, and spillover activation of ionotropic and metabotropic
receptors. EAATS function through a secondary active, electrogenic process but also possess a
thermodynamically uncoupled ligand gated anion channel activity, both of which have been
demonstrated to play a role in regulation of cellular activity. This review will highlight the
inception of EAATS as a focus of research, the transport and channel functionality of the carriers,
and then describe how these properties are used to regulate glutamatergic neurotransmission.
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1. INTRODUCTION

L-glutamate (glu) is the primary excitatory amino acid in the central nervous system.
Dysfunction of glutamatergic signaling is related to many debilitating diseases (1), and
therefore proper coordination and fidelity of release, activation, and reuptake of this
neurotransmitter is paramount for total system homeostasis. Excitatory amino acid
transporters (EAATS) are secondary active, electrogenic transport systems that couple the
accumulation of glu into the cytoplasm to downhill movement of co-transported ions along
their concentration gradient. Alteration of these ion gradients, such as during anoxic
depolarization, halts or even reverses glu transport and can contribute to excitotoxic
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conditions (2-5). The roles of the EAATS have been studied intensely for the last 30 years
and much insight has been gathered into their structure, function, localization, and how they
regulate neurotransmission. EAATS regulate glutamatergic neurotransmission but the
mechanism by which they accomplish this process is by a dynamic coupling of bioenergetics
of the transport process and the localization of the transporters themselves. The consequence
of this coupling is the creation of complex spatio-temporal profiles for extracellular glu.
Here we will review background information on the SLC1 family of transporters including
their function and structure and how these transporters regulate neurotransmission.

1.1. Isoforms and Localization

The solute carrier 1 (SLC1) family of neurotransmitter transporters is comprised of several
solute carriers including the excitatory amino acid transporter (EAATS). The initial cloning
of a glu carrier in the SLC1 family was performed in 1992 with the isolation of a 60 kDa
protein from rat brain termed the glutamate/aspartate transporter (GLAST) (6). One month
later, glutamate transporter 1 (GLT-1) from rat, and excitatory amino acid carrier 1
(EAAC1) from rabbit were both cloned (7,8). All of these carriers were described as Na*
and K* dependent, SLC1 family members that accumulate glu and L- or D-aspartate (asp).
Subsequently two novel human isoforms were cloned from the cerebellum and retina,
excitatory amino acid transporter 4 (EAAT4) and EAATS, respectively (9,10). Human
isoforms of GLAST, GLT-1, and EAAC1 were also cloned and renamed EAAT1-3 to
denote their human species of origin (11). EAAT1-5 share an approximate 65% primary
sequences homology between them. The transporters can roughly be divided into two
classes - astrocytic or neuronal (Figure 1). EAATs 1 and 2 are found predominantly in
astrocytes while EAAT3, EAAT4, and EAATS are neuronal. EAATL is enriched in
cerebellar astrocytes but also found in astrocytes throughout the brain (6,12). EAAT2 is the
most abundant glu transporter found in the brain and, by some estimates, accounts for ~90%
of the total glu uptake in the brain (13,14). EAAT3 is most often described as a postsynaptic
neuronal carrier with expression ranging throughout the brain. EAAT4, like EAATS, is also
a neuronal transporter (15). While the Purkinje cell localization of EAAT4 is dramatic, this
carrier is also found in other neurons at low levels (15,16). Expression of EAAT5 is
exclusively in the retina (10). Throughout this paper will refer to general properties of the
carriers using their EAAT nomenclature unless specifically in reference to the non-human
isoforms. Although basic properties of the various isoforms are largely similar, minor
differences in their kinetics, localization, and regulation dramatically affect glutamatergic
neurotransmission.

2. MECHANISM OF TRANSPORT

2.1. Characterization of Glu Transport

Initial functional studies of glu translocation were done in rat brain synaptosomes and the
translocation were described as Na* and K* dependent processes (17). Experiments
controlling the transmembrane potential in synaptosomes demonstrated that accumulation of
glu was also an electrogenic process. Initial electrophysiological recordings of glu carriers
described the electrogenic nature of the transport cycle and supported the basic findings of
earlier biochemical studies. A large, rectifying inward current, between —160 and +80 mV,
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in response to extracellular glu addition was generated in whole cell patch recording of
Miuller glial cells (18). These currents were voltage and Na* dependent and only responded
to applications of D- and L-asp and L-glu but not D-glu, congruent with the initial
characterizations of glu transport performed by Kanner’s group. Early electrophysiological
reports also corroborated conclusions from biochemical data when the dependence of
transport on intracellular K* was investigated by whole cell patch recordings from glia (19).

The translocation of glu is a reversible cycle, and homoexchange of glu was characterized
before the molecular identity of the EAATSs were known (20,21). All experiments pointed to
a relatively high affinity carrier which could translocate substrates in the low micromolar
range. Work done on a bacterial homolog glu transporter from Bacillus stearothermophilus,
GLTpgs, demonstrated that electrogenic glu uptake was accompanied by a proton as well as a
sodium ion (22), although confirmation of this proton co-transport was contentious and the
possibility of OH™ counter transport as the source of pH change associated with glu
transport arose (23,24). The most accurate estimation of stoichiometry was demonstrated
using a series of experiments controlling ion concentrations and measuring reversal
potentials of transport as well as pre-steady state kinetic measurements using substrate
concentration jumps (25-27). From data presented in these studies, it can be concluded that
EAATSs likely function by transporting 1 glu with 3 Na*, 1 H*, and the counter transport of 1
K* (Figure 2).

Initial investigations into the transport kinetics revealed that hyperpolarization of the
membrane stimulated transport in a manner that was dependent on glu concentration. This
led authors to propose that glu translocation was the rate limiting step of the transport cycle
(28,29). It wasn’t until pre-steady state kinetics were investigated using a photo-releasable
glu analog that a detailed study of initial glu binding and translocations steps were possible
(26). Glu release on a sub-millisecond time scale revealed an initial transient electrogenic
component which rapidly decayed down to a steady state level. This voltage and
concentration dependent decay process is associated with the initial translocation of glu.
Furthermore, these data can only be reconciled with a transport cycle with a rate limiting
step not related to glu translocation but to the K* mediated reorientation process as a rate
limiting glu translocation would not produce the same transient components (30).
Additionally, replacement of internal K* with Cs* dramatically affected cycling times,
support that K* interaction and reorientation are the late limiting steps of the transport cycle
(31). The translocation of glu is dependent on the binding and co-transport of several
cationic species. Na* binding to the empty transporter has been shown to be a voltage
dependent process, generating measureable capacitive currents (32,33). Since the steady
state affinity of EAATS for glu is voltage independent although glu translocation generates
net inward charge movements, then another voltage dependent process has to produce an
equal and opposite charge movement. K* reorientation has, therefore, been hypothesized to
neutralize more than -1 elementary charge (30). To further support the hypothesis co-
transported cations are used to neutral the endogenous charges present in the empty
transporter (34), a combination of pre-steady state concentration and voltage jump
experiments with computational modeling were used. These data led to the conclusion that
the negative charge generated by the movement of the empty transport is, indeed, in part
compensated by the binding and translocation of Na*, H*, and K* ions (35). The
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compensation of endogenous transporter charges by ion binding, in addition to a defocused
electric field and distribution of electrogenic steps, allows for a tightly regulated and
energetically reasonable transport mechanism (Figure 2).

2.2. Physiological Regulation of Transport

The transport of glu against its concentration gradient is coupled to the downhill movement
of co-transported ions with their gradient. Alterations of the ion gradients for Na*, H*, and
K* would, therefore, impact the ability for the EAATS to transport substrates. Evidence for
reverse transport came early when Kanner and Marva used vesicles from rat brain which
were loaded with high internal Na* and high extracellular K* to efflux radiolabeled glu
which had been loaded into the vesicle (21). In whole cell patch recording of Muller glial
cells of the salamander retina, dialysis of the internal solution using a pipette solution
containing Na* and glu drove glu transporters in the reverse direction with the addition of
extracellular K* (36). The reversal of the transport cycle, or glutamate mediated efflux, has
been demonstrated in a variety of glu transporters isoforms such as EAAT1 or EAACI (rat
EAATS3), suggesting that reverse transport capability is intrinsic to the SLC1 family (37,38).
During normal physiological conditions, it is unlikely that reverse transport occurs
frequently enough to have a physiological consequence (39), yet during anoxic
depolarization it has been suggested that glu efflux mediated by reversal of the EAAT
transport cycle can mediate excitotoxic conditions (4). So how do the bioenergetics of
transport influence glutamatergic neurotransmission? First, the coupled movement of three
sodium ion indicates that glu can be concentrated inside a neuron or astrocyte with a 108
fold glu concentration difference or keep extracellular glu levels down to the low nanomolar
concentration (25). Additionally, under ambient conditions, the low affinity for Na* and glu
at the intracellular face of the transporter means that reverse transport would occur with a
negligible frequency (33). During ischemic conditions, however, in which the Na* and K*
concentrations and transmembrane voltage are disturbed, a significant amount of glu has
been demonstrated to be released through an EAAT mediated reverse transport process (4).
Thus, the bioenergetics of glu transport tightly controls the rates and amount of
neurotransmitter removal from the synaptic space. Because cessation of excitatory
neurotransmission is dependent on the efficient removal of extracellular glu, the
bioenergetics of EAAT transport contributes to the termination of glutamatergic
neurotransmission in an essential manner.

3. LIGAND-GATED ANION CHANNELS

3.1. Characterization of Channel Activity

In 1994, electrophysiological characterization of a novel EAAT cloned from cerebellar
mRNA of humans, revealed a remarkable property of glu transporters (9). An EAAT-
mediated CI~ flux which was Na* and glu dependent but thermodynamically independent of
the transport process was demonstrated (Figure 3). These data were the first to
unambiguously reveal anion channel activity in the EAATS. Initial voltage clamp studies of
the EAAT anion channel revealed several basic properties. First, the anion channel is
promiscuous, with a permeability sequence generally following SCN™ > ClIO4~ > NO3™ > I~
> Br~ > CI™ > F~ (40-42). Second, the interaction of substrates with EAATS elicits a robust
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anion current, but this anion flux occurs, with diminished amplitude, in the absence of
substrates as well. This “leak™ current was originally revealed by the loss of a tonic cellular
conductance in the presence of inhibitors (43). Anion conductances in the absence of
extracellular glu were substantiated by several groups (37,44,45). It was demonstrated that
the leak current is actually dependent on extracellular Na* (46) and indeed gated by Na*
interaction with the EAATS in the absence of glu (31,47). Stationary and non-stationary
noise analyses have been used to characterize channel properties mediated by Na* and glu
interaction (37,48-50). These data revealed that Na* interaction with the EAATSs mediates a
low open probability and the open probability of the channel is increased upon glu binding
subsequent to Na*, without a significant change in low (0.5-500 fS) single channel
conductance. The physiological role or impact of these tonic anion fluxes in the absence of
active transmission has yet to be examined in detail.

The mechanism by which substrate interaction with the EAATS gates the channel is still
under investigation. Initial work by Vandenberg’s group using a series of point mutations
between residues R90 and K114 of EAAT1 demonstrated that the D112A mutation
significantly reduced glu gated anion current amplitudes yet strongly enhanced Na* gated
currents (51). These data suggest that D112 is involved in the ability of substrate to gate that
the anion channel. Similarly, when R388 in transmembrane domain 8 (TM8) is mutated to
an acidic amino acid residue, substrate gated anion channel activity is completely abolished
while current amplitudes in the presence of Na* alone are enhanced several fold (Delany
Torres-Salazar; personal communication). Other residues have been implicated in the gating
mechanism in addition to D112 and R388. Mutations of D272 (TM5), K384, and R385
(TM7) in hEAAT1 have all been demonstrated to increase channel activity after mutation to
alanine (52). Only a handful of mutations have been demonstrated to alter channel activity,
however non-mutational data have also contributed to our understanding of the mechanism
of channel gating. Pre-steady state kinetics has been a powerful technique to study the initial
steps in substrate interaction and channel activity. Laser pulse photolysis of caged glu was
employed for a series of investigations to measure the initial kinetics of substrate binding,
translocation, and substrate gating. These elegant experiments have lent great insight in the
mechanism of transport and channel activity and have been thoroughly reviewed elsewhere
(53,54).

3.2. Role of the Chloride Channel in Regulating Synaptic Transmission

The physiological role of a low conductance anion channel present in a family of
neurotransmitter transporters remains elusive. One possible role for this ligand-gated
channel is the stabilization of the membrane potential to offset the positive ion influx
associated with electrogenic transport of substrates during neurotransmission (41). Veruki et
al. (2006) used whole cell and paired recordings from rod bipolar cells and All amacrine
cells to demonstrate that glutamatergic activation of EAAT5 causes a membrane
hyperpolarization which reduces subsequent transmitter release (55). These data
demonstrate that anion flux through the EAATS is capable of regulating cellular excitability.
Additional work demonstrated that EAAT5 mediated a large inhibitory current in response
to bipolar cell depolarization, confirming a role for the EAAT mediated anion conductance
in shaping neurotransmission (56).
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4. STRUCTURE OF THE SLC1 FAMILY

4.1. EAAT Topology

Upon cloning of the first members of the SLC1 family, hydropathy plots gave initial insight
into the secondary structure of these carriers. A bacterial SLC1 family member, the
glutamate-proton co-transporter (GItP) from E. coli, displayed 12 putative transmembrane
domains (TM) with a cytoplasmic C-terminus (57). Topology models of GLT-1 and EAAC1
displayed 8 and 10 transmembrane domains respectively, but both models contained a large
glycosylated loop between TM3 and 4, an intracellular N-terminus, and a long, intracellular
C-terminal tail (7,8). Structural experiments were used extensively by several groups in
order to further refine the topology of the transporter during different conformational states.
Rat membrane vesicles containing GLT-1 were probed for their sensitivity to trypsin
digestion in the presence and absence of the GLT-1 inhibitor dihydrokainate (DHK) as well
as the substrate glu. The difference in trypsin induced fragments with bound substrates and
antagonist indicated at least two conformational states representing inhibitor stabilized,
outward facing states and substrate induced, transporting states of GLT-1 (58). Additional
topology models were proposed over the next few years including a refined 4 TM domain C-
terminal region (59) and a possible p-sheet structure in the C-terminal transmembrane
domains (60).

In order to increase the resolution of the structural topology data, a method originally used
to screen pore lining domains using modification of single cysteine residues was employed
(61-63). Initial experiments employing cysteine mutagenesis based methods revealed a
topology for GLT-1 with 8 TM domains and a reentrant loop (HP2) between TM 7 and 8
(64). Additional data using substituted cysteine accessibility method (SCAM) supported the
presence of two reentrant loops, although disagreeing on their location in the c-terminal half
of the transporter (65-67). The first accurate report of EAAT membrane topology came
when Grunewald et al. (2000) performed SCAM experiments across residues 347 to 393
(68). The ability for only residues A364C and G365C (GLT-1) to be labeled by the
extracellular application of the non-permeable MTSET, depicted another reentrant loop
(HP1) located upstream of TM7. Currently the model for EAAT topology is 8 TM domains
and 2 hairpin loops (HP1 and HP2); HP1 located between TM 6 and 7, and HP2 located
between TM7 and 8 (Figure 4A).

4.2. The Crystal Structure of an Archeal Homolog of Mammalian EAATS

Work investigating the oligomerization of EAATSs was incipient with exposing liposomes
reconstituted from rat forebrain and cerebellum with chemical crosslinking reagents (69).
These experiments, along with similar data from assays using heterologous expression of
EAATS, support a homotrimeric organization of EAATS (70). However, the homotrimeric,
quaternary structure of EAATS was disputed by freeze-fracture electron microscopy data
which suggested a pentameric assembly (71). The first definitive picture of tertiary and
quaternary structure came in 2004 when the crystal structure of an archeal homolog to the
EAATS, Gltpy, was solved (72). The crystal architecture displayed 8 transmembrane domains
and two hairpin loops located between TM6-7 and TM7-8, as previously described (68). The
organization of the transporter in the membrane was that of a homotrimer with the subunit
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interface comprised of TM 2, 4, and 5 regions (Figure 4B). The trimer shape of the Gltpy,
crystal formed a bowl or extracellular solvent-accessible basin and the co-crystallization of
bound substrates confirmed the location of the hypothesized binding site. The binding site is
adjacent to TM7, at the tips of HP2 and HP1 and the substrate was coordinated by several
residues previously demonstrated to have a role in substrate interactions (27,73-81). The
conformational state that seemed to be displayed by this snapshot was the outward
conformation with the binding site occluded by HP2. Although the mutated archeal
transporter used for crystallized was inactive, the resulting crystal structure was in strong
congruence with structure-function data and served well to refine lingering questions in the
field. To date, three more crystal structures have been solved using the archeal asp carrier
Gltpy. The location of the substrate-binding site was confirmed with investigations
demonstrating that D394 in TM8 coordinates the amino group of asp or glu and R397
interacts with the side chain carboxyl group. Additional structures demonstrated DL-TBOA
bound states with slight differences in the location of HP2 suggested possible outward open
states (82) (see also Figure 2). One of the next structural developments depicted a possible
inward-facing state. Through crosslinking of distal residues in HP2 and TM2, crystals were
obtained and a transport mechanism was proposed to explain the transition of the previously
described outward facing structures to the HP2/TM2 cross-linked structure. The model
includes a substantial inward shift of TM3, TM6, HP1, TM7, HP2, and TM8, which was
termed the translocation domain as it contained the HP2 and HP1 occluded, substrate
binding site. This piston-like movement leaves both the translocation domain and TM1,
TM2, TM4, and TM5, termed the scaffold domain, largely similar in conformation, when
considered individually, albeit over an 18 A inward shift of the substrate binding site (83).

4.3. Structural Influences of the Trimeric Organization of EAATs in Glu Uptake

Although many of the functional and structural features of the EAATS have been resolved,
there may be other aspects of the structure which can influence carrier activity in unforeseen
ways. Indeed it has been proposed that the bowl-like shape of the trimer may play a role in
restricting glu diffusion after initial binding, thus helping to reduce effective glu release after
initial binding events during synaptic transmission (84). Future work may further reveal
aspect of how the quaternary structure of EAATS support their function roles in regulating
excitatory neurotransmission.

5. THE ROLE OF EAATS IN SYNAPTIC TRANSMISSION

5.1. The Roles of EAATs in Glutamatergic Neurotransmission in the Hippocampus

The role of EAATSs is to control extracellular glu levels, both ambient and in response to
exocytosis of neurotransmitter due to neuronal activity. Levels of ambient glu have been
estimated as low as 25 nM and blocking the carriers with a specific antagonist causes a non-
linear rise in ambient levels, supporting the classic role of EAATS in maintaining low
extracellular glu concentrations (85). Synaptic concentrations of glu, after vesicular release
from dissociated hippocampal neurons, were initially estimated to be in the millimolar
range, approximately 1.0 — 1.5 mM (86). Early studies looked at the effect of EAAT
blockade, or competition at the carrier binding site, on activation of post-synaptic ionotropic
glu receptors (iGIuRs) and indicated that loss of active transporters could increase the
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concentration of neurotransmitter in the synapse, observed as a slight, transient increase in
mEPSC amplitudes (87) or as a decrease in decay rates of EPSCs (88). Through the delicate
manipulation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
kinetics with various pharmacology, it was demonstrated that in the first 100 psec of glu
release from the presynaptic terminal, EAATS act to reduce mEPSC amplitude and shorten
rise times of the transient post synaptic currents (89). Since the transport cycle is
significantly slower than this timing, approximately 15 — 90 s~1 (30,32), it was proposed that
glu transporters act to buffer synaptic glu with a relatively high affinity binding interaction,
yet the slow kinetics of transport allows for some unbinding of substrate before a substantial
amount of glu can be transported (30). To support the hypothesis of rapid buffering, EAAT
expression near the synapse would need to be at remarkably high levels. Indeed estimates
for EAAT2 concentrations in hippocampal astrocytes are as high as 12,000/um3 and EAAC1
neuronal levels were estimated to be 130/um3 (13,90). Thus, EAATSs can modulate the
concentration of synaptic glu to some degree but also act to control the temporal profile of
postsynaptic receptor activation and diffusion to perisynaptic regions as glu binds and
unbinds rapidly to a high number of carriers.

Diffusion accounts for much of the rapid decrease in synaptic levels of the neurotransmitter
and elevated perisynaptic concentrations of glu can be detected for a sustained period of
time (>10 msec). This sustained activation of peri-synaptic transporters has been
demonstrated for EAAT expressing astrocytes in the CA1 region of the hippocampus with
stimulation of Schaffer collaterals synapsing on CA1 pyramidal cells (45). These data
demonstrate that rapid clearance of synaptic glu is accomplished mainly through diffusion
but a significant level of glu persists at the perisynaptic regions. This persistence of
neurotransmitter is not due to heteroexchange functions of the EAATS (glu in - glu out)
since application of the competitive transportable substrate threo-hydroxyaspartate (THA; a
substrate which could induce heteroexchange for cytoplasmic glu) results in the same
activation of iGIuRs as does application of the non-transportable competitive inhibitor DL-
threo-p-hydroxybenzoylaspartate (DL-TBOA,; 91). The influence of EAAT-mediated glu
buffering and transport capacity on hippocampal circuitry during high frequency stimulation
was investigated (92). Synaptically evoked transporter currents (STCs) from CA1 region
astrocytic carriers (EAAT1 and EAAT?2) were not significantly altered after a series of
stimulations at near-physiological temperatures arguing for a very capacious glu uptake
system in the hippocampus. To further clarify the mechanism of glu removal surrounding
the synapse (perisynaptic regions), Schaffer collatorals-CA1 pyramidal cells synapses were
exposed to a low affinity N-methyl-D-aspartate receptor (NMDAR) antagonist and the
effects of TBOA blockade on NMDAR mediated EPSCs were measured (93). Results
indicated that TBOA inhibition of the perisynaptic EAATS resulted in an increase in non-
synaptically located, or distal, NMDAR activation. Additionally, replacement of internal
cations in a post-synaptic neuron for NMDG, effectively blocking transport, also
significantly altered the activation of NMDARS suggesting a role for post-synaptic neuronal
EAATS in limiting spillover activation from adjacent synapses, a role which was previously
attributed predominately to the glial EAAT isoforms. Investigations using EAAC1 (mouse
EAATS3) knock-out transgenic models refined the role of post-synaptic EAAC1 by speeding
the decay constant of NMDAR activation in the presence of a low affinity antagonist,
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supporting the role these carrier play in modulating NDMAR activation, especially NR2B
containing receptors, in perisynaptic spaces (94). This study, however, did not support the
role of EAACL1 in limiting glu spillover to adjacent synapses. From these data, it is clear that
EAATS not only modulate post-synaptic receptor activation but can regulate activation of
ionotropic receptors located at sites beyond the synaptic cleft. The distance that synaptically
released glu can influence activity supports the need for a diverse and widely localized
family of carriers.

5.2. The Role of EAATs in the Cerebellum

The role of glu transporters is similar for many brain regions although differences in
expression pattern, synaptic architecture, and general features of circuitry can influence
glutamatergic neurotransmission. Due to the high concentration of EAAT4 (a higher affinity
yet lower turnover rate isoform) expressed in the cerebellum, Otis et al. (1997) (95)
investigated buffering of released glu from climbing fiber-Purkinje cell synapses (CF-PC).
Results indicated some synaptic glu transporters as well as perisynaptic EAATS could
rapidly buffer upwards of 22% of glu released from a single vesicle. Likewise, at PF-PC
synapses, PC cells with lower endogenous expression of EAAT4 had larger glial AMPAR-
mediated current amplitudes suggesting that the expression of EAAT4 could influence
activation of extrasynaptic receptors (96). In the cerebellar cortex, EAAT4 mimics the
actions of EAAT3 in the hippocampus by rapidly buffering synaptic glu. Although both
EAAT3 and EAAT4 are expressed in CF synapses, investigations using EAAT3 and
EAATA4 transgenic knockouts into the relative contribution of these two carriers in the CF
synapse revealed a dominate role for EAAT4 as compared to EAATS3 in this system (97). To
investigate the role of glial carriers (predominately EAATL) in cerebellar excitatory
neurotransmission, climbing fibers were stimulated and caused a rapid onset of EAAT
transport currents in Bergmann glial cells which persisted for a prolonged period of time,
supporting the notion of rapid escape of glu from the synapse and slow re-uptake once
diffused to extrasynaptic regions (98).

One of the most striking features of the CF-PC synapse is the concentrations of glu that are
released following CF stimulation. CF-PC synapses have been thoroughly demonstrated to
mediate multivesicular release and moderate firing rates induce a significant glu spillover
(99). Spillover of glu causes activation of molecular layer interneurons (MLIs) and was
observed in the cerebellum during activation of CF-PC synapses (100). This spillover
mechanism is so profound that excitation of MLIs can mediate feed-forward inhibition and
alter activity patterns in neighboring interneurons and Purkinje cells (101). Thus at the
synaptic cleft, perisynaptic space, and even at adjacent synapses glu transporters play vital
roles in regulating the concentration of extracellular glu.

5.3. EAATs Influence Activation of Metabotropic Glu Receptors and Synaptic Plasticity

It is clear that glu transporters in conjunction with diffusion regulate the temporal and spatial
pattern of glu after various modes of release. How does this spatial-temporal profile effect
perisynaptic receptor activation and downstream processes such as synaptic plasticity? It has
been observed that EAACI activity regulates NMDAR activation in the hippocampus but
the consequences of ionotropic activation go beyond basic excitatory transmission. It is well
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demonstrated that activation of NMDAR (and some Ca?* permeable AMPARs) can lead to
several forms of synaptic plasticity (102-104). NMDAR activation is a key component to
many alterations of synaptic strength. This alteration has been demonstrated to take various
forms such as presynaptic alteration, typically reported as a difference in quanta, as well as
postsynaptic alterations such as changes in AMPAR surface expression (105-107). The
extent to which EAAT3 limits activation of perisynaptic NMDARs is great enough to
influence both LTP and LTD in the CAL region of the hippocampus (94). Metabotropic
GluRs (mGluRs) have a significant role in changes in synaptic strength in the CA1 region of
the hippocampus (104,108). As we have described here, it is clear that EAATSs mediate the
ability for glu to activate perisynaptic receptors and as the affinity of many of the mGIuRs
for glu is lower as compared to iGIuRs, the role of EAATS in regulating mGIuR activation is
pronounced. Indeed, inhibition of EAATS in the CAL region of the hippocampus caused an
enhancement of mGIluR1a mediated currents in O-LM interneurons in that region (109).
Likewise, application of TBOA to rat hippocampal slices altered the activation of mMGIuR5
and group 111 mGIuRs supporting a general mechanism of EAATS regulating glu
accessibility to any perisynaptically localized glu receptor (110). Thus, in the hippocampus,
EAAT mediated regulation of receptor activation is a critical process that modulates not
only fast ex citatory neurotransmission but ionotropic and metabotropic regulation of
synaptic function and strength.

The role of EAATS in modulating synaptic plasticity is not constrained to the hippocampus
as demonstrated by investigations into the cerebellum. EAAT4 expression in the cerebellum
is localized adjacent to the post-synaptic density (PSD) which overlaps with that of
metabotropic glutamate receptors (mGIuRs). Inhibition of post-synaptic EAAT4 (and
EAATS3 to some extent) causes a significant enhancement of long-term depression (LTD) in
PF-PC synapses through an mGIuR dependent process (111,112). Additionally, in CF-PC
synapses the presence of a group 1 mGIuR component is only observed when EAATS are
inhibited (112,113). This mGIuR activation has profound roles in CF associated LTD but
also in synaptic pruning of multiple climbing fiber inputs to the PC early in development,
and in general provides a CF-PF homosynaptic form of regulation tightly mediated by glu
release and EAAT activity. Thus, one of the many roles of EAATSs is to influence activation
of mGIuRs and subsequent synaptic functioning. Regional differences in the ability of
Purkinje cells to be regulated through mGIuR dependent activity are strongly controlled by
the expression pattern of EAAT4 in the cerebellum (114). Another study demonstrated that
LTD of PCs synapses results in a decrease in postsynaptic AMPAR expression and a
concomitant persistent increase of post-synaptic EAAT4 currents (115). Thus, as synaptic
strength is decreased by AMPAR trafficking, EAATA4 levels likely increase to compensate
for the decreased number of receptors by enhanced rapid buffering of glu and regulation of
perisynaptic glu concentrations. Overall, these data presented here, and elsewhere, strongly
support the role of glu carriers in shaping several aspects of neuronal functioning.

6. CONCLUSION

Glu transporters or EAATS regulate extracellular glu dynamics throughout the nervous
system. The role of neuronal isoforms has expanded to included such processes as cysteine
transport for glutathione synthesis (116,117) and glu uptake for GABA synthesis (118), but
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the prevailing hypothesis is that glial isoforms mediate the bulk of glu transport and have the
greatest degree of influence on extrasynaptic receptor activation. Excess glutamatergic
signaling can lead to excitotoxic cell death and during ischemic conditions the transporters
themselves become potent releasers of glu. The activities of EAATS are indicated in almost
every process of neurotransmission and we are still trying to understand the roles of the
chloride channel activity these transporters mediate. It is likely that the channel function of
the EAATS can indeed regulate cellular activity either through offsetting inward positive
charge movement associated with a high capacity transport mechanism or through acting as
a classic ionotropic CI~ receptor. Indeed it is an exciting time to study this fascinating family
of carriers and their roles in shaping glutamatergic neurotransmission.
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Figure 1. Localization of EAATS in the synapse
Model of a basic glutamatergic synapse illustrating the localization of EAATs 1-4. EAAT1

(green) and EAAT?2 (red) are localized to glial membranes. EAAT3 (blue) and EAAT4
(magenta) are localized to post-synaptic membranes. Expression and function of a
presynaptic carrier (grey) is unclear, but EAAT2 and EAATS3 isoforms have both been
implicated. Postsynaptic ionotropic glu receptors are depicted with a generic structure in
blue. Structures are modeled as monomers of an archeal homolog of a glu transporter from
Pyrococcus horikoshii (Gltpy) and were modified from (72). The Gltpy, pdb file 1FXH was
modified using Pymol vs 1.3. Model was built using ChemBioDraw vs 13.0 (Perkin Elmer).
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Figure 2. EAATSs are secondary, electrogenic transporters
4-state transport diagram depicting coupled stoichiometry of glu transport and ion

movement. Transporters are displayed to represent the outward open state (upper left), the
outward bound occluded state (upper right), the inward occluded state (lower right), and the
inward open state (lower left). The structures used are adapted from the 2NWW, 1FXH, and
3KBC pdb files, respectively (72,82,83).
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Figure 3. EAATs mediate anion flux through multiple open states
A) 20 step state diagram depicting stable conformations of glu transport (black) and open

channel states gated by either Na* interaction (blue) or Na* and glu interaction (red)

associated with the outward facing conformations of the transport cycle. Inward facing open
channel states have been removed for clarity. B) Demonstrative current-voltage relationship

for an EAAT in response to extracellular application of Na* + DL-threo-B-
benzyloxyaspartate (DL-TBOA, black), Na* alone (blue), or Na* + 500 uM glu (red).
Currents are representative of NO3 flux through EAATA4.
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A

Figure 4. General structure of the SLC1 family of transporters
A. Two-dimensional representation of the topology of the Gltp, monomer colored with a

rainbow pattern. B. (Left) Top-down view of the homotrimeric Gltpy, crystal from pdb file #
1FXH. Each monomer was colored with the same rainbow pattern as in A) using Pymol
version 1.3. (Right) View of the same trimeric representation of the Gltp, crystal structure
from a horizontal or membrane view.
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