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ABSTRACT

Plasma membrane proteins that couple to the electrochemical gradient of Na+, H+
and K* mediate the uptake of L-glutamate, the principal excitatory amino acid transmitter in
the CNS. Flux of amino acids and currents through cloned excitatory amino acid
transporters (EAATSs) widely expressed in brain were studied. The purpose of these
experiments was to characterize the kinetic properties associated with excitatory amino
transport. Whole cell microelectrode and excised patch recording techniques were used on
voltage clamped Xenopus oocytes expressing EAATS. The first set of experiments
describes the block of a voltage dependent Na* charge movement by the voltage-
independent binding of kainate, a competitive inhibitor. The turnover rate of the
transporters was calculated to be approximately 15 s'! at -80 mV. The results suggest that
diffusion and binding to transporters, rather than uptake are responsible for synaptic
concentration decay kinetics. The second and third set of experiments describe anion-
selective uncoupled currents through EAATS. The relative permeability sequence of the
uncoupled conductance is 67 SCN-> 19 ClO4 > 13 NO3 > 11T >3 Br > 1 Cl- >> 0.08
F- = 0.08 gluconate~ = 0.08 glutamate- suggesting a minimum pore size of 5 A. The
temperature dependence of glutamate flux was greater than that of chloride flux (Q19= 3 vs
Q1o= 1) consistent with existence of an aqueous pore in a carrier protein. Application of D-
aspartate to either face of excised membrane patches activated the anion channel with a
maximum open probability-unitary conductance product (Pyy at 0 mV) of 0.27 £S and
0.014 fS with SCN- or Cl- as charge carrier, respectively. Stationary and non-stationary
noise analysis yielded an estimated maximum channel P, of approximately 0.02,
corresponding to unitary conductances of 13.5 (SCN-) and 0.7 fS (CI-). Application of the
non-transported antagonist, dihydrokainate, blocked a conductance with similar

permeability. This result suggests that anion conductance exists in the absence of amino
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acids and that these proteins share one common pore for transporter and channel modes of
permeation. A modified alternating access model incorporating the kinetics of transport and
the anion-selective conductance is sufficient to simulate anion-conductance kinetics. The
model predicts a binding rate constant for the transporter of 6.8 x 106 M-1 s-I and that a

molecule of glutamate will likely unbind before transport.
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INTRODUCTION

In the central nervous system, excitatory amino acid transporters are responsible for
keeping the concentration of the neurotransmitter, L-glutamate, below toxic levels. These
molecules belong to an extended gene family of secondary active transport proteins which
use the ion gradients of primary active pumps to drive transmitters against their
electrochemical gradient. The availability of cloned neurotransmitter transporters has
spurred rapid progress in elucidating the complex properties of these proteins (Lester, et
al., 1996).

Since many of the concepts and ideas originally utilized to describe and understand
ion pumps are pertinent to this thesis, this introduction attempts to provide an overview of
current thoughts about ions pumps and carrier proteins. Primary transport, facilitated
diffusion, and secondary active transport are considered. The thermodynamics of ion
movement as well as recent molecular biology advances in the respective fields are
reviewed. Finally, the localization and physiology of neurotransmitter transporters are

discussed with emphasis on cells of the central nervous system.

PRIMARY ACTIVE TRANSPORT
Na*,K*+ ATPase

The Na-K-ATPase or Na-K-pump that is found in the plasma membrane of all cells
is responsible for the extrusion of cellular Na* ions in exchange for extracellular K+ ions.
The transmembrane ion-gradients established by the Na-K ATPase, inwardly directed for
Nat and outwardly directed for K+, drive numerous co- and counter-transporters that
supply cells with glucose, amino acids and underlie nearly all the electrical activity in the
nervous system and in muscle. The Na-K-pump is a P-type ATPase (phosphorylated

intermediate) and belongs to the largest and most diverse class of ion motive pumps.



The existence of the Na-K-pump first was postulated by Dean in 1941, who noted,
“that the muscle can actively move potassium and sodium against concentration
gradients...this requires work. Therefore, there must be some sort of a pump” (Dean,
1941). Chemical evidence for such a molecule gained support when Skou demonstrated
that peripheral nerve cells from crab contained ATP-hydrolyzing activity in the presence of
Na* and K* (reviewed in Skou, 1989). Experimental results from thirty years of work
have led to a working kinetic model that accounts for many of the observed properties of
the Na-K-pump (Lauger, 1991). The accepted kinetic scheme has its origin from the work
of Post and Albers (Albers, 1967; Post, et al., 1972) and is based on the observation that
ion pumps and enzymes both operate in a cyclical manner. This scheme is the basis for
many kinetic models ascribed to transport proteins (see figure below). The pump can exist
two conformations E; and Ep with inward facing and outward facing binding sites,
respectively. The inward-facing binding site, Eq, prefers to bind Nat+ and/or ATP; whereas
the outward-facing binding site, E;, binds K+ and/or inorganic phosphate (P;). Under
normal conditions and when the pump has its binding sites facing the cytoplasmic side,
transfer of the y phosphate from ATP to an asparty] residue of the protein occludes bound
Na* ions. Occlusion or entrapping of ions so they are not accessible from either face of the
membrane is a key feature of contemporary models of pumps and transporters. After this
phosphorylation, the protein undergoes a conformational transition so its binding sites now
face the extracellular medium (E;P;Na3). The Na* ions are released and the binding of K+
ions and concomitant dephosphorylation occurs. ATP binding then shifts the protein back
to its cytoplasmic-facing orientation from which K* ions unbind and the pump begins a
new cycle (Lduger, 1991). In physiological solutions a complete cycle of the pump, also

known as the turnover rate, occurs every 100 msec or 10 s-1 (Liuger, 1991)
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Several pieces of evidence support the hypothesis that the pump has two principal
configurations. In the presence of Na*, the protein has an affinity for ATP that is three
orders of magnitude higher than in a K*-containing medium. But the most direct evidence
comes from studies of proteolytic attack by trypsin. Proteases cleave a different set of
amino acid residues in either a Na*- or K+-containing medium suggesting that different
conformations of the Na-K-pump exist depending on the environment. Alternating access
to binding sites is sufficient to explain the movement of transported ions across the
membrane by these large membrane spanning proteins. Furthermore, the distance which
ions cross the membrane is not thought to span the entire thickness of the membrane. Ion
pumps may contain access wells that allow the ions to diffuse to its binding sites prior to
translocation. This implies that part of the pump molecule is functionally analogous to an
ion channel (Gadsby, et al., 1993). In the absence of any structural data, Gadsby and
colleagues demonstrated that the access channel of the Na-K-pump is narrow and specific
for the transported ion and that the affinity of ion-binding sites is affected by the membrane
electrical field.

The stoichiometry of the Na-K-pump is 3 Na* to 2 K+ to 1 ATP. As much as one-
half of the ATP provided by oxidative metabolism is used to power the Na-K-pump. The
free energy of ATP hydrolysis is converted into the chemical energy required to pump ions

against their electrochemical gradient. The states subsequent to ATP hydrolysis may have



the ability to store the free energy necessary for the large conformational transitions and
subsequent affinity changes. The ability to translocate net charge across the membrane or
electrogenic behavior is a common feature to many ion pumps and carriers. Thus, the pump
or transporter can generate a current and contribute to the membrane potential of a cell. The
Na-K-pump will generate an outward current and tend to hyperpolarize cells which may
lead to changes in excitability. In the appropriate conditions, the operation of the Na-K-
pump can operate in reverse and extrude K+ in exchange for Na+ and thereby synthesize
ATP. The individual rate-constants of the state transitions determine the current-voltage
dependence of a pump in either direction. The overall macroscopic reaction of any jon
pump is divided into its microscopic steps. Therefore, at least one of the rate transitions
involved in cycling of a pump will be voltage dependent if the pump is electrogenic
(Lauger, 1991).

The Na-K-ATPase consists of two different protein chains, an alpha and a beta
subunit. The alpha subunit is ~112 kD and the beta unit is ~35 kD. It is not clear whether
the native Na-K-pump exists as an alpha-beta monomer or an alpha-beta dimer. The alpha
chain of the Na-K-pump may be responsible for catalytic activity since it contains the sites
involved in ATP hydrolysis (Lauger, 1991). The single transmembrane spanning beta
subunit of the Na-K-pump is necessary for Na*- and K+- dependent ATPase activity. The
alpha subunit spans eight to ten transmembrane domains with putative cytoplasmic N- and
C- termini. ATP-binding sites on the alpha subunit are located towards the C-terminus

while the transmembrane segments contain the cation binding sites (Rudnick, 1986).

Ca2+ ATPase

Another well characterized P-type ATPase is the ATP-driven Ca-pump, abundantly
found in the sarcoplasmic reticulum (SR) of muscle cells. In the SR, the Ca-pump
functions to keep cytoplasmic concentration of Ca2+ low following muscle contraction.

Cytoplasmic CaZ* is pumped into the SR lumen to assist muscle relaxation. In the



sarcoplasmic reticulum, the Ca-pump consists of a single polypeptide of approximately 110
kD and has a density of ~ 30,000 pwm-2 (Franzini-Armstrong and Ferguson, 1985; Brandl
et al., 1986). Hydropathy plots predict that the Ca-pump has 10 putative transmembrane
segments with two large cytoplasmic domains. The cytoplasmic domains contain amino
acids involved in phosphorylation while the transmembrane segments embody Ca2+
binding residues (Clarke, et al., 1989). Experiments have shown that the Ca-ATPase
operates by a similar mechanism as the Na-K-ATPase. Two principal conformations exist,
E1 and Ep, which have different binding affinities for Ca2+. Following phosphorylation,
the enzyme and its bound ions become occluded and undergo a transition to the lumenal
face of the reticulum. The Ca2* ions unbind into the lumenal side of the SR and the pump
is dephosphorylated. A new cycle of transport begins after transition back to the

cytoplasmic side. The Ca-pump is also electrogenic and can operate in the reverse direction.

Other ATPases

The other two types of ATPases are the FoF1-ATPases (F-type) and vacuolar-type
(V-type) proton pumps. FoF1-ATPases are found in the inner mitochondrial membrane
carrying out ATP synthesis driven by the H* gradient. Membranes of secretory granules
and synaptic vesicles contain V-type ATPases. The primary function of V-type ATPases is
to keep a steep H* gradient between the cytoplasm and the inner space of organelles. Both
families of H+-pumps are complex multimeric molecules which cycle without
phosphorylated intermediates. Approximately 20 polypeptide chains make up these pumps.
The ATPase portion of the pump is a water soluble protein whereas the transmembrane
portion provides the route by which protons flow across the membrane (Stein, 1990).
Significantly, the flux of protons through FoF1-ATPases is thought to be a good deal
higher then the rate of a typical carrier or pump (Stein, 1990).

Pharmacology can distinguish the identity of primary active systems. Vanadate

inhibits the P-type ATPase while N-ethylmaleimide inhibits the V-type ATPase and the F-



type ATPase (Rudnick, 1986). Secondary active systems harness the electrochemical
gradient maintained by primary active pumps and use it to drive solutes and amino acids
into cells and other organelles. The following sections will describe some of the properties

and consequences of sugar and amino acid transport.

FACILITATED DIFFUSION
Transport of hydrophilic molecules

Before discussing secondary active transport of amino acids, it is important to note
that these molecules can be transported independent of co-substrate requirements in a
process often termed facilitated diffusion. Carrier mediated transport differs from diffusion
by several properties. Unlike diffusion, transport rate is saturable since it is limited by the
number of carriers. Furthermore, specific pharmacological agents inhibit transport. One
example of facilitated diffusion is the Na*-independent transport of cationic amino acids.
Substrate concentration and voltage gradients drive the flux of cationic amino acids such as
arginine and lysine (Kavanaugh, 1993). Cation Amino Acid Transporter (CATs) mediate
the uptake of positively charged amino acids in a tissue-specific manner. All tissues except
the liver express CAT1. The liver contains CAT2a, whereas CAT2b is found in muscle,
epithelium. Brain tissue expresses a new isoform, CAT3 (Kim, et al., 1991; Wang, et al.,
1991; Closs, et al., 1993; Hosokawa, et al., 1997).

Another example of facilitated diffusion is the Na*-independent transport of glucose
and fructose mediated by proteins which belong to a diverse gene family (GLUTsS; for
review see (Mueckler, 1994). Since the transported sugars lack a net charge, Na+-
independent transport is not sensitive to membrane potential and is driven solely by
substrate concentration gradients. The Nat-independent glucose transporters control
glucose homeostasis. A sodium-dependent form of glucose transport also exists (see

below).



SECONDARY ACTIVE TRANSPORT

In 1960 Crane proposed that the active transport of sugars was due to the co-
transport of Na* ions (reviewed in Crane, 1977). Since then, the transport systems that
involve the movement of organic molecules, such as sugars and amino acids, against their
concentration gradients have been the focus of much attention. These transport systems
couple the uphill flux of substrates with the downhill movement of a second gradient. A
primary active pump maintains the gradient of the second substrate. Crane’s hypothesis has

been confirmed and extended to many other active transport systems.

Na*-dependent sugar transport

Characterization of the Na*-dependent transpoft of sugars was dependent on
biochemical analysis from preparations of intestinal brush-border membranes. However, a
major step in the field occurred with the expression cloning of the intestinal Na*-glucose
transporter (SGLT1; Hediger, et al., 1987). SGLT1 is only one member of a gene family
that mediates active sugar transport in a variety of species. The cDNA codes for a protein
that spans the membrane 12 times and has a molecular weight of approximately 75 kD.
Injection of SGLT1 cRNA into Xenopus oocytes results in robust sugar uptake that is Na*-
dependent and blocked by phlorizin, a potent competitive inhibitor of sugar uptake (Parent,
et al., 1992a). Because the influx of glucose and co-transport of Nat ions results in a net
charge transfer, application of sugars to voltage clamped oocytes expressing SGLT1
induces a current (Parent, et al., 1992a). Glucose transport appears to involve the coupling
of 2 Na* ions for each glucose molecule through several voltage dependent transition states
(Parent, et al., 1992b). In the absence of Nat ions SGLT1 uses the H+ gradient to drive
sugar transport (Hirayama, et al., 1994). SGLT1’s ability to couple sugar transport to the
H+-gradient may be an evolutionary remnant since the secondary transporters of lower
organisms most corhmonly use a transmembrane proton gradient (Kaback, et al., 1994;

Klamo, et al., 1996).



Active transport of amino acids

Three distinct gene families mediate the active uptake and storage of amino acids in
nerve cells and glia. The proton-dependent vesicular amino acid transporters belong to the
first gene family. The second gene family comprises the Nat- and Cl--dependent
neurotransmitter transporters which are the sites of action of several abused and therapeutic
drugs (Amara and Kuhar, 1993). Finally, the third gene family includes the Na*-dependent

excitatory amino acid transporters which are the subject of this thesis.

H+-coupled

Characterization, reconstitution, and isolation of vesicular transport of
neurotransmitters has been difficult due to the small proportion of vesicles in any
membrane preparation (Edwards, 1992). However, methods developed for isolation of
membrane vesicles suggests that four distinct vesicular transport systems exist:
monoamine, acetylcholine, GABA, and glutamate (Edwards, 1992). These systems are
sensitive to N-ethylmaleimide rather than to vanadate suggesting that transport of
neurotransmitters into vesicles involve V-type ATPases (Rudnick, 1986). Therefore,
vesicular transport of neurotransmitters depends on the electrochemical gradient generated
by V-type ATPases. The use of high affinity inhibitors of vesicular neurotransmitter
transport as well as genetics has aided in the study and subsequent cloning of cDNAs
encoding proteins from this gene family.

Isolation of cDNAs encoding vesicular monoamine transporter activity established
the molecular basis of vesicular amine transport (Erickson, et al., 1992; Liu, et al., 1992).
Erickson et al. used expression cloning from a cell line that showed robust uptake and
storage of monoamines, while Liu et al. took advantage of PC12 cells’ resistance to the
effects of MPP*. MPP* is the metabolite of MPTP, a neurotoxin and a product of demerol

analog synthesis (Langston, et al., 1983). Plasma membrane transporters accumulate



MPP* which causes cell death by inhibiting mitochondrial respiration (Edwards, 1992). A
gene responsible for MPP+’s resistance was isolated from a PC12 ¢cDNA library
transfected into MPP+*-sensitive CHO cells (Liu, et al., 1992). Membranes from a cell line
expressing the isolated cDNA conferred H*-sensitive monoamine transport.
Hydrophobicity plots predict that the monoamine vesicular transporter has 12
transmembrane domains with the N- and C- terminus facing the cell’s cytoplasm.
Reserpine, a competitive blocker of native monoamine vesicular transport inhibits uptake
from these membranes. Two vesicular monoamine transporters have been cloned: a non
neuronal isoform as well as an isoform that is primarily expressed in the dense core
vesicles of neurons. In the nervous system, monoamines are stored in dense core vesicles
rather than clear synaptic vesicles.

Vesicles from the electric organ Torpedo californica were the choice preparation to
study the vesicular transport activity of acetylcholine (Edwards, 1992). Vesicular
acetylcholine transport is strongly inhibited by vesamicol (Edwards, 1992). The
observation that a Caenorhabditis elegans mutant, unc 17, is impaired in neuromuscular
function allowed the cloning of the acetylcholine vesicular transporter (Alfonso, et al.,
1993). Genomic walking identified a cDNA that is ~ 40% identical to the cloned vesicular
monoamine transporters (Alfonso, et al., 1993). Homologous cDNAs cloned from
Torpedo californica bind vesamicol with high affinity and concentrate acetylcholine in a
Ht-dependent manner (Erickson, et al., 1994).

Genetic analysis of C. elegans mutants yielded the means of isolating the third
member of the vesicular neurotransmitter transporter gene family (Mclntire, et al., 1997).
Laser ablation of all GABAeric neurons caused phenotypical defects mimicked by
mutations of five gene transcripts. One cDNA (unc-47) predicted a protein of 486 amino
acids with ten transmembrane domains. Unc-47 expression localizes with a distribution
similar to other synaptic vesicle proteins. Purkinje cells of the cerebellum as well as

interneurons, cells which release GABA, express the vertebrate homologue of unc-47.



Membrane preparations from PC12 cells stably expressing the unc-47 homologue cDNA
showed H*-dependent uptake of GABA (Mclntire, et al., 1997).

Attempts to isolate a vesicular glutamate transporter as well as additional members
of this gene family have been yet unsuccessful. The recent cloning of these molecules no
doubt will continue to lead to a better understanding of vesicular transport regulation and

function.

Nat, Cl"-dependent transporters

The plasma membrane of neurons and glia contain multiple transport systems, each
selective for a neurotransmitter. Molecular cloning has revealed an expansive Nat, Cl-
dependent neurotransmitter transporter gene family. Interest in these uptake systems is
increasing since they are the site of action for many therapeutic agents and drugs of abuse
(Amara and Kuhar, 1993).

Accumulation of y-aminobutyric acid (GABA) against its electrochemical gradient in
brain slices and synaptosomes requires the co-transport of Nat+ and CI- ions (Iversen and
Neal, 1968; Kanner, 1978). GABA uptake depends on the Na+t gradient but it is not
inhibited by blockers of the Nat-K+ ATPase. Kanner demonstrated that GABA uptake
depends on external CI- ions and the membrane potential. His results are consistent with a
transport stoichiometry of 2 Nat: 1 Cl: 1 GABA. Purification of the GABA transporter to
near homogeneity and demonstration that reconstituted transport activity had similar
properties as native GABA uptake paved the way for the cloning of the first
neurotransmitter transporter, termed GAT1 (Guastella, et al., 1990). Nipecotic acid and
2,4-diaminobutyric acid strongly inhibit GAT1. Northern blot analysis reveals that GAT1
is expressed throughout the brain and cross-reacts with antiserum against the purified
GABA transporter. Soon after this heroic effort, GAT1 homologues and additional GAT

transporters were cloned (for review see Amara and Arriza, 1993). Research is now
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focused on the structure-function, mechanism, and physiological roles of GABA uptake
(Isaacson, et al., 1993; Mager, et al., 1993; Cammack, et al., 1994; Mager, et al., 1996).
Monoamine transporters regulate the extracellular concentrations of released
norepinephrine (NE), dopamine (DA), and serotonin (5-HT). These transporters are also
the site of action for many drugs which have a therapeutic and abuse potential, such as
antidepressants and stimulants (Povlock and Amara, 1997). Like the other members of this
gene family, monoamine transport is coupled to the downhill flow of Na* ions and the
requirement of Cl-. Furthermore, 5-HT uptake (SERT) requires the counter-exchange of
K*. Synaptosomes preparations have focused on the ionic dependence and
pharmacological properties of these three transport systems. Molecular isolation of the
dopamine transporter (DAT), the norepinephrine transporter (NET), and the serotonin
transporter (SERT) simplified the detailed characterization of these proteins. A radiolabeled
analog transported by NET was used to visually isolate cells expressing NET (Pacholczyk,
etal.,, 1991). Isolation of DAT and SERT cDNAs employed low stringency hybridization
and a degenerate oligonucleotide strategy (Blakely, et al., 1991; Hoffman, et al., 1991;
Kilty, et al., 1991). Pharmacological characterization of NET revealed that it transports
norepinephrine and dopamine equally well. On the other hand, DAT and SERT are specific
for their respective biogenic amines, dopamine and serotonin. Hydropathy analysis
suggests that all three proteins contain 12 transmembrane segments with a large
extracellular loop between the third and fourth transmembrane. And several papers have
used chimeric molecules to study the structure-function relationship of monoamine
transporters and their ligands (Buck and Amara, 1994). Cocaine is a classical antagonist of
monoamine transport, but its actions on DAT have received much attention since it is likely
the target for the addictive effects of cocaine (Povlock and Amara, 1997). Recently a
genetic mouse lacking the dopamine transporter was generated (Giros, et al., 1996).
Cocaine administration did not suppress locomotor activity suggesting that the dopamine

transporter is cocaine’s main site of action. The most intriguing data, however, comes from
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currents recorded from voltage clamped cells expressing monoamine transporters. Cloned
monoamine transporters display electrogenic currents arising from thermodynamically
coupled ions as well as “leak” currents (Mager, et al., 1994; Galli, et al., 1995; Cammack
and Schwartz, 1996; Galli, et al., 1996; Sonders, et al., 1997). Electrophysiological
analysis of these currents ultimately may lead to a better understanding of the mechanisms
associated with the transport of monoamines as well as additional roles of monoamine
transporters in the nervous system.

Other transporters from the Na*, Cl-dependent transporters include proteins that
mediate uptake of glycine, proline, and taurine. cDNAs for these transport systems have
been isolated and functional relationships between transporters and their actions are being
studied. In the near future, contributions from laboratories working with neurotransmitter
transporters in native cells as well as exogenous expression systems will likely result in

resolving other physiological roles for these transport proteins.

Na* Coupled, Cl- independent Uptake

High affinity transport of excitatory amino acids is responsible for the reuptake of
L-glutamate in the brain. Elevated levels of glutamate lead to neuronal excitotoxicity and
cell death (Olney, 1969). Kanner and colleagues described the ion dependence of excitatory
amino acid transport into brain synaptosomes (Kanner and Sharon, 1978). The uptake of
L-glutamate uptake into membrane vesicles was high affinity (~ 3 uM) and dependent on
the external Nat concentration. Na* substitution or the presence of ionophores, such as
gramicidin, that collapsed the Na* gradient inhibited the transport of [3H] L-glutamate. In
contrast to the uptake of GABA and other monoamines, Cl- substitution does not affect the
transport of excitatory amino acids. L-glutamate uptake, however, was absolutely
dependent on internal K*. Low concentrations of internal K+ or Rb* are required for
optimal transport of L-glutamate into synaptosomes. Furthermore, high concentrations of

external K* can stimulate reverse transport of amino acids from synaptosomes loaded with
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Na*-glutamate. Kanner and Sharon concluded that 2-3 Nat ions plus 1 glutamate were co-
transported in exchange for 1 potassium jon. Kanner and colleagues also noted that
excitatory amino acid uptake was sensitive to the membrane potential. Ionophores, such as
valinomycin, which can make the membrane potential more negative stimulated amino-acid
uptake.

Further characterization of excitatory amino acid uptake by other groups confirmed
the results of Kanner and colleagues. Stallcup et al. (1979) demonstrated that L-glutamate
can stimulate radiolabeled Na* uptake (Stallcup et al., 1979). This result suggests that Na*
is not merely binding to the transporter but is transported along with the amino acid. In
1987, a major advance in the study of L-glutamate transport took place (Brew and Attwell,
1987). Brew and Attwell studied the process of L-glutamate uptake electrophysiologically.
L-glutamate dependent currents recorded from Salamander retinal Muller cells had an ionic
dependence and pharmacology similar to the transport of L-glutamate. Retinal Mueller cells
express high levels of glutamate transporters in response to elevated extracellular glutamate
concentrations (see Eliasof et al., 1998). These studies not only increased the temporal
resolution of the mechanisms underlying transport, but also confirmed the electrogenic
nature of L-glutamate uptake. Several reports used the retina as a model system to fully
characterize the pharmacology, ionic- and voltage- dependence of excitatory amino acid
uptake (Schwartz and Tachibana, 1990; Eliasof and Werblin, 1993). Bouvier et al. (1992)
later suggested that excitatory amino acid transport coupled to the counter-transport of a
OH- ion. Their model suggests that each negatively charged molecule of L-glutamate is co-
transported with 2 Nat ions in exchange for one OH- and one K+ ion (Bouvier, et al.,
1992).

At that time, the cloning of cDNAs encoding the first members of the excitatory
amino acid transporter family and its human homologues took place: EAAC1 or EAAT3,
GLT-1 or EAAT2, and GLAST1 or EAAT1 (Kanai and Hediger, 1992; Pines, et al., 1992;
Storck, et al., 1992; Arriza, et al., 1993). The cDNAs encoded proteins with 8-12 putative

13



transmembrane segments that displayed high affinity Na+-dependent L-glutamate uptake.
Expression of these cDNA into heterologous systems mediated currents indicative of
electrogenic transport of excitatory amino acids (Arriza, et al., 1993). Clonin g of EAAT4, a
fourth protein belonging to this gene family, and further analysis of the three cloned
isoforms revealed that the currents elicited by application of L-glutamate were only partially
due to the electrogenic movement of coupled ions (Fairman, et al., 1995; Wadiche, et al.,
1995b). An uncoupled glutamate-activated chloride conductance represents a portion of the
recorded currents. Immunohistochemistry data as well as Northern analysis indicates that
EAATI and EAAT?2 are predominantly found in glial cells, whereas EAAT3 and EAAT4
have neuronal origins. A fifth member of this gene family, EAATS, also possesses chloride
channel properties and is expressed in the retina (Arriza, et al., 1997). These reports
suggest that excitatory amino acid transporters may serve other roles besides regulating
extracellular levels of glutamate in glia and neurons. The main body of this thesis tests and
discusses the channel properties of excitatory amino acid transporters.

Exogenous expression of glutamate transporters in oocytes led to the determination
of the stoichiometry associated with glutamate transport for a cloned neuronal transporter,
EAATS3. Zerangue and Kavanaugh (1996) imposed known concentration gradients across
the plasma membrane and measured the reversal potential of the coupled ionic currents
during simultaneous stimulation of influx and efflux of excitatory amino acids (Zerangue
and Kavanaugh, 1996). This thermodynamic method established the cotransport of a H*
ion rather than the countertransport of a OH- ion with each cycle of glutamate transport
(Zerangue and Kavanaugh, 1996). The current model for transport of one L-glutamate
suggests the cotransport of 3 Nat, 1 H* and the countertransport of a K+ ion.

Since the removal of glutamate requires the actions of excitatory amino acid
transporters it is important to determine the physiological role of transporters in the
clearance of glutamate from the synaptic cleft. Diffusion alone accounts for a rapid decline

in transmitter concentration (Eccles and Jaeger, 1958). However, diffusional barriers may
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exist at central synapses prolonging the concentration of neurotransmitter in the cleft.
Glutamate peaks at ~ 1 mM and decays exponentially with a time constant of 1 msec in the
synaptic cleft of cultured neurons (Clements, et al., 1992). Uptake blockers fail to alter the
kinetics of synaptic currents in recordings from hippocampal slices (Hestrin, et al., 1990
Isaacson and Nicoll, 1993; Sarantis, et al., 1993). However, some reports suggest that the
time course of synaptic currents or their amplitudes are affected by blockade of glutamate
transporters (Barbour, et al., 1994; Mennerick and Zorumski, 1994; Tong and Jahr, 1994),
Parameters such as transporter density, binding rate, cycling time, and subcellular
localization must be known to determine the role these proteins play during synaptic

transmission.

SUMMARY

The goal of this dissertation is to characterize several fundamental aspects of
excitatory amino acid uptake. Three sets of experiments are presented in the following
maﬁuscripts.

First, we examined the rate of excitatory amino acid uptake by testing the
hypothesis that glutamate uptake is slow compared to fast synaptic transmission in the
central nervous system. The turnover rate or the slowest rate of glutamate uptake was
determined from non-linear capacitance charge movements in oocytes expressing EAAT?2.
We concluded that the excitatory amino acid transporter works slowly to accumulate L-
glutamate. Thus, the role of transport proteins during fast synaptic transmission may be
limited to buffering of glutamate.

Second, we characterized an uncoupled current associated with the transport of
excitatory amino acids. Using a combination of radiolabeled uptake and current
measurements, we found that L-glutamate and its analogs activate a thermodynamically
uncoupled chloride current as well as an electrogenic current comprised of coupled ions.

These experiments suggest that a channel and a transporter exist in the same protein.
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Finally, we examined properties of the anion channel resident in excitatory amino
acid transporters. Ion substitution experiments, noise analysis, and rapid solution
exchanges from isolated patches of oocytes were used to test for an anion-selective aqueous

pore present in cloned glutamate transport proteins. A kinetic model is presented to account

for such a mechanism.
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Summary

Currents mediated by a glutamate transporter cloned from human motor cortex were
measured in Xenopus oocytes. In the absence of glutamate, voltage jumps induced sodium-
dependent capacitive currents which were blocked by kainate, a competitive transport
antagonist. The pre-steady state currents can be described by an ordered binding model in
which a voltage-dependent Nat binding is followed by a voltage-independent kainate
binding. At -80 mV, 2 charges are translocated per molecule of glutamate with a cycling
time of approximately 70 ms, which is significantly slower than the predicted time course
of synaptically released glutamate. The results suggest that glutamate diffusion and binding
to transporters rather than uptake are likely to dominate the synaptic concentration decay

kinetics.
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Introduction

In the central nervous system, control of the extracellular concentration of the amino
acid neurotransmitter L-glutamate is critical both because of its role in synaptic transmission
and because of its excitotoxicity (for reviews see Attwell, et al., 1993: Jonas and Spruston,
1994). Concentrative uptake is mediated by transporters which serve to couple the
electrochemical gradients of one or more cotransported inorganic ions to that of glutamate
(Balcar and Johnston, 1972; Kanner and Sharon, 1978). Several members of a gene family
encoding glutamate transporters have recently been cloned (Kanai and Hediger, 1992;
Pines, et al., 1992; Storck, et al., 1992; Tanaka, 1993; Arriza, et al., 1994). In addition to
glutamate transporters, this gene family also includes a transporter for neutral amino acids
(Arriza, et al., 1993; Shafqat, et al., 1993). Because substrate uptake by these proteins is
electrogenic, with net positive charge accompanying each molecule of substrate translocated
into the cell, transport can be measured in real time using voltage-clamp recording (Brew
and Attwell, 1987; Schwartz and Tachibana, 1990; Arriza, et al., 1993; Eliasof and
Werblin, 1993; Klockner, et al., 1993; Arriza, et al., 1994). Transporters for the
neurotransmitter glutamate are widely distributed in the human CNS (Arriza, et al., 1994;
Rothstein et al., 1994). Although there is strong evidence that block of glutamate uptake in
vivo leads to neuronal damage (Lucas, 1957; Olney, 1969; Olney, 1971), the role of
transport in modulating kinetics of glutamatergic synaptic transmission is less clear
(Hestrin, et al., 1990; Sarantis, et al., 1993; Barbour, et al., 1994:; Mennerick and
Zorumski, 1994; Tong and Jahr, 1994). Evaluating whether the transporter may modulate
excitatory glutamatergic transmission requires assessing a number of factors including the
affinity and kinetics of postsynaptic glutamate receptors (Lester, et al., 1990; Jahr, 1994:
Trussell, 1994) as well as the kinetics, density, and localization of the transporters.

Kinetic and mechanistic information about electrogenic transporters and ion pumps
can be obtained through the use of voltage clamp to study pre-steady state membrane

transport currents (Liuger, 1991). A powerful approach to isolate such currents involves
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the use of selective antagonists (Nakao and Gadsby, 1986; Hilgemann, et al., 1991;
Parent, et al., 1992a; Mager, et al., 1993; Rakowski, 1993; Cammack, et al., 1994). A
number of glutamate analogs which antagonize its transport have been identified (Ferkany
and Coyle, 1986; Bridges, et al., 1991). The majority of these analogs act as competitive
substrates for transport and thus induce inward currents under voltage clamp (Barbour, et
al., 1991; Kanai and Hediger, 1992; Arriza, et al., 1994). An exception is the
conformationally constrained glutamate analog L-kainate, which competitively antagonizes
glutamate transport without itself being transported or inducing a steady state current
(Arriza, et al., 1994). Three human excitatory amino acid transporters (EAAT1, EAAT2,
and EAATS3) vary in their sensitivity to L-kainate, which potently blocks uptake mediated
by EAAT2 (Kq = 17 uM), but not EAAT1 or EAAT3 (Kq > ImM) (Arriza, et al., 1994).
The present study exploits the actions of L-kainate on EAAT? to isolate pre-steady state

currents which provide kinetic information about the transporter.
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Results

Voltage Dependence of Steady-State Transport Currents

Large inward currents are observed when L-glutamate is applied to voltage-clamped
Xenopus oocytes several days after microinjection of cRNA transcribed from the human
EAAT2 cDNA (figure 1A). The voltage-dependence of the steady state transport current
was examined by subtracting current records during a series of command voltage pulses in
the absence of L-glutamate from corresponding currents in the presence of a saturating
concentration (ImM) of L-glutamate (figure1B). In a cyclic transport model, a sudden
perturbation of membrane potential is predicted to lead to a redistribution of the system to a
new steady state as a consequence of changes in the rate constants of the voltage-dependent
state transitions. The relative magnitude of the instantaneous and non-instantaneous
components of the change in current following a voltage jump will depend on the fraction
of transporters in the state preceding the charge-translocating state transitition. The voltage
jump would be expected to result in a quasi-instantaneous change in the transport current
reflecting the time course of the voltage clamp, followed by a relaxation of the current with
a time course reflecting the forward and backward rate constants of the state transitions
through the cycle (Lauger, 1991). Similar to predictions of this model, the EAAT?2 current
relaxed to a new level following voltage jumps with a time course exhibiting at least two
exponential components, one with very fast kinetics (T < 0.5 ms; relative amplitude 82-
86%), and a second with slower kinetics (T = 10-30 ms; relative amplitude 14-18%) (figure
I1B). The steady state current increased exponentially with membrane hyperpolarization (e-

fold/55 + 5 mV), and did not reverse at potentials up to +40 mV (figure1C).
Kainate Block of Steady State Currents
The conformationally constrained analog of L-glutamate, L-kainate, selectively

blocks transport currents mediated by EAAT2 without inducing a steady-state current itself
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Figure 1. Voltage-dependence and inhibition by L-kainate of steady-state L-glutamate
transport currents.

(A) Inward current induced by bath application (indicated by bar) of ImM L-glutamate to a
voltage-clamped oocyte expressing EAAT?2 (holding potential = -60 mV).

(B) Voltage- and time-dependence of glutamate transport currents. Difference traces in a
representative oocyte in response to 100 ms voltage pulses between +30mV and -120mV
were obtained by subtraction of control currents from the corresponding currents in the
presence of 1mM L-glutamate. The dotted line represents I = 0. (holding potential = 0 mV).

(C) Steady state current-voltage relationship from (B). The steady state glutamate transport
current increases e-fold/55 mV.

(D) Bath application (indicated by bar) of 100 UM L-glutamate alone (control) and in the
presence of varying concentrations of kainate in representative oocyte expressing EAAT?.
(holding potential = -60 mV). Application of 300 pM kainate alone in the same oocyte as
does not induce a steady state current.

(E) Voltage dependence of kainate K (mean + sem; n=5) obtained from Schild analysis of

inhibition of steady-state glutamate transport currents (see Arriza et al., 1994). Data were
fitted by least squares to the equation: K4 = Kdo*exp-(zﬁeoV/kT) (Woodhull, 1973).
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(figure1D). The inhibition of EAAT2 transport by kainate is competitive with respect to
glutamate (Arriza, et al., 1994), suggesting that kainate binds to the external glutamate
recognition site to form a "non-productive" transport complex. To examine the voltage-
dependence of the kainate binding to the transporter, the glutamate dose shifts caused by
co-applying various concentrations of L-kainate (10, 30, 100, and 300 uM) were measured
at different membrane potentials. The kainate affinity determined by Schild analysis was
relatively voltage-independent, ranging from 10-14 uM (figure 1E). The apparent fraction
of the membrane electric field sensed by kainate was 3.4%, assuming a simple electrostatic

ion binding model to a site on the transporter (Woodhull, 1973).

Kainate Actions on Transient Transporter Currents

In oocytes injected with EAAT2 cRNA, the capacitive transients resulting from
voltage command pulses displayed a slower relaxation than water-injected oocytes. The
mean time constant of relaxation for a 100mV hyperpolarizing pulse was 506 + 15 psec
for oocytes expressing the EAAT?2 transporter compared to 144 + 11 psec for water
injected oocytes when fits were constrained to one exponential (n=6). To examine the
possible existence of pre-steady state charge movements mediated by the transporter,
currents were measured during voltage jumps in the presence and absence of the antagonist
L-kainate (figure 2). In oocytes expressing the EAAT2 transporter, depolarizing voltage
pulses from a holding potential of -40 mV to +60 mV showed that a component of the
capacitive current was reduced in the presence of 300 uM kainate (figure 2A, top).
Subtraction of current records in the presence of kainate from those in control solution
revealed a transient current which was outward upon depolarization and was followed by a
transient inward current upon membrane repolarization (figure 2A, bottom). In contrast, the
capacitive and ionic currents of an uninjected oocyte which resulted from the same voltage
Jump were not affected by changing control solution to a solution containing the same

concentration of L-kainate (figure 2B). The kainate-sensitive transient current seen in
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Figure 2. Kainate blocks a transporter-specific transient current induced by
voltage jumps.

(A) Currents recorded during 100 mV depolarizing voltage pulse in the presence of
control (nd96) and 300 uM kainate solutions in a cell expressing EAAT2 (top).
The oocyte was held at -20 mV and stepped to +80 mV for 25msec then
repolarized back to -20 mV. Subtraction of current traces in kainate from control
revealed a kainate-sensitive current which was outward in response to depolarizing
pulses and inward upon the repolarization of the membrane (bottom).

(B) Same experimental treatments as (A) with an uninjected oocyte.
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oocytes expressing EAAT2 decayed within 10 ms following the voltage jump and did not
exhibit any sustained steady state component. Furthermore, the membrane conductance of
oocytes expressing EAAT2 did not differ from matched control uninjected oocytes,
suggesting that this transporter does not mediate a steady state leak current, in contrast to

some other glutamate transporters (Schwartz and Tachibana, 1990; Vandenberg, et al.,

1995).

Properties of Transient Transporter Currents

The charge movements induced by a jump from a given potential to various test
potentials were calculated from the kainate-sensitive transient current-time integrals.
Regardless of whether hyperpolarizing or depolarizing pulses were given, the charge
movement during the test pulse was equal to the charge movement following the return to
the original potential (figure 3A, 3B). In addition, the conservation of charge movement
was not affected by varying the duration of the voltage pulse (figure 3C, 3D). These results
strongly suggest that the kainate-sensitive transient currents are capacitive, resulting from a
reversible charge movement rather than a resisitive current flow through the transporter.
The exponential time constant of the transient current relaxations exhibited a bell-shaped
dependence on the pulse potential (figure 3A). Fitting the relaxation time constants to a
simple two-state model obeying a voltage-dependent equilibrium yielded a predicted charge
movement (product of the charge valence and fraction of the field through which it moves;
z0) of 0.46 for the state transition (figure 3A).

The transient current-time integrals obeyed a Boltzmann function of membrane
potential with a midpoint of -3.2 0.2 mV and slope factor of 61 £2 mV (n=19; figure
4A). This corresponds to a charge movement z3 of 0.41 (RT/F-61mV), similar to that
calculated from the voltage-dependence of the relaxation time constants. As expected for a
non-linear saturable capacitance, the quantity of charge moved during a jump to a given

potential depended on the prepulse potential, while the total charge movement (Qtot),
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Figure 3. Pre-steady state currents blocked by kainate are capacitive.

(A) Family of subtracted current records in a representative oocyte showing voltage-
dependence of transient current blocked by 300 uM kainate. Difference currents were
obtained as in figure 2A. Voltage command pulses in 20 mV increments were 25 ms in
duration from -160 to +120 mV from a holding potential of -20mV. Inset shows voltage
dependence of current relaxation time constants for hyperpolarizing command pulses. Data
are fit to a two-state model of charge movement with an apparent valence of 0.46 and

forward and backward rate constants at 0 mV of 136 s-! and 98 s-1.

(B) Correlation of kainate-sensitive charge movement during "on" and "off" pulses (from
same cell as A) demonstrating conservation of charge movement. Line shows least squares
fit of data, slope = 1.16.

(C) Time-independence of conservation of kainate-sensitive charge movement. Envelope of
difference currents obtained by a 100mV hyperpolarizing voltage steps 1-16 msec in 1 ms
increments. (holding potential = -20mV).

(D) Comparison of charge movement showing equality for incrementing "on" and "off"
pulses from (C). Line shows least squares fit of data, slope = 0.97.
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determined from fitting the charge movements over a range of potentials to the Boltzmann
function, was independent of the prepulse potential. The average total charge movement
blocked by 300 UM kainate in 19 cells was 2.57 + 0.22 nC. Correcting for incomplete
block by kainate at this concentration (see dose-response data below), the average Qo was
2.71 nC. The charge movement calculated from Boltzmann fits of individual cells was
correlated with the transporter expression level as determined by the steady state current
induced by a saturating concentration (ImM) of L-glutamate in the same cells (figure 4B).
Measurements of current-time integrals were made in various kainate concentrations and
fitted to a Boltzmann function (figure 5A). Kainate inhibited the charge movement in a
saturable manner, with an ECsg of 16.9 + 3.9 uM (n=4) without significant effect on the
voltage midpoint (figure SA, 5B). This ECsq value is also close to the K4 calculated from
Schild analysis of inhibition of steady-state glutamate transport caused by kainate at
different membrane potentials (10-14 uM; figure 1E). Taken together, these results suggest
that the voltage-dependent transient current results from a non-linear capacitive charge

movement which is inhibited by kainate binding to the transporter.

Ionic Basis of Transient Currents

The properties of the kainate-sensitive transient current demonstrate that it is
capacitive. This current could result from either a reversible conformational transition of the
transporter (analogous to a gating current, involving movement of charged amino acid
residues or polypeptide dipoles in the membrane field), and/or from binding and unbinding
of an ion to a site within the membrane electric field. In fi gure 6A, the kainate-sensitive
transient current is seen in a representative cell that was subjected to 100 mV
hyperpolarizing and depolarizing command pulses in normal recording medium containing
98.5 mM Nat. The charge movements were abolished when external Na* was replaced by
Tris* (figure 6B). This result suggested the possibility that the transient current arises from

a voltage-dependent binding and unbinding of Na* to a site on the external facing domain

o,



0.8 -
B i ]
O »
3
0.4 1
0.2
O T ¥ T T T T T L
-200 -150-100 -50 0 50 100 150 200
membrane potential (mV)
B 400 ]
. 300 f
O
=) 200 r 9 o ©
_O) O
@]
100 | _° o°
O
0 { !

0 1 2 3 4 5
Qiotar (NC)

Figure 4. Voltage dependence of charge movements mediated by the EAAT2
transporter.

(A) Normalized charge movements (mean + sem; n=19) from cells expressing the
EAAT?2 glutamate transporter were fitted by least squares to a Boltzmann function
with Vg5 =-32+0.2 mV and slope factor 61 + 2.4 mV (z8 = 0.41 + .07). The
charge movements in each oocyte were normalized to Q tot 1N the same oocyte.

(B) Correlation of total charge movements with currents resulting from a saturating
dose of L-glutamate (1 mM) at -80mV for 19 oocytes reflecting a range of
transporter expression levels. Linear regression yielded a slope of 70 s-!. The
product of this slope and the effective valence of the charge movement (z8 = 041)

equals the rate of steady-state charge transfer at this potential, 29 sec’l.
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of the transporter which is within the membrane electric field. Alternatively, Nat binding
could enable a subsequent charge movement. The interaction of sodium with the transporter
was further investigated by examining the effect of lowering [Na+]oy on the transient
currents. Boltzmann analysis of the current-time integrals revealed that when [Na+]oy: was
reduced one-half by substitution with Tris*, the total charge movement (Q;o() remained the
same while the midpoint (V¢ 5) was shifted -38 + 5.5 mV (n=6; figure 6C). For the simple
two-state model in which the charge movement results directly from sodium binding within
the electric field (figure 6D), then the shift in voltage midpoint can be used to calculate the

effective fraction of the field, 8, sensed by the sodium ion from:

[Na*]/[Na*]p = exp[8F(V1-V2)/RT] (1)

where [Nat]; and [Na*], are the concentrations of sodium which half-saturate the
transporter at membrane potentials V| and V7, respectively. The -38 mV shift in the voltage
midpoint would imply binding of a single sodium ion (or independent binding of multiple
ions) to a site which traverses 46 + 7 % of the membrane electric field. In conjunction with
the calculations of z6 from the independent measurement of the voltage-dependence of
charge movement (0.41; figure 4A) and transient current relaxation time constants (0.46;
figure 3A), this result is consistent with the simple model of charge movement arising from
a single sodium ion binding (i.e., z=1) to a site on the transporter approximately 41-46 %
of the distance through the membrane electric field, although more complex multi-state

models of charge movement are not ruled out by the data.
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Determination of Transporter Density, Charge Stoichiometry, and Cycling
Rate

In 19 oocytes, the average kainate-sensitive total charge movement (Qy) was 2.7 +
0.2 nC and the effective valence of the charge movement was 0.41 + .01. These parameters

can be used to determine N, the number of transporters, since

Qtot = Negzd 2)

where ¢, is the fundamental charge. The average number of transporters per oocyte was
therefore 4.1 x 1010 (2.7 x 10-9 C/0.41 e,). From capacitance measurements in the same
cells, the oocyte membrane area was calculated to be 2.85 x 107 + .14 x 107 um2,
assuming a membrane capacitance of 100 F-cm-2. Thus the average transporter density
was 1439 um-—2,

The charge flux through a single transporter can be determined from I, the whole
cell steady state current, and the number of transporters in the membrane. The number of

elementary charges translocated per second by a transporter, ¢, is given by

¢ = Is/(Neo) = Iss/(Qi01/29) 3

Linear regression of the steady state transport current in saturating glutamate at -80 mV vs.
Qtot in 00Cytes expressing different numbers of transporters yielded a line with slope of 70
sec"!, which corresponds to a charge transfer rate of 29 sec-! (70 sec-1*0.41; figure 4B).
The voltage dependence of this rate was determined from measurement of the steady state
transport currents in saturating glutamate in the same group of oocytes. The steady state
charge transfer rate was increased by membrane hyperpolarization e-fold/56mV. The
turnover rate of the transporter, which reflects the rate of glutamate translocation, is given

by ¢/v, where v is the number of charges translocated per cycle. In order to measure v,
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Figure 5. Kainate concentration-dependence for blockade of charge movements.

(A) Boltzmann fits of charge movements blocked by varying kainate concentration in
a representative cell.

(B) Kainate concentration dependence of normalized charge movement. Points (mean
t sem; n=4) were fitted by least squares to the expression:
Q=Q[kainate]/([kainate]+EC5q), where Q,, is the total charge movement blocked
by a given concentration of kainate as determined by fitting individual cells to a
Boltzmann function as in (A). The EC s, for kainate block = 16.9 + 3.9 uM.
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current measurements were made during radiolabeled L-glutamate superfusion onto oocytes
voltage clamped at potentials between 0 mV and -140 mV. The total quantity of charge
translocated was calculated from the current-time integral during a 100 sec pulse of 100 uM
[3H]L-glutamate, and the quantity of glutamate translocated was measured by scintillation
counting. Normalizing the charge translocated per molecule of L-glutamate for 5-8 cells at
membrane potentials between 0 mV and -140 mV gave a measure of the number of charges

translocated per transport cycle, v, which varied between 0.92 + 0.15 and 2.66 + 0.07
(n=5-8; figure 7 inset). Thus at -80 mV, for example, the turnover rate T = ¢/v =29 secl/
1.98 = 14.6 sec" L. Fitting the turnover rate to an exponential function of membrane

potential revealed that it was increased by hyperpolarization e-fold per 76 mV (figure 7).
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Figure 6. Na*-dependence of charge movements.

(A and B) Kainate-sensitive transient currents resulting from 100 mV pulses of opposite
polarity from a holding potential of -20 mV. Subtracted current traces in (A) 98.5 mM

Na* external solution and (B) Nat- free buffer (Tris*-substitution). (C) Normalized
charge movements recorded in control recording medium (98.5 mM Na*; circles) and 50
mM Na“(squares) to two-state model (shown in [D]) for a voltage-dependent binding of
Na * to a site traversing 46% of the electric field, with a K4 at 0 mV of 98.5 mM (see

Experimental Methods; k;=9.8x 102M exp(0.46VF/RT); k, = 1.7 x 105 M).
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Figure 7. Voltage dependence of turnover rate.

Steady state turnover (mean + sem; n=19) calculated from the ratio of the
rate of translocation of charge per transporter at a given potential (obtained
as in Figure 4B) divided by v, the number of fundamental charges

translocated per molecule of glutamate at the corresponding potential (inset;
points represent mean t sem; n = 5-8). Data are fit to an exponential

function showing an e-fold change in turnover per 76 mV.
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Discussion

Analysis of non-linear capacitance has been used extensively to obtain information
about gating and kinetics of ion channels (for review, see Almers, 1978). This approach
has also been applied to membrane transporters, where qualitatively similar currents have
been identified (Parent, et al., 1992a; Parent, et al., 1992b; Mager, et al., 1993). The
kainate-sensitive transient currents mediated by the human glutamate transporter EAAT?2
have properties which suggest that they arise from a transporter-specific saturable
capacitance due to Nat binding at a site on the transporter within the membrane electric
field. These currents are distinguished by the following properties: 1. The currents are
blocked by the transporter antagonist kainate with the same concentration-dependence as
the block of steady state transport. 2. The time-integrals of the pre-steady state currents for
the forward and backward voltage jumps are equal. 3. The charge movement is well-fitted
by a Boltzmann function of membrane potential. 4. The charge movements are abolished
by removal of Natoyt. 5. The voltage midpoint of the charge movement is shifted in a
hyperpolarizing direction by reducing Na*,, without changing the total charge movement.

The simplest model consistent with the observed actions of kainate involves a
voltage-dependent binding of Na* followed by a voltage-independent binding of kainate to
form a non-transported complex (figure 6D). In the absence of kainate, the free transporter
is in voltage-dependent equilibrium with the Na*-transporter complex. The equilibrium is
perturbed by voltage jumps; hyperpolarizing voltage jumps induce charge movements due
to Na* binding, while depolarizing voltage jumps induce Na* unbinding charge
movements. In the presence of saturating concentrations of kainate, the charge movements
no longer occur because the equilibrium is driven towards the Nat/kainate/transporter
complex such that no further binding of Na* can occur following a hyperpolarizing voltage
jump. The Na* binding site may be within the permeation pathway of the transporter,
since the transporter appears to directly mediate flux of two Na+ ions along with glutamate

(Stallcup, et al., 1979; Erecinska, et al., 1983). Alternately, the Na+ binding could occur at
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a site outside the electric field which is then followed by a charge movement. In either case,
the analysis of the voltage dependence of the equilibrium for the charge movement leads to
the same estimate of transporter density and turnover. The average glutamate transporter
density found in the present study (1439 uM-2 ) is comparable to estimates for expression
of the cloned GABA and 5-HT transporters in Xenopus oocytes (Mager, et al., 1993;
Mager, et al., 1994), and is in addition consistent with estimates of [3H]L-kainate binding
site density (unpublished observations).

At the present time, the precise stoichiometry of jons co-transported with glutamate
is unknown. This stoichiometry will determine v, the quantity of charge transferred per
transport cycle. Direct measurements of v at membrane potentials between 0 and -140 mV
revealed that this quantity was voltage-dependent, ranging from 0.9 to 2.7. This result
differs from that predicted by a fixed model involving glutamate cotransport with two Na*
ions and countertransport of one K+ and one OH- ion, leading to a net charge of 1 per cycle
(Bouvier, et al., 1992). This discrepancy is due at least in part to a portion of the
transporter current arising from a glutamate-activated chloride conductance which is not
thermodynamically coupled to glutamate flux (Wadiche, et al., 1995b). As a result, the
number of charges translocated per molecule of glutamate varies with membrane potential,
and the flux of amino acid through the transporter is less voltage-dependent than the
induced current. While the glutamate-induced steady state current varied e-fold per 55 mV
(figure 1), the flux of amino acid varied e-fold per 76 mV (figure 7). The rate of glutamate
flux, which reflects the slowest forward rate constant in the transport cycle, varied from 4
sec ! to 27 secl over the voltage range 0 to -140 mV. While the turnover is somewhat
slower than the slow component of the glutamate current relaxation (figure 1B), the latter is
expected to reflect forward and backward rate constants in the cycle (Lauger, 1991), and
may be significantly faster than the rate-limiting forward rate constant (e.g. see Parent, et
al., 1992a; Parent, et al., 1992b). The estimate of glutamate turnover from the present

study is significantly slower than estimates in retinal glial cells of salamander using

36



different techniques (>103 sec-!; HSchwartz and Tachibana, 1990), but is similar to
estimates made with reconstituted glutamate transporters purified from rat brain (1.3 sec-!;
Danbolt, et al., 1990).

In principle, glutamate uptake may influence synaptic transmission by either altering
the time course of clearance of synaptically released glutamate or by controlling the resting
interstitial level of glutamate. Control of interstitial glutamate levels could modulate synaptic
efficacy by tonic activation of receptors (Sah, 1989) or receptor desensitization (Trussell
and Fischbach, 1989). Although GABA (Thompson and Géhwiler, 1992) and serotonin
(Bruns, et al., 1993) transporters can play central roles in shaping the time course of
ionotropic receptor-mediated synaptic transmission, the influence of glutamate transport on
the time course of ionotropic glutamatergic synaptic transmission is somewhat controversial
(e.g. Isaacson and Nicoll, 1993; Sarantis, et al., 1993; Barbour, et al., 1994; Mennerick
and Zorumski, 1994; Tong and Jahr, 1994). Glutamate receptor kinetics determine the time
course of the post-synaptic response in hippocampal cultures (Lester, et al., 1990;
Colquhoun, et al., 1992) with the decay time constant of glutamate in the cleft predicted to
be very rapid, on the order of 1-2 ms (Clements, et al., 1992; Colquhoun, et al., 1992). A
central question in studies of glutamatergic synaptic transmission relates to the relative roles
of diffusion and reuptake in determining the time course of transmitter in the cleft. In
support of a dominant role for diffusion, uptake blockers fail to alter the kinetics of
synaptic currents in recordings from hippocampal slices (Hestrin, et al., 1990: Isaacson
and Nicoll, 1993; Sarantis, et al., 1993). However, Barbour et al. (1994) found evidence
for slowing of the time course of decay of post-synaptic currents by blockade of glutamate
transporters in cerebellar Purkinje cells. Additionally, in cultured hippocampal neurons,
Mennerick and Zorumski (1994) and Tong and Jahr (1994) reported changes in synaptic
currents following transporter blockade consistent with alterations in transmitter clearance

rate.
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The present results suggest that the time constant for a complete cycle of transport at
-80 mV is approximately 70 ms, significantly slower than the 1-2 ms time constant of
glutamate decay estimated in hippocampal synapses (Clements, et al., 1992; Colquhoun, et
al., 1992). This is still likely to be true at physiological temperatures, as the Q1 of the
steady state EAAT?2 transport current is between 2.5-3 (unpublished observations).
However, a partial cycle of the transporter could occur on a much faster time scale than that
of the entire cycle, which reflects only the slowest transition. Assuming a fast rate constant
for glutamate binding, the transporters could speed the time course of glutamate decay by
buffering free transmitter (Tong and Jahr, 1994). In this case, transporter density, which
varies in different brain regions (Arriza, et al., 1994; Rothstein, et al., 1994) would be a
factor in determining the concentration decay kinetics. In addition, synapse microanatomy
will affect glutamate diffusion rates, and regional differences in this factor may contribute
to variations in synaptic current kinetics (Barbour, et al., 1994). The relatively slow
transporter cycling time revealed by the present study suggests that glutamate transporter
density and synaptic geometry rather than reuptake will be the dominant factors determining

the kinetics of synaptic glutamate concentration decay.
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Experimental Procedures

Transporter expression and electrophysiology- Capped cRNA transcribed from the
human brain glutamate transporter EAAT2 cDNA (Arriza, et al., 1994) was microinjected
into Xenopus oocytes (50 ng/oocyte) and membrane currents were recorded 3-6 days later.
Recording solutions (ND96) contained 96mM NaCl, 2mM KCI, ImM MgCly, 1.8 mM
CaClz and 5 mM HEPES (pH 7.4). In Na* substitution experiments, Na+ was replaced
with equimolar Tris*. Two microelectrode voltage clamp recordings were performed at
220C with a Geneclamp 500 interfaced to an IBM compatible PC-AT using a Digidata 1200
A/D controlled using the pPCLAMP program suite (version 6.0; Axon Instruments).
Microelectrodes were filled with 3M KCl solution and had resistances of less than 1MQ.
For pre-steady state current measurements, data were sampled at the lowest gain to avoid
saturation of the amplifier response during the peak of the capacitance transient. Currents
were low-pass filtered at 1-2 kHz, digitized at 20 kHz, and signal-averaged six times
before and after solution exchange. For measurements of charge movements, 25 ms
command pulses in 10 mV increments from various holding potentials were made over a
range from -160 mV to +120 mV before and after the application of kainate. Current traces
in the presence of kainate were subtracted off-line from control currents. For each oocyte
the charge movements were calculated by time-integration of the subtracted current records
using CLAMPFIT 6.0, then plotted versus voltage and fitted by least squares using
Kaleidagraph v3.0 (Synergy Software) to the function: Q=Qqo¢/(1+exp(eozd(Vy-
Vo.5)/KT))+Qoffset Where Qyoy is the total charge movement, Vi, is the membrane potential,
Vo.5 is the midpoint of the charge movement, zd is the product of the valence of the charge
and apparent fraction of the field sensed by that charge, Qoffser is the offset which depended
on the holding potential,e, is the fundamental charge, k is the Boltzmann constant, and T is
the absolute temperature. For comparisons between oocytes, charge movements were
offset vertically by Qoffset and normalized to the Qy in the same oocytes. Time constants

for relaxation of the transient currents were fitted to a two-state model with a symmetrical
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energy barrier in which charge movement occurs during forward or backward transitions
with a time constant given by:

T = 1/{0® exp(z0eo/2kT) + BO exp(-z8ey/2kT) }, where o° and BO are the forward and
backward rate constants at 0 mV. A numerical simulation of the voltage- and sodium
concentration-dependence of charge movements was developed using SCoP software
(Simulation Resources, Inc. Berrien Springs, MI). Data were fit to a two-state model (Na+t
+T K, TNat) with a voltage-dependent dissociation constant K = K° exp (z8FV/RT),
where K° is the dissociation rate constant at 0 mV.

[3H]L-glutamate flux - Voltage clamp current recordings were made during
superfusion of oocytes voltage-clamped at indicated membrane potentials with 100 pM
[3H] L-glutamate (0.196 Ci/mmol; Amersham) for 100 sec. Following washout, oocytes
were rapidly transferred into a scintillation tube, lysed, and radioactivity measured.
Currents induced by [3H] L-glutamate were recorded using Axotape software (Axon
Instruments) and integrated offline followed by correlation of charge transfer with

radiolabel flux in individual oocytes.
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Summary

Flux of substrate and charge mediated by three cloned excitatory amino acid
transporters widely expressed in human brain were studied in voltage-clamped Xenopus
oocytes. Superfusion of L-glutamate or D-aspartate resulted in currents due in part to
electrogenic sodium co-transport, which contributed one net positive charge per transport
cycle. A significant additional component of the currents was due to activation of a
reversible chloride flux which was not thermodynamically coupled to amino acid transport.
The permeabilty sequence of this ligand-activated conductance was NO3- > I > Br- > CI- >
FI-. The results suggest that these proteins can switch between transport and channel-like
modes of permeation, a property which could facilitate their role in termination of synaptic

transmission.
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Introduction

Reuptake of neurotransmitters is mediated by specific membrane proteins which
couple the electrochemical gradients of additional cotransported ions to drive the
concentrative influx of transmitter (for review see Lester, et al., 1994). The molecular
mechanisms underlying this coupling process are unknown. Voltage clamp studies have
revealed substrate-independent ion fluxes mediated by some cloned neurotransmitter
transporters including those for 5-HT (Mager, et al., 1994) and GABA (Cammack, et al.,
1994), suggesting the presence of channel-like properties in these molecules. Uptake of the
excitatory amino acid neurotransmitters glutamate and aspartate in brain synaptosomes is
associated with influx of sodium and efflux of potassium and hydroxide ions (Kanner and
Sharon, 1978; Erecinska, et al., 1983). Voltage clamp recording in retinal photoreceptors
and glial cells has been used to isolate currents associated with excitatory amino acid uptake
which contribute significantly to these cells' electrical properties (Brew and Attwell, 1987)
(Tachibana and Kaneko, 1988; Schwartz and Tachibana, 1990; Eliasof and Werblin,
1993). A stoichiometry proposed for glutamate uptake involves co-transport of 2Na*+:1Glu-
with countertransport of 1 K+ and one OH-, resulting in translocation of one net positive
charge (Bouvier, et al., 1992).

Isolation of cDNA clones from rat and rabbit have revealed a mammalian gene
family of glutamate transporters (Kanai and Hediger, 1992; Pines, et al., 1992; Storck, et
al., 1992). Three homologous excitatory amino acid transporter subtypes are widely
expressed in human brain (EAAT1-3; Arriza, et al., 1994). A kinetic study of one of the
human transporters (EAAT2; B Wadiche, et al., 1995a) demonstrated that the number of
charges translocated per transport cycle varies according to the membrane potential, in
contrast to the result expected for a simple transport model involving a fixed stoichiometry.
Data is presented here which explains the basis for this variable stoichiometry by
demonstrating that members of this transporter family mediate thermodynamically

uncoupled chloride currents activated by the molecules which they transport.
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Results

Steady-state currents activated by excitatory amino acids

The voltage-dependence of the currents mediated by the human excitatory amino
acid transporters EAATI, 2, and 3 was examined by clamping oocytes expressing the
transporters at potentials between +60 mV and -30 mV and superfusing the transport
substrate D-aspartate (Arriza, et al., 1994) at a concentration of 100 uM. At negative
membrane potentials, amino acid superfusion induced inward currents in oocytes
expressing all three transporter subtypes (figure 1A, 1C, 1E). The amino acid-dependent
current mediated by EAAT2 did not reverse at potentials up to +60 mV (figure 1C, 1D).
Surprisingly, however, amino acid superfusion induced currents which reversed at positive
membrane potentials in oocytes expressing EAAT1 (figure 1A, 1B; Ejey = 9.3 £0.7 mV;
n=46) or EAAT3 (figure 1E, IF; Epey = 38.0 + 2.7 mV; n=28). The outward currents were
not likely to be due to reverse transport of accumulated substrate because they were
observed in response to the first application of amino acid when the membrane was
clamped at depolarized potentials (figure 1). In addition, varying external concentrations of
amino acid affected the amplitudes of the currents without changing the reversal potential
(figure 2). In the absence of sodium (choline substitution), neither inward nor outward
currents were induced by amino acid superfusion in any of the three transporter subtypes
(n=4). The application of 1 mM glutamate or aspartate to water-injected oocytes did not

activate a detectable current (n=6).

A component of the transporter current is carried by chloride ions

The amino acid-dependent outward current seen at positive potentials in oocytes
expressing EAAT1 or EAAT3 was abolished when external chloride ions were replaced by
gluconate ions, with no effect on the inward currents (Figure 3A, 3B, 3C). This result

suggested the possibility that the outward currents mediated by EAAT1 and EAAT?3 were
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Figure 1. Currents mediated by human excitatory amino acid transporters.

Currents induced by bath application (indicated by bar) of 100 uM D-aspartate to a
Xenopus oocyte expressing EAAT1 (A), EAAT2,(C) and EAAT3 (E). The
corresponding steady state current-voltage relationships are shown in (B), (D), and
(F). Currents are recorded at potentials from -30 mV to +60 mV and are offset to
align holding currents. Note outward currents observed for EAAT1 and EAATS3.
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Figure 2. Concentration and voltage
dependence of excitatory amino acid
currents.

Steady state current-voltage relationship of
representative oocyte between +80 mV and
-120 mV obtained by subtraction of control
currents from the corresponding currents in
the presence of varying concentrations of
D-aspartate. (A), (B), and (C) Xenopus
oocytes expressing EAAT 1, 2, and 3;
respectively. Reversal potential (EAATI1
and 3) does not shift as a function of [D-
aspartate]. D-aspartate doses: 10 uM (filled
circles), 30uM (triangles), 100uM
(diamonds), 300 uM (squares), and 1 mM
(empty circles).
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carried by CI-. This was tested by examination of the reversal potential of the amino acid-
dependent currents mediated by EAAT1 and EAATS3 as a function of [Cllout. The reversal
potential of the EAAT1 and EAAT?3 currents shifted 54.1 £ 1.8 (n=5) and 53.7 + 4.3 (n=5)
mV per decade change in [Cl-]oy, respectively (figure 3D). Although the magnitude of the
reversal potential shifts were close to predictions for a chloride-selective conductance, the
absolute values of the reversal potentials were significantly more positive than the value of
Ecy, the chloride reversal potential (see below). This result suggested that other ions in
addition to chloride carried a portion of the transporter-mediated current activated by
excitatory amino acids.

To further examine the properties of the transporter currents, intracellular CI- was
dialyzed by incubating cells expressing EAAT1 for 16-24 h in CI- -free medium (gluconate
substitution). Ecy was measured before and after intracellular chloride depletion by
measurement of reversals of endogenous calcium-dependent chloride channels (see
experimental procedures). With 104 mM Cl-oy¢, Ecy was shifted from -17 mV £ 1 mV
(n=4) to -81 £ 3 mV (n=3), a value corresponding to a change in intracellular concentration
from 53 mM to 4 mM. Comparison of currents activated by D-aspartate in the presence of
Cl oy revealed that the inward current was significantly reduced by dialysis of Cl-,, without
affecting the outward current (figure 4A). When both internal and external chloride were
substituted with gluconate, the remaining excitatory amino acid-induced current exhibited
an exponential dependence on membrane potential (e-fold/75mV) and did not reverse at
potentials up to +80 mV (figure 4B). The component of the excitatory amino acid-
dependent current dependent on chloride was resolved by subtraction of current-voltage
recordings in the nominal absence of intracellular and extracellular chloride from recordings
in the presence of normal intracellular and extracellular chloride concentrations (figure 4C).
The reversal of this difference current was approximately 10 mV more negative than the

measured value of Ecy, which is likely to be due to incomplete dialysis of internal chloride.
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Figure 3. Chloride ions carry the transporter-mediated outward current.

Steady-state current-voltage relationship of oocytes expressing EAAT 1 (A), 2 (B), and 3 (©)
in response to an application of 1 mM D-aspartate. Removal of extracellular chloride
(gluconate substitution) abolishes the outward current, but has no effect on the inward current.
(D) Reversal potential of the current induced by D-Asp is dependent on the extracellular
chloride concentration. The reversals shifted 54.1 =+ 1.8 and 53.7 + 4.3 mV/decade, for
EAATI and 3, respectively (mean + sem, n=5 ).
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Because Xenopus oocytes express high levels of calcium-activated chloride
channels (Robinson, 1979; Barish, 1983), the possibility was examined that the
transporters might activate endogenous chloride channels, for example via calcium
permeating the transporter or by second messenger-mediated intracellular calcium release.
However, microinjection of oocytes expressing EAAT1 with 10 nmol BAPTA, a quantity
sufficient to block receptor-mediated intracellular calcium release ((BAPTAJ; = 10mM;
Kavanaugh, et al., 1991), had no effect on the excitatory amino acid-dependent current-
voltage relationship (n=>5). In addition, the oocyte chloride channel blocker niflumic acid
(100 uM; White and Aylwin, 1990) and the non-selective blocker SITS (1mM; Greger,
1983) had no effect on the current induced by 1mM D-aspartate, nor did removal of

extracellular calcium (n=4).

Thermodynamics of transport

The above results suggest that the transporters mediate a reversible chloride current
in addition to an inward current presumably associated with electrogenic co-transport
(figure 4). In order to test the idea that the excitatory amino acid-dependent current
remaining in the absence of chloride reflects electrogenic amino acid flux, the voltage
dependence of the EAAT1-mediated [*H]D-aspartate uptake was examined (figure SA).
The [3H]D-aspartate flux displayed a voltage dependence similar to that of the D-aspartate-
activated current in the absence of chloride, (e-fold increase per 75 mV; figures 4B, 5A
inset). Time-integration of currents associated with flux of radiolabeled amino acid in
recording buffer containing chloride revealed that the ratio of the flux of charge to that of
amino acid varied with membrane potential (figure 5A). The quantity of charge translocated
per transport cycle ranged from approximately +3.5 e, at -100 mV to approximately -2.5 ¢,
at +25 mV (figure 5B). Thus, amino acid flux is not directly proportional to the net ionic

flux.
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Figure 4. Dialysis of intracellular

chloride reveals two currents.

(A) Currents activated by 300uM D-
aspartate in oocytes expressing EAATI1

dialyzed to remove internal Cl- (gluconate
substitution; n=5) compared with undialyzed
cells (n=6). [CI],,; = 104 mM. (B) Currents
activated by 300 UM D-aspartate in dialyzed
cells compared undialyzed cells. [CH], = 0
mM. (C) Chloride-dependent component of
the transport current revealed by subtraction
of the mean current-voltage curves recorded

in presence (A, control) and absence (B,
dialyzed) of chloride.
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To investigate the influence of the chloride electrochemical gradient on uptake of
amino acid, flux of [3H]D-aspartate mediated by EAAT1 was measured under isopotential
conditions with the chloride electrochemical gradient directed either outwardly or inwardly
by varying [Cl]oy: (figure 5C). At 0 mV, with an inwardly directed chloride gradient
([Cllout = 104 mM), uptake during a 100 sec pulse of 100 uM [3H]D-aspartate was 0.48 +
0.06 pmol/sec (n=9). With an outwardly-directed chloride gradient at the same membrane |
potential ([Cl]oy = 0 mM), flux of [3H]D-aspartate was unchanged (0.47 + 0.06 pmol/sec
n=8). This result demonstrates that the driving force responsible for amino acid influx is
not related to the CI- electrochemical gradient, suggesting that the Cl- and amino acid fluxes
occur independently.

Assuming that influx of excitatory amino acid is thermodynamically driven by
electrogenic ion cotransport, the above results suggest that the net current reflects the sum
of the inward current from amino acid flux (Ifyx) plus the current arising from the
reversible and thermodynamically uncoupled amino acid-activated chloride conductance
(Icp. To further test this hypothesis, the quantity of charge translocated per molecule of
amino acid was compared in the presence and absence of chloride by measuring the time-
integrals of currents resulting from a 100 sec pulse of 100uM [3H]D-aspartate. At -80mV,
the number of fundamental charges per molecule of D-aspartate was 2.4 + 0.02 (n=4), 2.0
*0.07 (n=6), and 2.7 + 0.3 (n=5) for EAAT1,2,and 3, respectively. After depletion of
intracellular chloride, superfusion of the same concentration of label in chloride-free buffer
resulted in a reduction in the quantity of charge translocated per molecule of D-aspartate to
1.4 £0.1 (n=6), 1.1 £ 0.04 (n=5), and 1.2 + 0.04 (n=4), respectively. The flux of
radiolabel in nominal chloride-free conditions was not significantly changed relative to
uptake in the presence of chloride. Thus, with intracellular chloride depleted and in the
absence of external chloride, there is a translocation of approximately one net positive
charge associated with D-aspartate flux. As expected, in the presence of chloride, less than

one charge was translocated per molecule of amino acid at potentials positive to Ecy, while
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Figure 5. The quantity of charge translocated
per transport cycle varies with membrane
potential due to a thermodynamically uncoupled
chloride flux.

(A) Amino acid uptake (diamonds) and charge
translocation (circles) were simultaneously
measured during a 100 sec application of 100 uM
[3H] D-aspartate to voltage-clamped oocytes
expressing EAATI. Inset: Voltage-dependence of
labeled amino acid flux; superimposed exponential
(e-fold/75 mV) derived from fit of transport current

under nominal CI- - free conditions (figure 4B).
(B) Quantity of charge translocated per transport
cycle varies with the membrane potential.

(C) Under isopotential conditions (0 mV), amino
acid uptake is not affected by changing the chloride
electrochemical gradient.
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at potentials negative to Ec; more than one charge was translocated, and at Ecy
approximately one charge was translocated (figure 5B). The results are consistent with the
interpretation that translocation of one net positive charge is intrinsically coupled to uptake
of a molecule of D-aspartate, but additional charge transfer arises from the uncoupled flux

of chloride through the transporter.

Gating and selectivity of the chloride permeation pathway

The reversal potential predicted for a theoretical current reflecting the sum of a
current flowing through a perfect inward rectifier and a reversible chloride conductance is
dependent on the relative magnitude of each component (see discussion and figure 8A-C).
The reversal potential of the EAAT1-mediated current activated by L-glutamate was more
positive than that activated by D-aspartate by 37.0 £ 3.5 mV (figure 6A; n=8). This result
suggests that the flux of chloride per transport cycle gated by D-aspartate was greater than
for L-glutamate, since the D-aspartate-induced current reverses closer to Ecy. In order to
test this possibility, the number of charges translocated per molecule of [3H]D-aspartate
was compared to that of [SH]L-glutamate at potentials positive and negative to Eq
(approximately -17 mV). At potentials negative to Ecy, the ratio of charge flux to amino
acid flux was significantly greater for D-aspartate than for L-glutamate while the converse
was true at potentials positive to Ecy (figure 6B), in accord with the result predicted if
translocation of either amino acid was coupled to movement of one charge but the
magnitude of the chloride flux induced by D-aspartate was greater.

The permeation of anions other than chloride through the transporter was examined
by recording EAAT currents activated by 100 uM D-aspartate under biionic conditions
with substituted test ions outside at 100 mM with physiological concentrations of internal
chloride (~53 mM; see Experimental Procedures). The amplitude and the reversal potential
of the currents varied significantly among the ions tested (figure 7). The selectivity

sequence reflected in the current reversal potentials was NO3- > I > Br > Cl-> Fl-. A
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Figure 6. Reversal potential and relative amplitude of chloride flux is substrate-
dependent.

(A) Voltage-dependence of EAAT1-mediated currents induced by application of 100 uM
D-aspartate (circles) or 100 UM L-glutamate (squares). Reversal potentials differ by 37 +
3.5 mV (n=8). (B) Charge translocation per cycle of transport measured for D-aspartate
and L-glutamate while clamping cells below (-50 mV) or above (0 mV) E cl-
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Figure 7. Anion selectivity of EAATI.

Currents induced by 100 uM D-aspartate in a representative oocyte
expressing EAATI. Bath solution contained various test ion as 100

mM sodium salt plus gluconate salts of Ca2+ (1.8 mM), Mg2+ (1
mM) and K * (2 mM).
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precise Goldman-Hodgkin-Katz analysis of the relative anion permeabilities based on the
shifts in the reversal potential is not possible because the voltage-dependence of the

inwardly rectified substrate flux leads to a different zero-current equation at each potential.

Discussion

Electrogenic uptake of excitatory amino acids is mediated by a family of membrane
proteins which cotransport sodium (Kanner and Sharon, 1978; Stallcup, et al., 1979) and
countertransport hydroxide (Erecinska, et al., 1983; Bouvier, et al., 1992) and potassium
ions (Amato, et al., 1994; Kanner and Sharon, 1978). If transport were tightly coupled to
translocation of these inorganic ions, application of amino acid to one membrane face
would be expected to result in a unidirectional current with a polarity determined by the
stoichiometry of the co-transported ions. For a cotransport stoichiometry of 1 AA-:2Na+
with countertransport of 1 OH- and 1 K* (Bouvier, et al., 1992), a net charge of +1 would
accompany influx of each molecule of glutamate or aspartate regardless of membrane
potential. Results from a recent study of EAAT?2 kinetics demonstrate, however, that the
net charge accompanying translocation of glutamate varies according to membrane potential
(Wadiche, et al., 1995a), and the present study demonstrates that under appropriate
conditions the current associated with excitatory amino acid influx can indeed reverse
polarity.

These results can be explained by a model involving activation of a chloride
conductance in parallel with the conductance associated with amino acid flux. In this model
the net excitatory amino acid-dependent current represents the sum of the chloride current
(Icp) plus the electrogenic transport current (I 4). Although the chloride current is activated
by transport substrates, the chloride electrochemical gradient is not thermodynamically
coupled to transport since amino acid flux is unaffected by the direction of the chloride

driving force (figure 5C). Furthermore, excitatory amino acid influx occurs in the absence
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of chloride ions. From measurements of the quantity of charge translocated with each
molecule of amino acid in the presence of chloride, it was ascertained that the net positive
charge translocated into the cell per transport cycle was >1 e o at membrane potentials
negative to Ecy while at potentials more positive than Ecy it was < 1 e (. At the equilibrium
potential for chloride, approximately one positive charge accompanied each molecule of
amino acid entering through the transporter (figure 5B). In addition, the voltage-
dependence of radiolabeled amino acid influx was similar to that of the amino acid-
dependent current in chloride-free conditions (e-fold/75mV; figures 4B and 5A). Together
these results suggest that translocation of excitatory amino acid is linked coupled to
translocation of one net positive charge.

The above model predicts that the reversal potential of the total current is
independent of amino acid concentration only if the concentration-dependence for activation
of Iaa and I¢y are the same (see figure 8B, 8C). Thus the observed concentration-
independence of the transporter current reversal potentials (figure 2) suggests that both I¢y
and Ia 4 arise from excitatory amino acid binding to a single site. Each transporter subtype
exhibited intrinsic (expression-level independent) differences in the reversal potential of the
net current activated by excitatory amino acids, which would be unlikely if the chloride
current were mediated by a distinct molecular species. Furthermore, classical chloride
channels blockers did not affect the transporter-mediated currents, supporting the
hypothesis that the transporters directly mediate both currents. The model further predicts
that the reversal potential of the net current will shift with changes in [Cl]o,/[C]'] in, but the
magnitude of this shift as well as the absolute value of the reversal potential will be
influenced by the relative magnitude of Ip,x and Iy (figure 8C). In general, the greater the
contribution of Iy to the net current at the reversal potential, the less effect changing the
chloride gradient will have on the reversal potential. Similarly, the greater the relative
magnitude of Iy, the closer will be the net current reversal potential to Ecy. Thus, the

difference in reversal potentials for the L-glutamate- and D-aspartate-activated currents in
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Figure 8. Excitatory amino acid transporter
modes.

(A) Model of total transporter current (solid line)
as the sum of a reversible chloride current (I))

and an electrogenic current from coupled flux
(Ipna; see experimental procedures). (B) The
predicted reversal potential of the net current is
independent of amino acid concentration when the
concentration-dependence of I, , and I are the

same. (C) The absolute reversal potential is
dependent on the amino acid flux relative to that
of chloride. The curves shown represent the effect
of increasing the intrinic transporter turnover rate
(by indicated factor) while holding chloride
conductance constant.
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EAATI1 may be accounted for by differences in ligand efficacy for activation of the
chloride current, leading to a difference in flux of chloride per transport cycle (figure 6). In
addition to substrate-dependent changes in reversal potentials, the transporters displayed
subtype-specific differences in the reversal potentials (ranging from +9 mV in EAATI to
+38 mV in EAAT3 to >80 mV in EAAT?2 for D-aspartate currents). In addition to possible
intrinsic differences in activation of the chloride current, other reasons for differences in
reversal potentials between subtypes could include differences in the voltage-dependence of
substrate flux or in intrinsic rectification of Icy. Interestingly, a recently cloned human
cerebellar transport subtype, EAAT4, mediates an excitatory amino acid-induced current
which seems to be carried predominantly by chloride and which reverses close to Ecy
(Fairman et al., 1995). In all three subtypes examined in the present study, a significant
fraction (50%-73%) of the total current activated by D-aspartate was carried by chloride
ions at -80 mV, based on measurements of the net quantity of charge translocated per
transport cycle, assuming a charge of +1e, per cycle due to coupled cotransport.

The selectivity of the ligand-gated anion conductance was revealed by substitution
experiments which demonstrated a permeability sequence NO3- > I > Br > CI' > FI-. An
absence of anomolous mole fraction between I~ and Cl- (data not shown) is consistent with
a single anion binding site in the transporter pore, although more rigorous tests will be
required to rule out a multi-ion permeation pathway. This selectivity sequence is identical to
that of a neuronal chloride channel which displays complex conductance properties which
appear to result from anion-cation interactions in the channel pore (Franciolini and Nonner,
1987). As the excitatory amino acid-activated chloride current through the transporter
required sodium, it is possible that sodium and chloride interact in the pore of the
transporter, although binding of sodium may simply be required prior to excitatory amino
acid binding (Wadiche, et al., 1995a). Unlike currents mediated by the neuronal chloride
channel, in which the reversal potential is affected by cation concentrations (Franciolini and

Nonner, 1987), changing the concentration of sodium outside (96 mM to 48 mM) reduced
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the excitatory amino acid-activated anion current amplitude without changing the reversal
potential (n=4).

Sodium- and glutamate-dependent currents with properties similar to those
described here have been reported in vertebrate photoreceptor cells (Sarantis, et al., 1988;
Tachibana and Kaneko, 1988; Eliasof and Werblin, 1993). In addition, fluctuation analyses
of currents in photoreceptors of turtle (Tachibana and Kaneko, 1988) and salamander
(Larsson, et al., 1996) suggest the presence of a small conductance channel activated by
glutamate transporter substrates. The activation of a chloride conductance concommitant
with transport would provide a potential mechanism to offset the depolarizing action of
transmitter reuptake and dampen cell excitability. The molecular mechanisms underlying
this current remain to be elucidated. The thermodynamic independence of the chloride and
glutamate fluxes suggests that these ions do not simultaneously permeate a single-file pore.
Therefore unless the transporter has a "double-barreled” ion pathway to allow independent
permeation, a gating mechanism must exist for switching between sodium-coupled amino
acid translocation and chloride permeation. One potential mechanism for such a switch
involves the bound glutamate molecule itself constituting a critical part of the selectivity site
required for chloride permeation, e.g., by contributing a positively charged alpha-amino
group with which the anion could interact in transit. In such a model (figure 8D and 8E),
the mean time that glutamate is bound to the transporter before unbinding or being
translocated through the pore would determine the mean lifetime of the anion-conducting
state. Variations in the microscopic kinetics of this "gating" process could lead to
differences in the relative amplitudes of amino acid and anion fluxes for different

transporter subtypes and substrates such as those observed in the present study.
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Figure 8. Excitatory amino acid transporter modes (continued).

(D) Cartoon and (E) corresponding kinetic scheme representing modes of transporter
operation. The alternating access model requires a state transition for glutamate
permeation (T, <-> T;), while chloride permeation requires only that glutamate is
bound. For simplicity, a partial reaction cycle is shown which omits the possible

translocation of the TNa,GluCl complex as well as a countertransport step for K* and
OH" or HCO;5" as proposed by Bouvier et al. (1992).

61



Experimental Procedures

Expression and electrophysiological recording- Capped mRNAs transcribed from
the cDNAs encoding the human brain glutamate transporters EAAT1-3 (Arriza, et al.,
1994) were microinjected into stage V-VI Xenopus laevis oocytes (50 ng/oocyte) and
membrane currents were recorded 3-6 days later. Recording solution (ND96) contained
96mM NaCl, 2mM KCI, ImM MgCl,, 1.8 mM CaCl, and 5 mM HEPES (pH7.4). In
Na* or CI" substitution experiments, ions were replaced with equimolar choline or
gluconate, respectively. Two microelectrode voltage clamp recordings were performed at
220C with a Geneclamp 500 interfaced to an IBM compatible PC using a Digidata 1200
A/D controlled using the pPCLAMP 6.0 program suite (Axon Instruments) and to a
Macintosh using a MacLab A/D (ADInstruments). The currents were low-pass filtered
between 10 Hz and 1kHz and digitized between 20 Hz and 5 kHz. Microelectrodes were
filled with 3M KCl solution and had resistances of less than 1MQ. Offset voltages in
chloride substitution experiments were avoided by the use of a 3M KCl-agar bridge from
the recording chamber to a 3M KCl reservoir containing a Ag/AgCl electrode. Current
voltage-relationships were determined either by measurement of steady state currents in
response to bath application of substrates or by off-line subtraction of control current
records obtained during 200 ms voltage pulses to potentials between -120 mV and +80 mV
from corresponding current records in the presence of substrate. The chloride reversal
potential was determined in oocytes expressing EAAT] and in uninjected cells by
measuring the reversal potential of currents mediated by Cat2-activated chloride channels
endogenous to Xenopus oocytes following activation with 1 uM A23187 (Barish, 1983).

[3H] amino acid flux - Current measurements were made during superfusion of 100
UM [3H]D-aspartate (0.42 Ci/mmol; Amersham) or [3H]L-glutamate (1 Ci/mmol;
Amersham) onto oocytes voltage-clamped at various potentials for 100 sec. Following
washout of the bath (<20 s), oocytes were rapidly transferred into a scintillation tube,

lysed, and radioactivity measured. In control experiments, no significant efflux of
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radiolabel] was detected during this time in oocytes injected with 100 pmol [*H]D-aspartate
(final concentration = approx. 100 uM). Currents induced by [3H] amino acids were
recorded using Chart software (ADInstruments) and integrated offline followed by
correlation of charge transfer with radiolabel flux in the same oocytes. All data are
expressed as mean = standard error.

Modeling- The following expression was used to model a current resulting from
the sum of an reversible chloride current and an inwardly rectifying transport current as a
function of voltage:
Liot(E) = {[EAAJ([EAA] + Ko.5)} [(E-Ec)(gcn) - (tN)(F)exp(-Ep)]
where Ttot(E) is the total membrane current as a function of voltage, [EAA] is the
concentration of excitatory amino acid, K s is the concentration of amino acid which
activates 50% of each current, (gcy) is the chloride conductance due to the channel mode of
the transporter, assumed for simplicity to be ohmic, (Ecy) is the equilibrium reversal
potential for chloride, F is the Faraday constant, 7 is the turnover rate of the transporter at 0
mV for a given amino acid, N is the number of moles of transporter expressed, and [t is a

Boltzmann factor determining the voltage dependence of the transporter turnover rate.
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Summary

The behavior of a CI- channel associated with a cloned glutamate transporter was
studied using intracellular and patch recording techniques in Xenopus oocytes injected with
the human EAAT1 cRNA. Channels could be activated by application of glutamate to either
face of excised membrane patches. The channel exhibited strong selectivity for chaotropic
ions (Pscn/Pcy = 67) and had a minimum pore diameter of ~5A. CI- flux was much less
temperature-dependent than glutamate flux. Stationary and non-stationary noise analysis
was consistent with a sub-femtosiemen CI- conductance and a maximum channel P, << 1.
Differences in the macroscopic kinetics of channels activated by rapid pulses of L-glutamate
or D-aspartate were correlated with differences in uptake kinetics, suggesting a direct
correspondence of channel gating to state transitions in the transporter cycle. The data

indicate that glutamate transporters display intrinsic channel behavior.
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Introduction

Glutamate is the primary excitatory neurotransmitter at central synapses, and its
effects on receptors are terminated by diffusion and by the actions of glutamate
transporters. These molecules are members of a large amino acid transporter gene family
(Malandro and Kilberg, 1996) and they exhibit discrete anatomical localizations. GLAST
(EAAT1) and GLT-1 (EAAT?2) are found primarily in glial cells, while EAAC1 (EAAT3),
EAATH4, and EAATS are primarily expressed in neuronal cells (Rothstein et al., 1994;
Lehre et al., 1995; Yamada et al., 1996; Eliasof et al., 1998). Glutamate transport is
electrogenic and coupled to sodium and proton influx and potassium efflux (Kanner and
Sharon, 1978; Stallcup et al., 1979; Nelson et al., 1983; Barbour et al., 1988). The
stoichiometry of the neuronal transporter EAAT3 involves glutamate co-transport with 3
Na' ions and one H* ion, while one K+ ion is counter-transported in a transport cycle
(Zerangue and Kavanaugh, 1996). In addition to the coupled transport current, a substrate-
activated anion current has been observed in oocytes expressing glutamate transporters
(Fairman et al., 1995; Wadiche et al., 1995b; Arriza et al., 1997; Eliasof et al., 1998). A
similar glutamate-dependent anion current is also observed in neurons and glia (Sarantis et
al., 1988; Grant and Dowling, 1995; Picaud et al., 1995b; Larsson et al., 1996; Eliasof and
Jahr, 1996; Billups et al., 1996; Otis et al., 1997; Bergles et al., 1997; Bergles and Jahr,
1997). While the physiological role of the chloride flux is unclear, in retinal neurons this
current may play a role in visual processing (Grant and Dowling, 1995; Picaud et al.,
1995a). In brain slice preparations, transporter-associated anion currents have been used to
monitor the dynamics of synaptically released glutamate (Otis et al., 1997; Bergles et al.,
1997; Bergles and Jahr, 1997).

The molecular basis of the chloride conductance is unclear. Its association with
glutamate transporters as well as with a genetically related neutral amino acid transporter
(Zerangue and Kavanaugh, 1996) suggests an ancient evolution with amino acid transport,

but the transport activity and the CI- conductance may not reside in the same molecule.
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Although the CI- current exhibits the same sodium and amino acid concentration
dependencies as does glutamate transport (Wadiche et al., 1995b; Picaud et al., 1995b;
Billups et al., 1996), the chloride current activated during uptake is reversible, and the
direction of the CI- gradient does not measurably affect glutamate uptake (Wadiche et al.,
1995b), as might be expected for an independent channel. A mechanism proposed to
reconcile these phenomena postulates the formation of a Cl--selective permeation pathway
at some stage of glutamate and/or Na* transit through the pore (Wadiche et al., 1995b),
analogous to a mechanism proposed for a neuronal CI- channel that is also permeable to
Na* (Franciolini and Nonner, 1987). This study explores the macroscopic and microscopic
properties of the channel activity associated with a cloned glutamate transporter. The
properties of the anion current were indicative of flux rates much greater than the ions
undergoing coupled transport with glutamate. Nevertheless, an intrinsic linkage of the
anion channel kinetics to the cyclical state transitions of the transporter was also apparent,

leading to a model of a ligand gated channel/tranporter with unique Kinetic properties.
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Results

Selectivity of the transporter-associated anion conductance

The EAAT1-dependent current activated by bath application of the transporter
substrate D-aspartate has been proposed to be comprised of an inward cation-coupled
uptake current together with a thermodynamically uncoupled chloride current (Wadiche et
al., 1995b)_ In accord with this, the reversal potential of the net D-aspartate current
systematically varied with log [Cl-]oy, but was 15-20 mV more positive than Ecy (fi gure
la,b; also see Wadiche et al., 1995b; Eliasof and Jahr, 1996). The chloride current was
resolved from the coupled transport current based on the assumption that at Ey, the
transporter-mediated chloride current is zero (Wadiche et al., 1995b). The voltage-
dependence of the coupled transport current was then determined from measurement of D-
aspartate-induced inward currents at different Ecy values by varying [Cl-]oys between 10
and 200 mM (figure 1a). The mean inward currents at five different values of Ecy were
fitted to an exponential function (e-fold/-89.7 + 16.4 mV; n=5; dashed line in figure 1a).
This function is similar to the voltage-dependence of [3H]D-aspartate uptake (e-fold/-75
mV; Wadiche et al., 1995a), consistent with the current at Ecy reflecting the Na/H/K
coupled transport current.

The glutamate transporter current is increased in the presence of certain anions
including SCN-, ClO4-, and NO3-, and I (Wadiche et al., 1995b; Eliasof and Jahr, 1996;
Billups et al., 1996; Kavanaugh et al., 1997; Otis et al., 1997). With these more permeant
anions in the extracellular solution, larger D-aspartate-induced outward currents are
observed (figure 1c). In contrast, with gluconate as the sole extracellular anion, outward
currents were not observed, consistent with the conclusion that it is impermeant (Wadiche
et al., 1995b). The relative permeabilities of a number of anions were quantified using the
GHK voltage equation after isolating the anion current by subtraction of the coupled

transport current as described above. This approach relies on the assumption that the
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Figure 1. Currents mediated by EAATI.

(A) Average currents induced by 100 UM D-aspartate application on oocytes expressing EAAT1 with

recording solutions containing various CI- concentrations. The dashed line corresponds to the
predicted coupled uptake current for this group of cells. It represents the mean of exponential fits
(89.7 £ 16.4 mV; n = 5) through current values at the respective chloride equilibrium potentials. The
dashed line and the D-aspartate currents intersect near E ) for each of the recording conditions.

(B) The reversal potential of the net current (circles) and the chloride-dependent current (squares)

induced by 100 uM D-aspartate are dependent on [Cl ] . The dashed line represents the predicted

Nersnt equilibrium potential for chloride assuming [Cl];, = 41 mM (see methods).

(C) Normalized anion-specific currents activated by 100 uM D-aspartate in oocytes expressing
EAATI. Recording solutions contained 10 mM Na salts of various test anions plus gluconate
substitution to obtain 90 mM Na+ 1.8 mM Ca2*, | mM Mg2+, and 2 mM K*. Current records in 100
mM Na-(L)-glutamate subtracted from 100 mM Na-gluconate did not reverse up to +80 mV.

(D) Radiolabeled D-aspartate uptake from oocytes expressing EAAT1 measured under voltage clamp
(Vim = -50 mV) with the indicated anion-substitution (0.47 + 0.04, 0.46 + 0.15, and 0.44 £+ 0.10

pmol/sec for Cl-, NO3-, and gluconate ; n = 4-7),
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coupled transport current is not altered by the permeant anion, which was verified by
comparing uptake of [3H]D-aspartate in the presence of anions more (NO3°) and less
(gluconate™ ) permeant than CI- (figure 1d). The ion permeabilities (relative to CI-) ranged
between <.08 to 67 (Table I). The data show that the minimum pore diameter of the anion
channel is approximately 5 A, corresponding to the diameter of the largest permeant ion
measured, ClO4~ (Halm and Frizzell, 1992). Significantly, glutamate itself did not appear to
permeate the uncoupled conductance as no outward current was observed upon switching
from a gluconate-based extracellular solution to a glutamate based one (figure 1c). This
result indicates that glutamate flux occurs solely by a coupled mechanism without "short-
circuit” permeation occurring via the anion conductance that would diminish the

theoretically achievable glutamate gradient.

The transporter anion conductance displays channel-like permeation
properties

The transporter-mediated glutamate flux and the associated anion currents indicate
that different anions can permeate at different rates (and directions) without affecting
glutamate flux. Such behavior could reflect the existence of an anion channel associated
with the transporter. Alternatively, a distinct transporter-mediated anion flux could occur by
a "carrier" type mechanism (Liuger). The anion permeation was investigated further to
determine whether its properties were more consistent with channel-like or carrier-like
transport. Changes in temperature are predicted to have less effect on uncoupled ion flux
through a channel than on carrier-mediated transport as a consequence of the difference in
thermal dependence of ion diffusion and transporter gating. Steady state currents induced
by 100 uM D-aspartate were examined at temperatures between 5°C and 25°C in oocytes
expressing EAAT]. The current magnitude decreased with decreasing temperatures at
negative potentials, but was much less affected at positive potentials (figure 2a). An

Arrehnius plot of the normalized currents at two potentials is shown in figure 2b. At E(y,

70



Table I. Selectivity of D-aspartate
induced EAAT1 anion conductance.

Ion Erev (mV)* Px/PC1
Gluconate- > +80 (3) < 0.08
Glutamate- > +80 (2) < 0.08
F- > +80 (4) < 0.08
= +34.5+ 2.8 (4) 1
Br- +11.7£ 4.0 (3) 2.6

I- 242+ 2.5 (3) 10.8
NOs- -28.5 £ 1.1(4) 12.8
ClO4- -385+2.0(3) 19.1
SCN- -69.8+ 2.1 (4) 66.9

*Reversal potentials were determined after subtraction of the predicted
coupled transport current from the total current. Recording conditions
included various external anions as 10 mM sodium salts in the presence of 90

mM Nat, 1.8 mM Ca2+, | mM Mg2+ 2 mM K+ as gluconate salts and 5 mM
HEPES (pH 7.4). Gluconate-, glutamate-, and F- were tested at 100 mM Na+-
salts. Px/Pcy was calculated from Eey = (RT/zF)In(Px [X-Tou/Pc1 | &y T

assuming [Cl-];, of 41mM.
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where all of the charge is carried by the coupled uptake current, the currents exhibited a
steep dependence on temperature. In contrast, at +80 mV, where the majority of the current
is due to flux of chloride ions, the current was much less dependent on temperature.
Uptake of radiolabeled [3H] D-aspartate was also compared at 25°C and 15°C and found to
be reduced to the same extent as the coupled uptake current (figure 2b, filled circles). The
temperature coefficient (Q1¢ between 10°C and 20°C) for the D-aspartate currents was 3.2 +
0.2 and 1.0 £ 0.1 at -30 mV and +80 mV, respectively. These data suggest that the coupled
uptake current reflects kinetic processes that proceed over large energy barriers while the
mechanism of chloride flux is more consistent with ionic diffusion through an aqueous
medium.

The conductance of an ion-selective channel will generally exhibit a saturable
dependence on the permeant ion concentration as a consequence of the interaction between
the channel and the ion (Hille, 1992). The conductance-concentration relationship was
compared for CI- and NO3-, two anions with different permeabilities. After subtraction of
the coupled transport current, the chord conductance at +60 mV activated by application of
ImM D-aspartate was measured as a function of the extracellular anion concentration
(figure 2c). The conductance for both Cl- and NO3- revealed saturable kinetics with K 5
values of 5.7+ 0.9 mM and 54.4 + 15.8 mM for CI- and NOs-, respectively (n=4). The
saturation of the anion conductance is consistent with the permeant anion interacting with a
site or sites in the transporter pore in contrast to simple diffusion-mediated flux. Multi-ion
occupancy and ion-ion interactions are common in many jon channel pores and may be
manifested as conductance minimums as the mole fraction of two distinct permeant ions is
varied (Hille, 1992). When the anion conductance was measured in recording solutions
containing varying mole fractions of CI- and NOs-, it was found to change monotonically,

ylelding no evidence of multiple anions interacting in the channel pore (figure 2d).
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(A) D-aspartate (1 mM) dependent current-voltage relationship for a representative
oocyte expressing EAATI at several bath temperatures (recording solution is Ringer).

(B) Arrehnius plot of normalized currents mediated by EAAT1. The temperature
coefficients (Qq) between 10°C and 20°C are 0.96 + 0.1 and 3.2 + 0.2 at +80 mV

(diamonds) and -30 mV (squares, Ecp, respectively. The Qg for the normalized

radiolabeled uptake performed under voltage clamp (-60 mV) was 2.9 (filled circles).
(C) Concentration-dependence of the anion-specific chord conductance (+60 mV)
activated by application of D-aspartate (100 uM). Conductances were normalized to the

maximum CI- chord conductance. The apparent EC, values are 54 + 5.4 and 5.5+ 1.6
mM for NO5™ and CI7, respectively (n=4).

(D) Lack of anomalous mole fraction behavior ([N O3] + [CI'] = 3 mM) for the anion
chord conductance (+60 mV) in cells expressing EAAT1 (n = 3-4).
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Intracellular glutamate activates anion currents in inside-out patches

The high permeability of anions like SCN- suggested the possibility of measuring
an anion current activated by transport in excised inside-out membrane patches containing
EAATI. With a KCl-containing pipette (extracellular) solution, inside-out patches were
excised into a NaSCN-containing bath (intracellular) solution. Application of L-glutamate
or D-aspartate to the internal membrane face induced a voltage-dependent current (figure 3).
D-aspartate did not induce any currents in patches excised from uninjected oocytes (n=4).
The current-voltage relationship was strongly rectifying in asymmetric anion solutions,
consistent with activation of the same anion conductance by forward or reverse transport
(Billups et al., 1996; Kavanaugh et al., 1997). Currents in patches were activated by amino
acids (300 uM) with the order of efficacy D-asp > L-glu > THA > tPDC > D-glu (figure 3b
and data not shown). The apparent affinity for D-aspartate at the intracellular face was 203
+ 85 UM (-80 mV; n = 5 patches), approximately 10-fold lower than at the extracellular
face determined in intact cells (20.6 £ 3.0; -80 mV). Furthermore, consistent with previous
work demonstrating a requirement for trans-K+ for transport (Kanner and Sharon, 1978;
Barbour et al., 1988; Szatkowski et al., 1990), the D-aspartate current recorded from
inside-out patches was found to be dependent on the extracellular cation (figure 3c). With
K+ as the trans cation, larng inward currents were activated by application of 3 mM D-
aspartate. Substitution of K+ by choline in the pipette failed to support D-aspartate currents
from patches excised from the same oocytes (figure 3c). However, substitution of K+ by
Na* supported a D-aspartate-dependent current that was 15-20% of the magnitude of the
trans-K* currents in the same group of oocytes (n = 4-7 patches), indicating that Na* can
partially substitute for K* as a trans cation.

Anion substitution experiments were also performed in inside-out patches to
compare the the permeability of the anion channels activated by internally and externally
applied transporter substrates. Steady-state difference currents were measured before and

after application of 3 mM D-aspartate with pipette solutions containing a mixture of 50 mM
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Figure 3. Amino-acid dependent anion currents in inside-out patches.

(A) Currents in a representative inside-out patch from an EAATI1 oocyte. The currents were
obtained by subtraction of control currents from corresponding currents in the presence of 3 mM
D-Aspartate (V,, = +70 and -80 mV). Pipette solution contained 100 mM KCI, 3 mM MgCl,, 5
mM HEPES (pH 7.45) and bath solution contained 100 mM NaSCN, 3 mM MgCl,, 10 mM
EGTA, and 5 mM HEPES (pH 7.45).

(B) Voltage dependence of EAAT1 mediated currents (n = 3 patches) induced by application of D-
glutamate (3 mM, squares), L-glutamate (3 mM, circles) and D-aspartate (3 mM, closed circles).
(C) Effect of the external (trans) ion on the steady-state D-aspartate (3 mM) induced currents.
Excised inside-out patch currents from EAAT1-expressing oocytes were recorded with pipettes
containing 110 mM cholineCl (diamonds; n = 6), NaCl (squares; n = 4), or KCl (circles; n = 7)
plus 3 mM MgCl, and S mM HEPES (pH 7.4). Bath solutions contained 100 mM NaSCN, 10 mM
NaCl, 3 mM MgCl,, 10 mM EGTA, and 5 mM HEPES (pH 7.4).

(D) Relative permeability of SCN/CI in EAAT] inside-out patches. The mean reversal potentials
for patches (n = 3 - 9) are plotted as a function of the internal SCN- concentration. The drawn fit
corresponds to non-linear least squares fit with the function E., = RT/zF
ln((PSCN[SCN]0+PC1[C1]0)/(PSCN[SCN]i+PCl[Cl]i)) and results in a PSCN/PC] of 62.7. Inset:

representative D-aspartate dependent current traces recorded in 3 mM and 30 mM [SCN];,,.
75



KSCN/56 mM KCl while the bath composition was changed to vary the ratio of NaCl and
NaSCN (SCN- + CI- = 100 mM). A plot of the reversal potentials as a function of the bath
(internal) SCN- concentration was fitted by least squares to the GHK voltage equation
(figure 3d). Neglecting the coupled transport current, which is not expected to contribute
significantly in these conditions, the relative permeability ratio for SCN-/CI- was 62.7,

close to the value obtained from whole cell experiments (66.9; figure 1c and Table I).

Channel Kkinetics depend on transported substrates

In order to obtain information about the activation and deactivation kinetics of the
anion channel, outside-out patches excised from oocytes expressing EAAT1 were held at
-80 mV and exposed to D-aspartate or L-glutamate using a rapid solution exchange system
(Maconochie and Knight, 1989). With KSCN in the pipette (intracellular) and NaCl in the
bath (extracellular), inward currents induced by pulses of saturating (10 mM) L-glutamate
or D-aspartate exhibited several kinetic differences. Following the rise to peak, the current
induced by a pulse of L-glutamate decayed significantly more than currents evoked by D-
aspartate (figure 4a). The decay time constants were 14.1+2.4 ms (n = 18) and 85.4 +
15.7 ms (n=9), and the ratios of the peak current to the steady-state current were 1.56 +
0.11 (n=18) and 1.05 £ 0.02 (n = 17) for L-glutamate and D-aspartate, respectively. This
ratio was voltage-independent for both amino acids (figure 4b and 4c). At -80 mV, the
steady-state response to a saturating pulse of D-aspartate was 1.97 + 0.36 times larger than
the L-glutamate response in the same patch (n = 5). The activation and deactivation kinetics
of the anion current also differed for L-glutamate and D-aspartate, with significantly faster
kinetics seen in response to L-glutamate pulses. Rise time constants (determined from
single exponential fits; see figure 5a) were 0.96 + 0.07 ms (n = 19) and 2.66 + 0.22 ms (n
= 19) for 10 mM pulses of L-glutamate and D-aspartate, respectively. The deactivation

time constant of the current at the end of the amino acid pulse was ~3 times faster for L-
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Figure 4. Macroscopic outside-out patch kinetics.

(A) Rapid application of 10 mM D-aspartate and L-glutamate to a representative outside-out patch
from an oocyte expressing EAAT1 (V,, = -80 mV). The pipette solution contained 100 mM

KSCN, 10 mM KCI, 3 mM MgCl,, 5 mM HEPES, and 10 mM EGTA (pH 7.5), while the external
recording solutions contained 110 mM NaCl, 3 mM MgCl,, 5 mM HEPES, and 100 uM LaCl;.

The application of excitatory amino acids was delivered via flow pipes attached to a piezo-electric
device. After rupturing the patch, the solution exchange time was tested by switching between
solutions of different osmolarities. The open tip controls ordinarily had 10-90 % rise and decay
times of 350 usec (shown above current traces).

(B) Rapid application of L-glutamate (10 mM) to a representative outside-out patch at the
indicated holding potentials. Open tip control is shown above current traces.

(C) Voltage dependence of the peak to steady state current for L-glutamate (10 mM, closed circles)
or D-aspartate (10 mM, open circles).

(D) Voltage dependence of current deactivation time constant for L-glutamate (10 mM, closed
circles) or D-aspartate (10 mM, open circles). The decay time constants of the currents were well
fit by a single exponential.
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glutamate than for D-aspartate (-80 mV;22.8 +3.9ms,n=9 vs. 75.1+ 10.5 ms, n = 9)
(figure 4a,d).

The activation rates of the currents were dependent on amino acid concentration.
Figure 5a shows representative patch currents induced by application of varying
concentrations of L-glutamate between 10 uM and 1 mM. An expanded time scale shows
the rising phase of the currents (figure 5a inset). The rising phase of the transporter current
was fit to a single exponential function, and at low concentrations of glutamate, the
activation rate was proportional to concentration (figure 5b). At higher concentrations of
glutamate, the activation rate reached a plateau of approximately 1000 s-1. The limiting
slope of the activation rate was 6.8 x 106 M-! s-1, estimated by linear regression of the
activation rates recorded in response to the three lowest concentrations of glutamate (figure
5b). This value represents a minimum for the glutamate binding rate constant. Following
the rise to peak, currents decayed in the continued presence of L-glutamate, with more
decay observed at higher concentrations (figure 5a). Following removal of L-glutamate, the

current deactivated in a concentration-independent manner (44 £ 7 s-1; n = 4) (figure 5b).

Predicted unitary properties of EAAT1 currents

No glutamate-dependent unitary events were seen in patches containing EAAT1
transporters, precluding a direct analysis of the properties of single anion channels. Indirect
information about the unitary anion current (i) was therefore obtained from transporter
density estimates (Wadiche et al., 1995a) as well as stationary and non-stationary noise
analysis (see below) (Anderson and Stevens, 1973; Sigworth, 1980). From measurement
of the macroscopic current (I) in a patch or cell containing a number of transporters (N), the
product of the open probability and the unitary current amplitude (Poi) can be determined
since Poi = I/N. The number of transporters was estimated by fitting capacitive charge
movements blocked by the non-transported amino acid analog dihydrokainate (DHK) to a

Boltzmann function (Wadiche et al., 1995a). In oocytes expressing EAATI, voltage pulses
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Figure 5. Concentration dependence of L-glutamate induced EAATI currents.

(A) Rapid exchange of various L-glutamate concentrations to a representative EAATI
expressing outside-out patch. Inset: Normalized currents emphasize the concentration
dependence of the current rising rate. Holding potential = - 80 mV. Open tip solution
exchange control is shown above current traces.

(B) Concentration dependence of the time constant for activation and deactivation of L-
glutamate currents (-80 mV; n = 8). The time constants for the activation and deactivation
were calculated by fitting the current records to a single exponential (see 7A inset). The

limiting slope for the activation time constants equals 6.8 x 106 M-1 sec-1,
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revealed a transient current blocked by DHK (10 mM, figure 6a inset). This current was
Na-dependent and not seen in uninjected oocytes, and the DHK -sensitive current-time
integrals during the voltage pulse were equal to the current-time integral following the
return to the holding potential (data not shown, r = 0.92 £ 0.2; n=7). The DHK-sensitive
charge movement had an ECsq of 1.43 £ 0.24 mM, close to the affinity estimated from
Schild analysis of steady-state L-glutamate currents (data not shown). Finally, the DHK-
sensitive transient current-time integrals were saturable and obeyed a Boltzmann function
with a Vg 5 =-12.1 £ 3 mV and slope factor 74.3 + 2 mV (figure 6a). The number of
transporters was calculated from the charge movement measurement using the equation N =
Qtotal / €020, where Qota] represents the total charge movement blocked by a saturating
DHK concentration, e, is the elementary charge (1.6 x 10-19 C), and 79 is the effective
valence of the DHK-sensitive charge movement (74.3 mV * RT/F). The average number of
transporters in 7 oocytes was 4.9 £ 0.2 x 10!1. Based on an oocyte surface area of 2.85 x
107 um? (Wadiche et al., 1995a; Zampighi et al., 1995) this corresponds to an average
transporter density of ~17,000 wm-2. This density is similar to levels of other transport
proteins expressed in Xenopus oocytes (Mager et al., 1993; Wadiche et al., 1995a;
Zampighi et al., 1995; Klamo et al., 1996). Turnover rates for saturating concentrations
(ImM) of both D-aspartate and L-glutamate were calculated using current measurements
and transporter density estimates in individual oocytes assuming the movement of two
charges per transport cycle at Ecy (Zerangue and Kavanaugh, 1996). The turnover rates
were determined to be 4.8 £ 0.4 s and 10.5 + 1.3 s-! at -30 mV for D-aspartate and L-
glutamate, respectively (n= 7). From the voltage dependence of flux (e-fold / 89.7 mV), the
extrapolated turnover rates at -80 mV were 7.3 s'1 and 16.0 s-! for D-aspartate and L-
glutamate, respectively.

The transporter density values were used to estimate the anion conductance of
single channels, assuming a one-to-one correspondence of transporters and channels. In

seven oocytes expressing varying amounts of EAAT, the D-aspartate-induced chord
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conductance at 0 mV was calculated after subtracting the coupled transport current from the
total current as described above. For each cell, the chord conductance with external
solutions containing either Cl- or SCN- was plotted as a function of the number of
transporters. Least squares linear fits yielded slopes of 0.014 fS and 0.265 fS with CI- and
SCN-, respectively (figure 6b). These values represent the product of the unitary
conductance and open probability for a single transporter (Pyy). The intrinsic voltage
dependence of the transporter anion conductance was also determined by recording D-
aspartate currents in symmetrical SCN- recording conditions. The Pyy product at + 80 mV
in these conditions was 0.17 fS / transporter. The conductance exhibited a significant
inward rectification, with PoY .100/PoY+100 = 2.14 £ 0.2 (n=7; figure 6c).

In order to estimate the independent quantities P, and v, stationary and non-
stationary noise analysis of currents induced by D-aspartate in outside-out patches was
performed. For these analyses, we used data from patches with high seal resistances (> 10
G(Q) that exhibited no endogenous channel activity. Patches were held at 0 mV and the
pipette solutions contained SCN- while the bath solution contained CI-. A representative
response to a 600 ms application of 10 mM D-aspartate to an outside-out patch is shown in
figure 6d. In this patch, the D-aspartate induced steady-state current was 12.7 pA at 0 mV,
corresponding to a 125.6 pS macroscopic chord conductance (Erey = +101.1 mV). This
macroscopic conductance represents approximately 474,000 transporters (N = G/P,y =
125.6 pS/0.265 £S). With SCN- in the recording pipette solution and CI- in the bath
solution, the current induced by D-aspartate was consistently accompanied by a small
(~0.02 pA2) but significant increase in current noise. This noise increase appeared to be
associated with current fluctuation in the patch, as it was not seen with injection of equal
current into a test resistor (see methods). The current induced by D-aspartate in a patch held
at 0 mV and the ensemble variance for consecutive applications are shown at the bottom of
figure 6d. Assuming that all the channels have a single open state through which current i

passes, and that the channels open and close independently of each other, the binomial
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Figure 6. Estimate of unitary anion current
through EAATI.

(A) Charge movements for a group of cells
expressing EAAT1 (Q,.x = 26.3 = 1.2 nC).
The data was fit to a Boltzmann function with a
Vo5 =-12.1 £ 3 mV and slope factor 74.3 £ 2

mV (20 = RT/F * 74.3 =0.34). The DHK

concentration dependence of the normalized
charge movements (ECsy for DHK block) is

1.43 £ 0.24 mM (data not shown, n=4). Inset:
Subtracted current record showing the voltage
dependence of transient currents blocked by 10
mM DHK (+120 mV to -160 mV) .

(B) Correlation of transporter density with the
D-aspartate-elicited anion conductance per unit
area (0 mV). The number of transporters was
calculated by dividing the charge blocked due to
a saturating concentration of DHK by the
product of the Boltzmann function's effective
valance and the elementary charge (N=
Quoal/€0z8 = 1.6 x 10-19%0.34). The anion
conductance in chloride (0 mV) was calculated
by subtracting the D-aspartate coupled transport
current from the D-aspartate dependent total
current (as in figure 1). The D-aspartate

dependent Cl- and SCN- chord conductance per
unit area at 0 mV (circles, E ., = -22.3 mV and

squares, E ., = -79.9 mV; respectively) was

then plotted as a function of transporter density.
Linear regression of these data yielded a slope

of 1.37 x 10-17 S / transporter and 2.65 x 10-16
S / transporter for Cl- and SCN-. The average

membrane area of oocytes was 2.85 x 107 +
0.14 x 107 ym2.
(C) Voltage dependence of the unitary current -
open probability product (i * P)). D-aspartate
dependent currents from outside-out EAATI
patches were recorded with symmetrical anions
([100 mM NaSCN + 10 NaCl],,, /[100 mM
KSCN + 10 mM KCl],, ). The macroscopic
current induced by aspartate (NP,i) was divided
by the number of transporters in each patch
based on a chord conductance (+80 mV) of 1.69
x 10-16 S / transporter (see methods). The mean
number of transporters in these patches was
5.65 £0.37 x 107 transporters (n = 7).
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theorem predicts that the current variance will change according to 612 = Ii - I2/N, where
o2 is the.increase in variance induced by D-aspartate. In seven patches, the transporter
number N was estimated from I and the unitary current i was then determined by
measurement of the variance increases due to D-aspartate application. This method yielded
a unitary current estimate of 1.9 + 0.4 fA (n=7). Substituting this value of 7 into the
equation NP, = I results in a probability of channel opening (P,) of 0.016 + 0.002. As an
alternative method to investigate the unitary current properties, non-stationary analysis was
used. A plot of the macroscopic current versus variance during the D-aspartate washout is
shown in figure 6e. The relationship is approximately linear, consistent with the probability
of channel opening being very low even at saturating (10 mM) concentrations of D-
aspartate. Fitting the non-stationary data in patches containing a known number of
transporters to 612 = Ii - I%/N resulted in i = 1.24 + 0.1 fA (figure 6e; n=3). This
corresponds to an open probability (P,) of 0.022 + 0.0017 (n=3). These results are thus
consistent with a unitary SCN- conductance between 12 - 19 fS, corresponding to a unitary
CI- conductance between 0.63 - 1.0 fS.

Spectral analysis of the D-aspartate induced fluctuations was performed by
subtracting the average power spectra of 600 ms control records from records during
application of 10 mM D-aspartate (filtered at 2 KHz and acquired at 5 kHz; figure 6f). The
power spectrum of the induced current did not conform to a single Lorenztian function,
unlike that of the transporter current in salamander photoreceptors (Larsson et al., 1996),

suggesting that the kinetics of the unitary EAAT1 currents may be more complex.

Glutamate-independent conductance

To determine whether the EAAT transporter channel could open in the absence of
L-glutamate or D-aspartate, we examined the action of the non-transported glutamate analog
DHK on background currents in outside-out patches. With SCN- in the recording pipette,

D-aspartate currents were measured with either CI- or SCN- present extracellularly. As
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Figure 6. Estimate of unitary anion
current through EAATI (continued).

(D) Non-stationary noise analysis of
EAAT]1 currents. Representative current
trace (top) and variance (bottom)
resulting from 500 consecutive 625 ms
application of 10 mM D-aspartate to an
EAATI-expressing outside-out patch (0
mV). Middle traces represent an enlarged
200 ms sub-record before, during, and
after agonist application. The variance
was calculated in bins of 3 sweeps to
minimize mean-current rundown artifacts.
Similar results were seen in other patches
(n=3).

(E) Mean current and variance plot
during current deactivation (same patch
as in D). Data were binned into 1000
points for clarity. The line drawn
corresponds to the best fit to the
equation: 62 = Ii - I2/N + C where N =
473962 and i = 1.45 fA. The number of
transporters (N) was determined as in (B)

given 2.65 x 10-16 S / transporters at 0
mV.

(F) Difference of the average spectra in
the presence and absence of 10 mM D-
aspartate. 500 sweeps (600 ms each)
were acquired at 10 kHz and filtered at 5
kHz. The subtracted power spectrum can

be fit to a function S(f) = 1/f0-8, Same
patch as in (D).
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expected for these ionic conditions, the currents induced by amino acid were inward at
potentials up to +60 mV with extracellular CI- and reversed at 0 mV in symmetrical SCN-
solutions (figure 7al,b). In contrast, application of 10 mM dihydrokainate resulted in
decrease of a conductance with the same properties as that activated by D-aspartate (fi gure
7a2,b). Furthermore, the magnitude of the current blocked by dihydrokainate was directly
proportional to the magnitude of the current induced by D-aspartate induced current. The
conductance decrease at -80 mV represented 17% of the conductance activated by D-
aspartate (figure 7c). These results indicate that the anion conductance is partially active in
the absence of amino acid, similar to conclusions reached by Bergles and Jahr (Bergles and

Jahr, 1997).

Channel gating and the transport cycle

A four state alternating access model with two states corresponded to open channel
states (Larsson et al., 1996) was initially used to simulate currents observed during
applications of L-glutamate or D-aspartate to outside-out EAAT1 patches. For simplicity,
the Nat/H*/Glu- bound states was collapsed in the model (represented as TGlu) and the K+
binding and countertransport step were omitted. It was necessary to add two branching
anion conducting states to the cyclical four state model in order to adequately fit the data
(figure 8a). The two extra states correspond to open channel states for the liganded and
unliganded transporter. The output of the model is the probability of channel opening,
which is equal to the sum of the probabilities that the transporter is in one of these two open
states. Several parameters were constrained in the model: 1) The ratio of states Ty and T
in the absence of glutamate was fixed to 0.8:0.2 based on the Boltzmann equilibrium (-80
mV) which predicts that 80% of the transporters are bound with sodium and ready to bind
glutamate (figure 6a). 2) The turnover rate (T) was assigned to the rate constant 1. 3) The
glutamate-independent probability of channel opening was constrained to be 0.17 of the

probability of channel opening in saturating glutamate (figure 7c). 4) The binding rate
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Figure 7. Agonist independent anion currents through EAATI.

(A) Representative outside-out patch recording of steady state D-aspartate (10 mM) induced
currents from an EAAT1-expressing oocyte. (A,) Record of the dihydrokainate blocked current
(10 mM) from the same paich as in Al. Both currents records were measured in asymmetrical
anion solutions (see below).

(B) Current-voltage plots of steady state difference currents induced or blocked by application of
D-aspartate (10 mM; filled symbols, n=4) or DHK (10 mM,; open symbols; n=4). Outside-out
patches expressing EAAT1 were recorded in asymmetrical anionic solutions ([110 mM Cllout
and [100 mM SCN + 10 mM ClJ; ).

(C) Current-voltage plots (as in B), but with symmetrical anionic solutions ([100 mM SCN + 10
mM Cl],; and [100 mM SCN + 10 mM Cl];,)). Current amplitude has been normalized to D-
aspartate dependent currents measured at -100 mV.

(D) Correlation of the current induced by 10 mM D-aspartate and the current blocked by 10 mM
dihydrokainate at -80 mV. Squares represent data obtained in symmetrical recording conditions
and circles represent data obtained in symmetrical anion solutions. The slope of this line is 0.17.
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constant of amino acid was fixed to 6.8 x106 M-1 s-1, The remaining free parameters in the
kinetic model were allowed to vary and the output of the model was fitted by least squares
to patch data representing normalized average responses to D-aspartate or L-glutamate.

A summary of the kinetic parameters of the simulated and experimental data is given
in Table II, and the output of the simulation for a pulse of L-glutamate or D-aspartate is
shown in figure 8b. The principal macroscopic kinetic features of the simulated currents
and their amino acid dependence were similar to the experimental data. The open channel
probability increases rapidly (Tactivation = 0.9 ms) in response to a high concentration of L-
glutamate (10 mM). Lower L-glutamate concentrations (1-30 uM) elicit currents that rise
more slowly, with less inactivation during the agonist pulse (figure 8c). A plot of the time
constant of activation as a function of the concentration of L-glutamate results in a
relationship similar to experimental results presented in figure 7b. Linear regression yielded
a limiting slope at low L-glutamate concentrations of 6.8 x 106 M-1 sec-1, the same value as
the model's association rate constant for L-glutamate. This suggests that for this kinetic
scheme the rising rate of the current at low agonist concentrations is a good approximation

of the binding rate of L-glutamate.
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Figure 8. Computer simulation of EAATI anion currents.

(A) Kinetic model of L-glutamate and D-aspartate transport and anion conductance. Model
parameters were obtained by least squares fitting of data and fit an average pulse of L-

glutamate. The microscopic rates were as follows: kon,, = 6.8 x106 ML s°1, koff, , = 30.6 s!;
ki =15.7s1k; =2.9s; kon,, = 6.8 x106 M-1 51 koffi, =372s 1k, =177 sk, = 1.0 571
oy =8094 s7l; B, = 893515 0, = 1927 571 B, = 111 s°'1. D-aspartate data was fit with identical
rates for agonist independent states and koff,,, =7.6s"1;k; =7.2s°1; k| = 1.0 s1; koff,, = 300
sl 0, =978 s1 and B, = 70 571,

(B) Simulation of a 250 ms pulse of 10 mM L-glutamate or D-aspartate (A). The channel's
steady state open probability was determined from nonstationary noise analysis (figure 6) and

the dihydrokainate-blocked currents (figure 7). The fraction of transporters in either conducting

state TGlu ey, 0r Tpep are plotted as a function of time.
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Figure 8. Computer simulation of EAATI anion currents (continued).

(C) L-glutamate concentration dependence of the open probability. The model's apparent
affinity at steady state is 7 WM.

(D) Concentration dependence of the time constant for activation and deactivation of L-
glutamate currents for the kinetic scheme shown in (A). The time constants for the activation
and deactivation were calculated by fitting the current records to a single exponential. The

limiting slope for the activation time constants equals 6.8 x 106 M-1 sec-!.
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Table II. Kinetic parameters.

L-glu L-glu D-asp D-asp

. model model

T activation 0.96 + 0.1 0.83 2.66 £ 0.2 1.5
(ms) (19) (19)

T deactivation 22.8 + 3.9 22.5 75.1 £10.5 72.4
(ms) (9) 9)

T inactivation 14.1 2.4 18.3 854 +15.7 94.7
(ms) (18) (1n

peak / st.state 1.56 + 0.1 15 1.05 £ 0.02 1.05
ratio (11) (17)

* Kinetic parameters were determined at -80 mV with a 10 mM application of
L-glutamate or D-aspartate.
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Discussion
The glutamate transporter anion channel

Data have accumulated showing that glutamate transport activates an anion
conductance both in sifu (Picaud et al., 1995b; Grant and Dowling, 1995; Eliasof and Jahr,
1996; Billups et al., 1996; Otis et al., 1997; Bergles et al., 1997; Bergles and Jahr, 1997)
and in exogenous expression systems (Wadiche et al., 1995b; Fairman et al., 1995:
Wadiche et al., 1995a). There is an important distinction between the flux of chloride,
which is not coupled to flux of glutamate (Wadiche et al., 1995b; Billups et al., 1996), and
the fluxes of sodium, potassium, and protons, which are tightly coupled to glutamate flux
(Kanner and Sharon, 1978; Stallcup et al., 1979; Erecinska et al., 1983; Nelson et al.,
1983; Zerangue and Kavanaugh, 1996). Data presented here show that flux of anions
occurs through a pathway that is gated and highly selective, hallmarks of ion channel
permeation. The relative permeabilities of different anions exhibited a remarkably wide
range but fit well with Eisenman's first anion selectivity sequence (Eisenman, 1965; see
Table I). The channel pore diameter was at least 5 A. No evidence was found for multiple
occupancy with interaction between anions in the pore; the anion concentration dependence
of the channel conductance and lack of anomalous mole fraction behavior are consistent
with the permeating anion binding to a single site (figure 2). The conductance in the
absence of glutamate (figure 7) demonstrates that channel gating and ion selectivity does
not require the amino acid substrate.

A critical property distinguishing flux of glutamate and chloride was temperature
dependence (figure 2a and 2b). In general, flux through a channel is relatively insensitive to
temperature, with Q10 values typically < 1.5, because of the low energy barriers associated
with ionic diffusion (Hodgkin et al., 1952; Miller, 1987; Hille, 1992). The Q10 value for
the chloride current (~1) is consistent with such a mechanism, while the Q1¢ for the

coupled uptake current (~ 3) is instead consistent with energy requirements for Jarge
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conformational transitions that occur during each transport cycle (Grunewald and Kanner,
1995).

Application of D-aspartate or L-glutamate to the intracellular surface of patches
containing transporters show that the anion current can be activated by reverse transport
(also see Billups et al., 1996; Kavanaugh et al., 1997). The apparent affinity of EAAT] for
D-aspartate on the internal side of the membrane was approximately 10-fold lower than at
the external binding site with the same ionic conditions. Activation of the anion current by
intracellular substrate was dependent on the trans cations present (figure 3c). Reverse
transport currents were seen when K¥ but not choline was present as the external cation. A

small but significant current was also observed when K+ was substituted by Na+.

Predicted unitary properties of the anion channel

Evidence that glutamate transporter substrates induce channel-like current
fluctuations (Tachibana and Kaneko, 1988; Picaud et al., 1995b; Larsson et al., 1996)
suggests that the CI- conductance is stochastically gated. No glutamate-dependent unitary
events were directly resolved in membrane patches containing EAAT] transporters. Noise
analysis of glutamate transporter currents in photoreceptors indicates glutamate activates a
channel with a unitary conductance of 0.5-0.7 pS (Tachibana and Kaneko, 1988; Picaud et
al., 1995b; Larsson et al., 1996). However, glutamate induced much less current noise in
EAATI patches. Stationary and non-stationary analysis were consistent with a chloride
channel conductance approximately three orders of magnitude smaller than observed in
photoreceptors. The reason for this difference is unclear, but it may be attributed at least in
part to differences between EAAT1 and the excitatory amino acid transporter subtypes
found in photoreceptors. While all cloned glutamate transporters examined to date mediate
CI- flux, its magnitude relative to glutamate flux varies (Wadiche et al., 1995b; Eliasof et
al., 1998). In oocytes expressing EAATS, a transporter which appears to be abundantly

expressed in retinal photoreceptor terminals, glutamate activates currents carried
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predominantly by chloride (Arriza et al., 1997; Eliasof et al., 1998). The unitary properties
of the cloned EAATS transporter expressed in oocytes have not yet been examined, but its
conductance may be much larger. It is also possible that the larger apparent unitary

conductance in photoreceptors is dependent on additional proteins not present in oocytes.

Transporter and channel kinetics

When outside-out patches of excised membranes were exposed to rapid pulses of
glutamate, anion currents activated rapidly and partially inactivated during the glutamate
pulse (figure 4) (also see Otis et al., 1997; Bergles et al. 1997). In the context of a cyclic
transport scheme such as the Na-K pump, transient currents induced by concentration
jumps are presumed to reflect early charge translocating steps in the cycle (Borlinghaus et
al., 1987). In analogy to such a model, the EAAT current observed following a glutamate
pulse suggests channel activation occurs soon after a rapid glutamate binding step. The
nearly synchronous channel opening is followed by relaxation (or desynchronization) to a
steady state distribution of open and closed anion conducting states. This model predicts
that the rate constants in the transport cycle relative to the rates leading into and out of the
open channel states will influence the kinetics of the current resulting from a glutamate
pulse. In accord with this, striking differences in macroscopic current kinetics were
observed between L-glutamate or D-aspartate. There was a two-fold difference in turnover
rates between L-glutamate and D-aspartate, from which we may infer that the rate-limiting
step in transport is an amino-acid bound state transition. We tentatively assign this step to a
gating event involved in amino acid translocation across the membrane. Alternatively, the
rate limiting step could reflect the unbinding of amino acid at the internal face. The
simulation of a cyclical transport scheme with branching open cahnnel states demonstrates
how the difference in turnover rates for L-glutamate and D-aspartate can account for
differences in current activation and deactivation as well as differences in peak/steady state

current ratios (figure 8). Furthermore, the model predicts that at very low concentrations of
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amino acid, the activation rate of the anion current reflects the binding rate of the amino acid
to the transporter (figure 5b and 8d). The experimentally measured limiting slope of the
anion current activated by low concentrations of glutamate was 6.8 x106 M-1 s-!. This rate
is similar to the estimated rate of glutamate binding to AMPA receptors (Jonas et al., 1993).
At saturating concentrations of glutamate, the channel activation rate approached a limiting
value of 1041 £ 76 sec"L. This rate is likely to reflect the intrinsic kinetics of the transporter
channel because 1) it is slower than the limitation of the solution exchange times (10-90%
rise times ranged between 200-450 pus) and 2) the activation rate with saturating
concentrations of D-aspartate was even slower (376 £ 31 sec™1). The ratio of the predicted
glutamate unbinding rate to the transport rate at 25° leads to the somewhat paradoxical result
that following binding to the transporter, a molecule of glutamate has a significantly higher
probability of unbinding than of being transported (Punbind/Ptransport ~ .68/.32). Although
unbinding may be much less likely at 37°, a molecule of glutamate may bind and unbind
from multiple transporters, and perhaps receptors, before being removed from the
extracellular space.

The glutamate transport cycling time at 25° is approximately 70 ms (Wadiche et al.
1995), much slower than the estimated principal decay time constant for synaptically
released glutamate (Clements et al., 1992; Colquhoun et al., 1992; but see Barbour et al.,
1994, Otis et al. 1995). The strong temperature-dependence of the transporter (Q1g ~ 3)
suggests that uptake rates at physiological temperatures will be significantly increased,
consistent with results suggesting that temperature may influence the extent to which
glutamate can diffuse to neighboring synapses (Asztely et al., 1997). At much faster time
scales, transporter density and glutamate binding rates will be critical determinants of the
transporters' roles in buffering synaptically released glutamate (Tong and Jahr, 1994;
Diamond and Jahr 1997). Transporter patch currents are consistent with the occurrence of
rapid state transitions, including glutamate binding, within a relatively slow overall

transport cycle. Evidence that transporter and channel kinetics are intrinsically coupled

94



suggests that monitoring anion channel activity can be a useful technique to gain greater
insights into the mechanistic details of transport as well as to examine transporter activity in

physiological processes.
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Experimental Procedures

Transporter Expression and Intracellular Recording: Capped mRNA transcribed
from the cDNA encoding the human brain glutamate transporter EAAT1 (Arriza et al.,
1993) was injected into stage V-VI Xenopus oocytes (~50-150 ng/oocyte). Membrane
currents were recorded 2-5 days later. Recording solution (frog Ringer) contained 96 mM
NaCl, 2 mM KCl, 1 mM MgCly, 1.8 mM CaCl; and 5 mM HEPES (pH 7.4) unless
otherwise stated. Two electrode voltage clamp recordings were performed at 22°C (unless
stated) with a Geneclamp 500 interfaced to an IBM-compatible PC using a Digidata 1200
A/D controlled with the pCLAMP 6.0 program suite (Axon Instruments, Inc., Foster City,
CA). The currents were low-pass filtered at 1 kHz and digitized at 5 kHz. Microelectrodes
were filled with 3M KCl and had tip resistances of less than 1MQ. The bath was connected
to ground by a 3M KCl-agar bridge from the recording chamber to a 3M KClI reservoir
containing a Ag/AgCl electrode. The voltage-dependence of currents induced by glutamate
were determined by off-line subtraction of control currents from currents recorded in the
presence of glutamate during 200 ms pulses to different test potentials.

Radiotracer Flux Measurement: Membrane currents were recorded in voltage-
clamped oocytes during bath perfusion of 100 uM [3H]D-aspartate (0.42 Ci/mmol;
Amersham, Arlington Heights, IL) at indicated membrane potentials. Following washout
of the radiotracer (< 20 s), oocytes were rapidly transferred into a scintillation tube, lysed,
and radioactivity measured. Currents were recorded using Chart software (ADInstruments,
New Castle, NSW, Australia) and integrated off-line followed by correlation of charge
transfer with radiolabel flux in the same oocytes. Control measurements of radioactivity
incorporated into uninjected oocytes represented < 8% of uptake into oocytes expressing
EAATI. The non-specific uptake was subtracted from the total uptake measured in EAAT]1-
expressing oocytes. All data are expressed as mean + standard error.

Patch Recordings: Following manual removal of vitelline membrane, inside-out or

outside-out patch recordings were obtained using pipettes (3-4 MQ) that were fire-polished
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and coated with silicone plastic (Sylgard 184, Dow Corning Corp., Midland, MI). Unless
otherwise stated, intracellular solution contained 100 mM KClI or KSCN, 10 mM K(l, 3
mM MgCl2, 5 mM Na-HEPES, 10 mM EGTA adjusted to pH 7.5 with Tris-base.
Extracellular solutions contained 110 mM NaCl or NaSCN, 3 mM MgCl», and 5 mM Na-
HEPES adjusted to pH 7.5 with Tris-base. Membrane currents were recorded with an
Axopatch 200A voltage clamp (Axon Instruments, Inc., Foster City, CA). Solution
exchanges were made using a piezoelectric translator (Burleigh Instruments, Inc., Fishers,
NY) mounted with a drawn glass theta tube (Warner Instruments Inc., Hamden, CT)
through which control and experimental solutions continuously flowed. Solution exchange
times were measured after each experiment by rupturing the patch and recording junction
currents. Only patches with membrane seal resistances of = 10 GQ were used for noise
analysis. The ensemble variance for consecutive sweeps was calculated in bins of 3 sweeps
to minimize any contribution of rundown of the mean current. No difference in variance
was seen in analysis of subsections of individual sweeps, ruling out artifactual changes in
variance introduced by other sources of trial-to-trial variability. The variance induced by
injection of a 10 pA current through a 10 GQ resistor was >100 fold lower than the D-
aspartate-induced variance. Records for spectral analysis were low-pass Bessel filtered at 2
- 5 kHz and digitized at 10 kHz. Spectra were calculated on data blocks containing 2048
points. 50-500 spectra were averaged to produce a final spectrum (Axograph, Axon
Instruments, Inc., Foster City, CA).

Estimate of unitary conductance-open probability product: The number of
transporters per oocyte was estimated from least squares fitting dihydrokainate-sensitive
charge movement to a Boltzmann function as described in Wadiche et al., 1995a, The
glutamate-activated chord conductances in the presence of external Cl- or SCN- were
measured at various potentials after subtraction of the coupled transport current. At 0 mV,
the ratio of the chord anion conductance to number of transporters was 1.37 x 10-17 S /

transporter (Cl) and 2.65 x 10-16 S / transporter (SCN-). At +80 mV, the respective values
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were 9.08 x 10-13 S/ transporter and 2.86 x 10-16 S / transporter. This value was used to
calculate a corrected chord conductance of 6.69 x 10-16 S / transporter (+80 mV) for
patches in symmetrical SCN- solutions from the Goldman-Hodgkin-Katz current equation
(Hille, 1992).

Kinetic modeling: A kinetic model was developed using SCoP software (Simulation
Resources, Inc., Berrien Springs, MI) based on a cyclical alternating access scheme

(Kavanaugh, 1993) with state transition rates fitted or fixed as described in the text.
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DISCUSSION

Kinetics of glutamate transport

Excitatory amino acid transporter kinetics were studied in Xenopus oocytes. The
results presented in the first manuscript predict an ordered binding model of Na* ions
followed by the amino acid. Transient currents blocked by the glutamate transporter
inhibitor, kainate, suggest voltage-dependent Na* binding to a site deep within the
membrane electrical field. (Wadiche, et al., 1995a). This is consistent with recent data from
site directed mutagenesis that implicates the involvement of an amino acid residue in the
eighth putative transmembrane domain as part of the permeation pathway (Pines, et al.,
1995). This amino acid may be part of an access well similar to access well found in the
Na-K-pump (Gadsby, et al., 1993).

Calculation of the cycling time for a cloned excitatory amino acid transporter from
steady state currents yielded a rate of approximately 15 s-! at -80 mV. This means that a
single transporter requires at least 70 ms to complete its cycle (Lester, et al., 1996). This
estimate is significantly slower than the synaptically released decay kinetics of glutamate in
cultured neurons (Clements, et al., 1992). These data argue that glutamate transporters
efficiently clear the glutamate from the cleft through buffering of the neurotransmitter
(Lester, et al., 1996; Tong and Jahr, 1994). The rapid activation of anion-selective
transport currents and subsequent modeling of these data suggest that the binding rate of
glutamate for the transporter is approximately 6.8 x 106 M-1 s-1. Therefore, transporter
density may be a critical parameter for the regulation of glutamate concentrations in a central

synapse.

9



Excitatory amino acid transport currents have at least two components

Glutamate transporters function in an electrogenic cycle. Cotransport of three Nat
ions, one H*, the amino acid, and countertransport of one K+ ion make up the coupled
transport current. However, in addition to coupled transport all members of the glutamate
transporter gene family display an additional anion-selective current (Arriza, et al., 1997;
Fairman, et al., 1995; Wadiche, et al., 1995b). This anion-selective transport current is
also present in native cells (Bergles and Jahr, 1997; Billups, et al., 1996; Eliasof and Jahr,
1996; Grant and Dowling, 1995; Otis, et al., 1997). CI- carries between 50-95% of the
total current activated by excitatory amino acids. Currents through EAAT4 and EAATS are
predominantly carried by Cl- (Arriza, et al., 1997; Fairman, et al., 1995). Surprisingly,
neither the identity nor the direction of the permeant anion affects the flux of glutamate. The
results are consistent with a model which predicts that the amino-acid dependent current is
composed of two conductances: a coupled electrogenic current associated with the transport
of amino-acids and an anion-selective uncoupled conductance (Wadiche, et al., 1995hb).
The anion-selective conductance displays many of the same properties found in ion
channels. First, the direction of uncoupled anion flux is always down its electrochemical
gradient. Second, the anion conductance is saturable and has a temperature dependence
similar to ion permeation through an aqueous pore. Noise analysis indicated a small
conductance of 14 fS in SCN- and 0.7 £S in CI- through a pathway that is al least 5 A. This
corresponds to approximately 450 Cl- ions/sec and 8000 SCN- ions/sec.

Is there a channel within glutamate transporters? The data suggests that a very small
channel exists in glutamate transport proteins. This is not difficult to reconcile if we
consider that an ion channel is a protein with a single gate that allows permeant ions to pass
down their electrochemical gradient. On the other hand, perfect transporters are merely
channels with two gates that never open simultaneously. Under normal coupled transport,
the permeation gates only open to either side of the membrane; thus allowing efficient

‘pumping’ of organic substrates against their gradient. However, if both gates do open then
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permeant ions can flow down their concentration gradient. These events are rare! The
anion-selective conductance through glutamate transporters has a probability of opening of
0.02 and occurs less frequently in the absence of amino acids. GABA and serotonin
transporters also display channel-like events (Cammack and Schwartz, 1996; Lin, et al.,

1996).

Physiological role of anion conductance

What is the significance of the anion conductance through glutamate transporters?
In the retina light-elicited depolarization of ON bipolar cells is mediated by two actions of
glutamate(Grant and Dowling, 1995). Glutamate mediates a conductance decrease in the
rod-driven bipolar cells through a metabotropic receptor which causes cGMP channels to
close (Nawy and Jahr, 1990). Glutamate, however, opens a conductance in the cone-
driven bipolar cells. Grant and Dowling (1995) clearly showed that this conductance is
selective for CI- ions, depends on extracellular Na+, and has pharmacological
characteristics of a glutamate transporter (Grant and Dowling, 1995). Therefore, they
concluded that the CI- current in bipolar cells underlies the cone-mediated input to ON
bipolar cells. This is the only known physiological function for the anion conductance
through glutamate transporters. Additionally, the concomitant activation of a Cl-
conductance with transport could provide a potential mechanism to offset the depolarizing
action of neurotransmitter uptake and dampen cell excitability (Wadiche, et al., 1995b). It
also remains a possibility that these rare channel-like events are an epiphenomenon not
related to coupled transport of neurotransmitter. This seems unlikely since the different
isoforms of glutamate transporters mediate different amounts of CI- channel activity and a
model incorporating the kinetics of transport and channel function closely simulates

experimental data.
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Physical correlates of glutamate transporter/channel

Do ions which permeate during channel activity share a common pathway with
transported substrates? Data supports the notion that the two conductances share a common
pore. Both conductances require the presence of Na* jons and have similar apparent
affinities for the amino acid (Wadiche, et al., 1995b). Application of high concentrations of
non-specific inhibitors of anion channels (SITS, niflumic acid) and inhibitors of glutamate
transport (kainate, dihydrokainate) block both conductances. Therefore, the requirements
for substrates to stimulate channel activity and transport are similar.

The measurable conductance in the absence of glutamate demonstrates that the anion
selectivity site does not require the amino acid. The selectivity site could be associated with

a transported ion such as Nat and/or within the transporter protein.

Conclusion

Excitatory amino acid transporters are far more complicated than we imagined.
Some of these properties explain the mechanisms that account for the tight regulation of
extracellular glutamate concentrations in the central nervous system. However, other
properties of excitatory amino acid transport only provoke more questions. Future work
should lead to a better understanding of the mechanisms and role underlying glutamate

transport.
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