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Abstract 

Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system 

(CNS), and is inactivated by cellular uptake, mostly catalyzed by glutamate (excitatory amino 

acid) transporter subtype number 2 (EAAT2). EAAT2 protein is mostly found in astroglia 

(>80%), but there is also some in axon terminals (about 10 %). However, glia and nerve 

terminals in hippocampal slice preparations accumulate D-aspartate (D-Asp; an EAAT2 

substrate) with similar rates when incubated in vitro. This implies that there is an unexplained 

mismatch between the distribution of EAAT2 transporter protein and the distribution of 

transport activity. The main aim of the present study has been to find out if the 

disproportionately high rate of uptake into terminals can be explained by differences in the 

relative rates of net uptake and of heteroexchange. To do this, glutamate transporters were 

solubilized and reconstituted in artificial cell membranes (liposomes), and the liposomes were 

tested for their usefulness as a model: Uptake of external substrate required either internal K+ 

or internal Na+ and glutamate, and liposomes that were preloaded with glutamate were 

sufficiently tight to keep most of the internal glutamate for the duration of the assay. In 

agreement with the notion that the uptake is relatively robust to changes in the lipid 

environment, addition of polychlorinated biphenyls (PCBs) had no effect, while arachidonic 

acid inhibited exchange similar to net uptake. Uptake by K+-loaded liposomes was stimulated 

by addition of a K+ ionophore (valinomycin), but the combination of permeant anions and 

valinomycin appeared to cause rapid dissipation of driving forces. When the liposomes were 

studied in the presence of valinomycin, K+-loaded liposomes performed better than liposomes 

preloaded with Na+ and glutamate, suggesting that net uptake is faster; at least at 

non-saturating substrate concentrations (< 5 μM). In conclusion, the findings may imply that 

D-Asp uptake into terminals in hippocampal slice preparations is due to net uptake, and that 

direct uptake into terminals is more important than currently recognized. 
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Abbreviations 

AA:          arachidonic acid 

CNS:         central nervous system  

DHK:        dihydrokainic acid 

DMSO:       dimethylsulfoxide 

DTT:         dithiothreitol 

EAAC1:      excitatory amino acid carrier 1 (glutamate transporter) (Kanai and Hediger, 

1992) 

EAAT:        excitatory amino acid transporter (glutamate transporter) 

GABA:       gamma-aminobutyric acid 

GDH:        L-glutamic dehydrogenase 

GLAST:      glutamate-aspartate transporter (glutamate transporter) (Storck et al., 1992)  

GLT1:        glutamate transporter 1 (Pines et al., 1992) 

HEPES:      N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid 

KPi:         potassium phosphate buffer with pH 7.4 

NaPi:        sodium phosphate buffer with pH 7.4 

PAG:      phosphate activated glutaminase 

PCB:         polychlorinated biphenyl 

PMSF:       phenylmethanesulfonyl fluoride 

PMB-TBOA:  PMB-threo-beta-benzyloxyasparate (Shimamoto et al., 1998) 
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Introduction 

In the mammalian central nervous system (CNS), glutamate is the major excitatory 

neurotransmitter acting on a number of different receptors (both ionotropic and metabotropic). 

The receptors are widely expressed, and one or more receptor subtype is found on most (if not 

all) cell surfaces in the CNS. As the receptors can only be activated by glutamate from the 

extracellular side, it follows that glutamate is inactive from a transmitter point of view as long 

as it is intracellular. Consequently, maintenance of a low extracellular concentration is 

essential for normal synaptic transmission and for protecting cells from the excessive 

activation of glutamate receptors, known as "excitotoxicity" (for review, see Danbolt, 2001; 

Ryan and Vandenberg, 2005). This, however, is not a trivial matter considering the large 

amounts of glutamate in brain tissue, in the order of 10 mmol per kg tissue (for review, see 

Danbolt, 2001). The highest concentrations are found inside nerve terminals (Ottersen et al., 

1992), whereas the concentrations in the extracellular fluid are normally around 3-4 μM (for 

review, see Danbolt, 2001). This means that the concentration gradient of glutamate across the 

plasma membranes is several thousand fold. Extracellular glutamate can only be removed by 

cellular uptake catalyzed by the glutamate transporter proteins (for review, see Danbolt, 

2001).  

 

Metabolism of glutamate 

The metabolism of glutamine and glutamate in the brain is compartmentalized (Fig. 1). 

Glutamate is taken up into astrocytes after synaptic release, and is converted to glutamine by 

means of the astrocyte-specific enzyme glutamine synthetase (for review, see Broman et al., 

2000). Glutamine does not have the ability to activate glutamate receptors, and can be safely 

released to the extracellular fluid via the system N glutamine transporter SN1 (Chaudhry et al., 

1999). Extracellular glutamine is taken up by neurons by specific glutamine transporters (e.g. 

SAT1 and SAT2) and converted to glutamate by means of phosphate-activated glutaminase 

(PAG) or used in other metabolic processes (for review, see McKenna et al., 2000; Danbolt, 

2001).  
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Glutamate transporters 

There are several transporter proteins that are able to translocate glutamate through 

membranes (for review, see Danbolt, 2001). These include intracellular transporters in 

mitochondria ("mitochondrial glutamate transporters": aralar1; citrin; GC1 and GC2; genes 

slc25a12, slc25a13, slc25a22 and slc25a18, respectively) and in synaptic vesicles ("vesicular 

glutamate transporters": VGLUT1-3; genes slc17a6, slc17a7 and slc17a8). In the plasma 

membrane, other transporters are found. These include transporters for neutral amino acids 

(e.g. ASCT2; gene slc1a5) and for dicarboxylates (e.g. NaC3; gene slc13a5), which are able 

to transport glutamate with low affinity. There is also a glutamate-cystine exchanger (xCT; 

gene slc7a11). In spite of this, the term "glutamate transporter" (or "high affinity glutamate 

transporter") is usually used as a synonym for the five "Excitatory Amino Acid Transporters" 

(EAATs): EAAT1 (GLAST; Storck et al., 1992; gene: slc1a3), EAAT2 (GLT1; Pines et al., 

1992; gene: slc1a2), EAAT3 (EAAC1; Kanai and Hediger, 1992; gene: slc1a1), EAAT4 

(Fairman et al., 1995; gene: slc1a6), and EAAT5 (Arriza et al., 1997; gene: slc1a7). These 

transporter subtypes share 50 – 60 % amino acid sequence identity with each other.  

 GLAST and GLT1 are abundantly expressed in astrocytic plasma membrane but they are 

distributed differentially:  

1. GLAST is the major glutamate transporter in the cerebellum and in the retina (Lehre et al., 

1995; Rauen, 2000). The density of the astroglial glutamate transporters GLAST is as high as 

Fig. 1. The glutamate-glutamine cycle. Glutamate is 
released from nerve-endings and also from astroglia 
(not shown). After release, it is taken up by astroglia 
(1), by terminals (2) and by dendritic spines (3). The 
relative importance of 1 - 3 is discussed in the main 
text. Astroglia converts glutamate to glutamine and 
releases it (5). Terminals take up glutamine (6), 
convert it to glutamate and pack it into synaptic 
vesicles (4). From Danbolt, 2001. 
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18,000 molecules per μm3 tissue in the cerebellar molecular layer, and 3200 molecules per 

μm3 tissue in the stratum radiatum of adult rat hippocampus (CA1) (Lehre and Danbolt, 

1998). 

2. GLT1 is predominant in the forebrain, and represents 1.3 % of hippocampal tissue protein 

(Lehre and Danbolt, 1998). The level of GLT1 is about four times higher than GLAST in the 

hippocampus and six times lower in the cerebellum (Lehre and Danbolt, 1998).  

3. EAAC is neuronal (Rothstein et al., 1994; Holmseth and Danbolt, 2005). It is enriched in 

hippocampus, cerebellum and basal ganglia (Rothstein et al., 1994; Kugler and Schmitt, 

1999), as well as kidneys (for review, see Danbolt, 2001), but based on immunoblotting, it is 

expressed at levels that are 100 times lower than that of GLT (Holmseth and Danbolt, 

unpublished).  

4. EAAT4 is also neuronal, but mostly concentrated in Purkinje cells (Dehnes et al., 1998). 

The average density of EAAT4 is about 1800 transporter molecules per μm3 spine membrane 

(Dehnes et al., 1998).  

5. EAAT5 has been much less studied. It appears to be restricted to the retina, where it has 

been detected in Müller cells, photoreceptors and bipolar cells (Arriza et al., 1997; Eliasof et 

al., 1998; Zhou et al., 1999; Wersinger et al., 2006; for review, see Wadiche and von 

Gersdorff, 2006). 

 

Glutamate transporter structure 

The mammalian members of the glutamate transporter family appear to be assembled as a 

homotrimer (Haugeto et al., 1996). This view was challenged by a study that used 

freeze-fracture electron microscopy in oocytes expressing EAAT3 and identified pentameric 

assembly of a neuronal glutamate transporter (Eskandari et al., 2000). Recently, a crystal 

structure of a glutamate transporter homologue from Pyrococcus horikoshii, GltPh, was 

reported (Yernool et al., 2004), and confirmed the original conclusion by Haugeto and 

co-workers (Haugeto et al., 1996).  

 GltPh has about 37 % amino acid identity with the human GLT1 and exhibits highly 
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conservation in regions of functional importance, including glutamate- and ion-binding or 

-translation (Yernool et al., 2004; Boudker et al., 2007; for review, see Kanner, 2007).   

 On the basis of the initial GltPh structure and biochemical and physiological studies, it is 

now believed that each subunit of the glutamate transporters has an independent substrate 

pathway, and that glutamate and chloride (see “Anion conductance” below) permeation 

pathways are colocalized in individual subunits (Yernool et al., 2004; Grewer et al., 2005; 

Koch and Larsson, 2005; Seal et al., 2001; Ryan and Vandenberg, 2002; Ryan et al., 2004; 

Leary et al., 2007; Koch et al., 2007) 

 

Mechanism of glutamate uptake 

The uptake process is driven by the electrochemical gradients across the plasma membrane 

and is coupled to transport of both Na+ and K+ in such a way that it is electrogenic, as net 

positive charge moves in (Kanner and Sharon, 1978; Sarantis and Attwell, 1990). The 

direction of transport depends on the driving forces (the transmembrane electrochemical 

gradient), and is fully reversible. Thus, the transporters can transport in both directions. The 

exact stoichiometry has long been a topic of discussion, but it now seems clear that all five 

subtypes transport 1 substrate molecule (probably in negatively charged form) together with 3 

Na+ and 1 H+ into the cell, and 1 K+ out of the cell (Zerangue and Kavanaugh, 1996; Levy et 

al., 1998; Owe et al., 2006).   

    Although the overall process is understood, there are still uncertainties concerning the 

individual steps involved in the transport cycle. The currents view seems to be as follows: 

After binding of at least one sodium ion from the extracellular side, a conformational change 

occurs. The binding of Na+ is followed by a conformational change that occludes Na+ inside 

the protein (Ohmori et al., 1994). Protonation of the transporter takes place before glutamate 

is bound. This might ensure that the transporters are in a glutamate-competent state, as the 

proton “locks” sodium ions into their binding sites (Larsson et al., 2004; for review, see 

Grewer and Rauen, 2005). Subsequently, L-glutamate (or D- or L-aspartate) binds to the 

substrate binding site (Shachnai et al., 2005). Upon binding of substrate and Na+, 
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conformational changes may cause aspartate number 112 (D112) to swing out of the way, and 

permit chloride ions to pass (Ryan et al., 2004; for review, see Ryan and Vandenberg, 2005). 

After translocation, Na+ and glutamate are released to the intracellular side. The binding and 

translocation is a distinct step. Then, the unloaded transporter binds K+ and, after translocation 

to the outside, K+ is released and the transporter can start a new cycle (Shachnai et al., 2005). 

 

Anion conductance in glutamate transporters  

The Na+, K+ and H+-coupled transport described above is referred to as the "stoichiometric 

transport", because the numbers of ions translocated with each substrate molecule is fixed. In 

addition to this, there is also another type of transport which is not saturable, and which is 

uncoupled with respect to substrate. This form of transport is similar to that seen in ion 

channels. Both cation and anion conductances have been described in glutamate transporters. 

The literature is still somewhat confusing with regard to the cation activity, but the concept of 

the anion function is becoming clear mostly from electrophysiological studies of whole cells. 

The anion conductance varies among different EAAT subtypes (EAAT5 ≈ EAAT4 > EAAT1 > 

EAAT3 > EAAT2) (Fairman et al., 1995; Wadiche et al., 1995; Arriza et al., 1997; Seal et al., 

2000; Gendreau et al., 2004; Leary et al., 2007). In addition to the substrate-activated chloride 

current, a smaller chloride leak current carried by anions and Na+ in the absence of substrate 

has been reported (Otis and Jahr, 1998; Grewer and Rauen, 2005). Even though the structure 

of the bacterial glutamate transporter and several residues associated with anion conductance 

in hEAAT1 are identified (Ryan et al., 2004; Huang and Vandenberg, 2007), these structural 

and mechanistic characteristics for transporter-mediated leak are still unclear. 

 

Two different modes of substrate translocation (exchange and net uptake) 

Removal of glutamate from the extracellular fluid requires net uptake. Net uptake is the 

process whereby glutamate moves in one direction and potassium ions in the other (Fig. 2). 

But, as explained above, the transport process is reversible and governed by the driving forces. 

This also means that incomplete transport cycles can occur. For instance, after the release of 
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external substrate on the inside, two things may happen. Either K+ binds and is translocated 

out, leading to completion of the transport cycle, or an internal substrate molecule binds and 

is translocated out instead of K+.  

 

 When this occurs, the result is exchange of external substrate with internal substrate in a 

1:1 relationship (Danbolt and Storm-Mathisen, 1986; Otis and Kavanaugh, 2000; for review, 

see Danbolt, 2001). It is, however, important to note that exchange has not been studied as 

much as net uptake, because it is electroneutral and thereby not easily studied by 

electrophysiological techniques. By the same token, most of our knowledge about transport 

kinetics is based on electrophysiology. This means that current have been measured and the 

experimenters have assumed that the substrate actually follows. 

 

Which EAAT-subtype and which cellular compartment is responsible for most brain 

glutamate uptake? 

The relative contribution of synaptic terminals to the total brain glutamate uptake is still 

debated. The prevailing view is that most brain glutamate uptake is mediated by astroglia, 

because it is sensitive to an EAAT2 selective inhibitor (dihydrokainate) and EAAT2 is 

predominantly localized to astrocytes (for review, see Danbolt, 2001). However, our group 

has previously detected EAAT2 in glutamatergic nerve terminals and quantified this to be 

around 10 % of total hippocampal EAAT2 (Furness, Dehnes and Danbolt, unpublished). 

Further, when hippocampal slices are incubated with D-Asp (an EAAT2 substrate), it can be 

shown electron microscopically that hippocampal nerve terminals take up D-Asp about as fast 

as astrocytes (Gundersen et al., 1993; Furness, Dehnes, Gundersen and Danbolt, unpublished). 

 
Fig. 2. Two modes of glutamate translocation. 
Cells are symbolized by large open circles and 
transporters by smaller filled grey circles. Net 
uptake implies that Glu- moves in and K+ out. 
Exchange means that Glu- moves in and out 
again. In the absence of K+, the transporter is 
locked in exchange mode. 
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This uptake into terminals is due to EAAT2, because it is sensitive to inhibition by 

dihydrokainate and is not observed in EAAT2-knockout mice (Furness, Dehnes, Lehre, Rossi, 

Attwell and Danbolt, unpublished).  

 

 

Fig. 3 Low magnification electron micrograph of D-aspartate uptake in a rat hippocampal slice. 
Hippocampal slices were incubated in D-aspartate (50 μM, 3 min), fixed and labeled with antibodies to 
glutaraldehyde-fixed D-aspartate. Nerve terminals (t) and glia (g) were heavily labeled (note high 
number of black, uniformly sized dots, three of which are indicated by arrows). Dendrites (d) and 
dendritic spines (s) were virtually unlabeled. Arrowheads indicate the location of a synaptic cleft. Note 
the large white areas which are not bounded by any continuous membranes and therefore probably 
represent extracellular space (es). Scale bar = 300 nm. From Furness and Danbolt, unpublished. 
 

These findings imply a mismatch between the distribution of EAAT2 transporter and the 

distribution of transport activity. The question is why. An obvious difference between 

glutamatergic terminals and astrocytes is the amount of intracellular glutamate, being much 

lower in the latter due to conversion to glutamine (for review, see Danbolt, 2001). Further, it 

is known that astroglia in hippocampal slice preparations manage to maintain their membrane 

potentials, and thereby the conditions for net uptake, while we do not know how terminals 

perform, implying that they may be metabolically compromised. From this it follows (see 

above for description of the uptake mechanism) that the conditions in astroglia favours net 
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uptake while the conditions in terminals may favour exchange.  

It has been suggested, based on studies of synaptosomes (pinched off nerve endings), 

that the relative rates of net uptake and heteroexchange differ by a factor of ten (Erecinska 

and Nelson, 1987). This conclusion is supported by modelling of transporter function based 

on data from electrophysiological recordings (for review, see Grewer and Rauen, 2005). As 

mentioned above, the electrophysiological measurements are based on measurements of 

electrical currents associated with the transport process. Thus, these data represent the 

electrical consequences of transporter-substrate interactions, but does not give information on 

what actually happens to the substrates (the actual substrate translocation). Further, 

synaptosomes are complex structures in themselves, and preparations of synaptosomes are in 

addition contaminated by glial elements and mitochondria. 

One alternative reason for the relatively high uptake in terminals relative to glia could be 

that differences in the lipidic microenvironment in terminals and glia modulate transporter 

function differently. Information is available about total brain tissue content of lipids, but it is 

not known if the lipids distribute differently between terminal membranes and glial 

membranes. Further, little is known about the influences of lipids on transporter function. 

Available data (e.g. Danbolt et al., 1990; Trotti et al., 1995; Danbolt, unpublished) indicates 

that the EAAT2 transporters are fairly robust to changes in the lipid composition of the cell 

membranes, but that certain compounds have specific effects (Trotti et al., 1995; Fontana et 

al., 2007). The scope of the present thesis was limited to test two types of compounds, PCBs 

and poly-unsaturated fatty acids using arachidonic acid as a model compound for effects on 

exchange.  

The main aim of the present thesis has been to test if uptake of external substrate is faster 

when due to exchange than when due to net uptake. This question has been addressed by 

using a method based on transporter proteins reconstituted in artificial cell membranes 

(liposomes). This liposome assay circumvents many of the shortcomings of the above cited 

studies, because it measures the substrate rather than associated currents and is much simpler 

than intact cells or plasma membranes obtained from them. The liposome assay, however, 
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needed to be verified and tested for this application. Subgoals of the present thesis have 

therefore been to test the: 

1. If the liposome assay be used to measure exchange, and if the liposomes manage to 

contain preloaded glutamate. 

2. Add information to our knowledge base on the importance of the composition of the 

lipid membrane for transporter function. 

3. Importance of transport-associated charge transfer, as that might affect the rates of net 

uptake and exchange differently. Charge may be transferred partly because the 

stoichiometric transport (see above) is electrogenic, and partly because the transporters 

also have anion function (see above).  

4. Rates of exchange and net uptake at different substrate concentrations. 
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Materials and Methods 

Materials 

D-[3H]Aspartic acid (38 Ci/mmol), L-[3H]glutamic acid (49 Ci/mmol) and Sephadex G-25 

Fine and G-50 Fine were from Amersham (Buckinghamshire, UK). Phospholipids and cholic 

acid were prepared as described previously (Danbolt et al., 1990). Nitrocellulose filters 

(HAWP; 0.45 μm pores) were from Millipore (Carrigtwohill, C. Cork, Ireland). 

Polychlorinated biphenyls were supplied by Anne Dreiem. Synthetic phospholids 

(1-stearoyl-2-arachidonyl-sn-glycero-3-phosphocholine) were from Avanti. Dihydrokainic 

acid and MNI-caged glutamate were from Tocris (Bristol, UK). PMB-threo-beta- 

-benzyloxyaspartate (TBOA) was a generous gift from Dr. Keiko Shimamoto. All other 

reagents were either obtained from Sigma (St. Louis, MO, USA) or from Fluka (Buchs, 

Switzerland). 

 

Animals 

Adult Wistar rats (200 – 250 g) from Møllegaard Hansen (Denmark) were killed by stunning 

and decapitation. The forebrains were quickly taken out, chilled on ice and stored at -70 oC 

until used. The studies were carried out in accordance with the European Communities 

Council Directive of 24 November 1986 (86/609/EEC). Formal approval to conduct the 

experiments was obtained from the animal subjects review boards of our institutions. All 

efforts were made to minimize the number of animals used and their suffering. 

 

Gel filtration 

Spincolumns have been used in this study both for removal of cholate during reconstitution of 

glutamate transporters and for replacing the external medium of the liposomes with the other 

medium. Sephadex G-25 fine was swelled in the desired internal medium over night at 4 oC 

and then packed in plastic syringes (1 ml) from which the pistons were removed and the 

outlets closed by cotton fibre. The columns were centrifuged (1046 rmp, 240 x g, 2 min, 4 oC) 
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in a Rotina 46Rs centrifuge (Hettich Zentrifugen, Tuttlingen, Germany), in order to remove 

the void volume. This was done immediately before use. 

 

Preparation of reconstitution mixture 

Preparation of reconstitution mixture was done as described previously (Danbolt et al., 1990). 

Stock solutions of crude bovine brain lipids were kept under N2 atmosphere in brown bottles 

at -20 oC. Asolectin stock solutions were prepared by dissolving 35.6 g soybean asolectin 

(mostly L-α-phosphatidylcholine) in chloroform-methanol (80 + 20) to a total volume of 100 

ml. When not stated otherwise, the reconstitution mixture was made by mixing 480 μl 

asolectin stock solution with 240 μl brain lipid stock solution and then removing the organic 

solvents, first by flushing with a stream of nitrogen and then by keeping the mixture under 

high vacuum for at least 1 hour. When stated, synthetic 1-stearoyl-2-arachidonyl-sn-glycero- 

-3-phosphocholine was used instead of soybean asolectin, and cholesterol instead of brain 

lipids. The dried lipids were subsequently suspended in 4 ml internal medium (as stated) with 

89 µl 20 % (w/v) cholate. To suspend the lipids without oxidizing them, the tube was flushed 

with nitrogen and sealed with Parafilm, vortexed until all the lipid had been removed from the 

walls of the tube and a homogenous milky white mixture had been obtained free of visible 

particles. Then, 1 ml 3 M NaCl was added. 

 

Reconstitution of glutamate transporters into liposomes 

Reconstitution of glutamate transporters into liposomes was also done as described previously 

(Danbolt et al., 1990; Trotti et al., 1995). Rat forebrains were homogenized in 25 times their 

total volume of ice-cold solubilization buffer (1.25 % cholate, 0.5 M NaCl, 0.1 M NaPi buffer 

pH 7.4, and 1 mM phenylmethylsulfonyl fluoride). The mixture was incubated on ice for 10 

minutes before centrifugation (Beckmann JA-20 fixed angle rotor, 39000 x g, 18000 rpm, 20 

minutes, 4 oC). The supernatant (cholate extract) was mixed with 1.5 times its volume of the 

above described reconstitution mixture, incubated on ice (15 minutes), and gel filtrated on 

spincolumns (see above) equilibrated with the desired internal medium in order to remove 



 18

detergent and sodium ions. The liposomes form spontaneously during the gel filtration, and 

the buffer with which these columns are equilibrated become trapped inside the liposomes 

when they form. The internal media were supplemented with 0 – 20 mM glutamate as 

indicated. The controls contained the same concentration of gluconate instead of glutamate if 

not stated otherwise. The conditions were adjusted using phenol red and Blue-Dextran 2000 

as low and high molecular mass marker, respectively. 

Immediately prior to uptake measurements (see below), the liposomes were gel filtrated 

through another set of spincolumns (as described above) equilibrated with internal medium 

with gluconate, in order to remove external glutamate. This was done immediately before use, 

because the liposomes may leak glutamate upon storage. 

 

Uptake reaction for radioactive amino acid 

Uptake of radioactive amino acid was measured as published previously (Danbolt et al., 

1990). The assay preferentially detects transport mediated by EAAT2, simply because EAAT2 

is the most abundant and the most efficient of the EAATs. We used adult rat forebrain in our 

study, and EAAT2 represents 80 % of glutamate transporter protein in this tissue, while 

EAAT1 represents about 20 % and EAAT3 about 1 % (Haugeto et al., 1996; Dehnes et al., 

1998; Lehre and Danbolt, 1998). Further, EAAT1 seems to be slower than EAAT2 with a 

factor of 6 (Wadiche and Kavanaugh, 1998; Grewer and Rauen, 2005). Considering these 

facts, our assay preferably detects EAAT2. 

External medium was sterile-filtered by passing it through the MF-Millipore MCE 

Membrane (MILLEX®HA, Filter Unite 0.45 μm pore size) to eliminate interference caused by 

bacteria, which have the capacity of taking up radioactive glutamate. Immediately before start 

of the uptake reaction, 20 μl proteoliposomes were diluted into 0.5 – 3.5 ml (as stated) 

sterilized external medium in the absence or the presence of 3 μM valinomycin and 0.05 - 5 

μM substrate as stated supplemented with 1.4 μCi labelled substrate (D-[3H]aspartate or 

L-[3H]glutamate). In most cases, reactions were started by the addition of 20 μl radioactive 

substrate. The incubation time varied from 2 to 1200 seconds as indicated. The reactions were 
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terminated by the dilution of 2 ml ice-cold external medium (without amino acids) and rapid 

filtration through Millipore HAWP filters (0.45 μm pores). The filters were rinsed with 

ice-cold washing solution three times and then dissolved in 3.5 ml Filter-Count (Packard) for 

liquid scintillation counting. Addition of the ionophore nigericin, the competitive EAAT2 

selective competitive blocker dihydrokainic acid (DHK) (Arriza, et al., 1994), or the 

nonselective EAAT competitive blocker PMB-TBOA (Shimamoto et al., 1998) to the external 

medium was used as negative controls. A number of different buffer and salt combinations 

were tested as stated. 

 

Fluorescence measurements 

The fluorescence technique for monitoring glutamate uptake is based on the reaction 

catalysed by L-glutamic dehydrogenase (GDH) as follows: 

Glu- + NAD+ + H2O      α-ketoglutarate2- + NADH + NH4
+ + H+ 

The reaction can be followed by measuring the NADH fluorescence. The sample was lodged 

in a 96-well plate inside a computerized spectrofluorometer (Tecan). Glutamate was oxidized 

by GDH to alfa-ketoglutarate with formation of NADH and fluorescence emission at 430 nm 

(excitation light 340 nm). Based upon the Beer-Lambert law (A = εcl), fluorescence signal is 

determined by the concentration of the fluophor and the transmission distance. Here, the 

transmission distance is dependent upon the volume of the sample. It can be considered as a 

constant, because the volume is fixed (250 μl). 
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Results 

Test of reconstituted transporters under conditions favouring net uptake or 

heteroexchange 

The overall aim of the present study was to measure the rate of exchange relative to net 

uptake. This meant that it was necessary to be able to distinguish between the two processes. 

Because net uptake implies that glutamate goes in and K+ goes out, it follows that net uptake 

becomes impossible if K+ is absent. Thus, to see if we could measure exchange, liposomes 

were loaded with 20 mM unlabelled glutamate in buffer with sodium ions instead of 

potassium ions. As expected, accumulation of radioactively labelled external substrate was 

observed in liposomes preloaded with either K+ (with or without additional glutamate) or Na+ 

and glutamate. No accumulation was seen in liposomes that neither contained glutamate nor 

K+ (Fig. 4). In contrast to the uptake seen in the presence of internal K+, the uptake seen in the 

presence of internal glutamate was insensitive to the ionophore nigericin (Figs. 18 and 19). 

Addition of competitive inhibitors (TBOA or DHK) confirmed that the accumulation of 

radioactivity was mediated by the glutamate transporters. 

 

 
Figure 4. Net glutamate uptake versus heteroexchange in a reconstituted system. Liposomes with rat 

brain glutamate transporters were loaded with different internal media: K-Gluc (20 mM K-gluconate, 

15 mM KPi, 145 mM KCl and 1% glycerol), K-Glu (20 mM K-glutamate, 15 mM KPi, 145 mM KCl 

and 1% glycerol), Na-Gluc (20 mM Na-gluconate, 15 mM NaPi, 145 mM NaCl and 1% glycerol) or 

Na-Glu (20 mM Na-glutamate, 15 mM NaPi, 145 mM NaCl and 1% glycerol) as indicated. The uptake 
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reactions were started by adding the proteoliposomes to reaction buffer (2 μM unlabelled glutamate, 50 

nM L-[3H]glutamate, 20 mM Na-gluconate, 15 mM NaPi, 145 mM NaCl and 1% glycerol) and 

terminated at different time points (2, 5, 10, 20, 70 or 180 seconds) as indicated. The data represent 

average ± SEM of one representative experiment with three replicates. Five independent experiments 

were run, all with similar results. Note that uptake of radioactivity requires either internal K+ or internal 

substrate. Also note that under these conditions (no valinomycin, high levels of chloride) glutamate 

loaded liposomes were found to perform better than those loaded only with K+. 

 

Leakage of glutamate from the liposomes 

The first data (Fig. 4) indicated that exchange was faster than net uptake in agreement with 

the literature. However, the difference was only by a factor of 2 - 3 and not by a factor of ten. 

This raised the question if unlabelled glutamate was leaking from the liposomes. If so, the rate 

of exchange would be underestimated relative to net uptake for two reasons. Firstly, the 

liposomes would run out of internal substrate. Secondly, the external radiolabelled substrate 

would be mixed with unlabelled glutamate and thereby getting a lower specific radioactivity. 

The internal volume of the liposomes used here represents approximately 0.5 μl per 20 μl 

(Trotti et al., 1995; NC Danbolt, unpublished). If all glutamate from liposomes preloaded with 

20 mM glutamate should leak out to the external medium, then the external concentration 

would be 29 or 2.9 μM if the external medium is 0.35 or 3.5 ml, respectively. Insufficient 

washing of preloaded liposomes (to remove internal medium still present on the outside after 

reconstitution) would have the same effect. This was tested (Fig. 5) by varying the volume of 

the external medium by a factor of 10, and by washing (gel filtering) the preloaded liposomes 

twice with a variable time delay between the two washes. If unlabelled glutamate caused 

inhibition of uptake of radioactivity, then liposomes incubated in a large volume should 

become more radioactive. Similarly, if glutamate was leaking, then liposomes incubated for 

30 min prior to second wash should have less internal glutamate and thereby accumulate less 

radioactivity. As shown in Fig. 5, increasing the incubation volume had a large effect on 

liposomes washed only once, indicating that two washes was better than one. On the other 

hand, delaying the second washing step had no significant effect, implying that the leak from 

the liposomes was insignificant. 
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Figure 5. The liposomes were able to contain trapped glutamate, but needed to be washed twice by gel 
filtration after preparation to remove glutamate from the outside. Liposomes loaded with 20 mM 
K-glutamate were incubated with variable time (0, 5, 30 min) in room temperature between the 1st wash 
and the 2nd wash. The liposomes were then added to either 0.35 ml or 3.5 ml reaction buffer (2 μM 
unlabelled glutamate, 50 nM L-[3H]glutamate, 20 mM Na-gluconate, 15 mM NaPi, 145 mM NaCl and 
1% glycerol). The uptake reactions were terminated after 70 seconds. The data represent one 
experiment with one replicate. 
 

Underestimation of the relative rate of net uptake 

The above experiment (Fig. 5) did not give support to the notion that the assay underestimated 

that relative rate of exchange. On the other hand, it could be that the relative rate of net uptake 

was incorrectly measured. The time course (Fig. 4) suggested a non-linear relationship with 

time. In contrast to living cells, the liposomes used here are unable to produce ATP, and thus 

to maintain the transmembrane gradients and the integrity of the plasma membrane. When 

mixing the external labelled glutamate with increasing concentrations (0.2, 2 and 5 μM) of 

unlabelled glutamate (Fig. 6), the uptake of radioactivity into liposomes loaded with 20 mM 

K-gluconate decreased more than those loaded with Na-glutamate, and more than would be 

expected considering that Km is around 15 μM. Thus, the relative speed of net uptake was 

about the same as exchange when measured at 0.2 μM, but lower by a factor of three when 

measured at 5 μM. One explanation could be more rapid depletion of internal K+ at the higher 

transport rates caused by higher substrate concentrations.   
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Figure 6. The importance of the concentrations of external substrate for net uptake and exchange 
measured at 5 s incubation time. Liposomes were loaded with different internal media: K-Gluc (20 mM 
K-gluconate, 15 mM KPi, 145 mM KCl and 1% glycerol), K-Glu (20 mM K-glutamate, 15 mM KPi, 
145 mM KCl and 1% glycerol), Na-Gluc (20 mM Na-gluconate, 15 mM NaPi, 145 mM NaCl and 1% 
glycerol), Na-Glu (20 mM Na-glutamate, 15 mM NaPi, 145 mM NaCl and 1% glycerol). They were 
then added to reaction buffer with varying concentrations of external glutamate (0.2, 2 or 5 μM 
unlabelled Na-glutamate, 50 nM L-[3H]glutamate, 20 mM Na-gluconate, 15 mM NaPi, 145 mM NaCl 
and 1% glycerol). The uptake reactions were terminated after 5 seconds. Addition of 1 mM 
dihydrokainate (DHK) was added as negative control as indicated. The data represent average ± SEM 
of one independent experiment with three replicates. Two independent experiments were run, both with 
similar results. 
 

Another could be a build up of positive charge due to the electrogenicity of net uptake (two 

positive charges moving in together with each glutamate). To produce and maintain a negative 

membrane potential, the K+ ionophore valinomycin was added. This increased transport 

activity of K+-loaded liposomes (Fig. 7), implying that net uptake had been underestimated in 

the previous experiments due to build up of positive charge. When the experiment shown in 

Figure 6 was repeated with valinomycin (Fig. 8), then net uptake appeared faster than 

exchange, but not at the highest substrate concentration tested. Valinomycin did not have any 

detectable effect on the rate of exchange (data not shown, but compare Fig. 6 and 8). The time 

course (Fig. 9) revealed that net uptake was rapidly weakened at prolonged incubation times, 

and that this happened faster in the presence of valinomycin than without it (compare Fig 9 

with Fig 4). 
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Figure 7. Stimulation of net uptake by introducing selective K+ permeability. Liposomes loaded with 
20 mM K-gluconate, 15 mM KPi, 145 mM KCl and 1% glycerol were added to reaction buffer (20 mM 
Na-gluconate, 15 mM NaPi, 145 mM NaCl and 1% glycerol) in the presence or absence of 3 μM 
valinomycin, and terminated after 5 seconds. Dihydrokainate (DHK, 1 mM) and nigericin (Nig., 3 μM) 
were used as negative controls. Two independent experiments were run. The figure represents one of 
them and the data are presented as average ± SEM (three replicates). 
 

 
Figure 8. Liposomes were loaded with different internal media: K-Gluc (20 mM K-gluconate, 15 mM 
KPi, 145 mM KCl and 1% glycerol), K-Glu (20 mM K-glutamate, 15 mM KPi, 145 mM KCl and 1% 
glycerol), Na-Gluc (20 mM Na-gluconate, 15 mM NaPi, 145 mM NaCl and 1% glycerol), Na-Glu (20 
mM Na-glutamate, 15 mM NaPi, 145 mM NaCl and 1% glycerol). The liposomes were then added to 
reaction buffer with varying concentrations of external glutamate in the presence of 3 μM valinomycin 
(0.2, 2 or 5 μM unlabelled glutamate, 50 nM L-[3H]glutamate, 20 mM Na-gluconate, 15 mM NaPi, 145 
mM NaCl and 1% glycerol). The uptake reactions were terminated after 5 seconds. The addition of 1 
mM DHK in the external medium was taken as a negative control. The data represent average ± SEM 
of one independent experiment with three replicates. Two independent experiments were run, both with 
similar results. 
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Figure 9. Liposomes were loaded with different internal media (K-Gluc: 20 mM K-gluconate, 15 mM 
KPi, 145 mM KCl and 1% glycerol; K-Glu: 20 mM K-glutamate, 15 mM KPi, 145 mM KCl and 1% 
glycerol; Na-Gluc: 20 mM Na-gluconate, 15 mM NaPi, 145 mM NaCl and 1% glycerol; Na-Glu: 20 
mM Na-glutamate, 15 mM NaPi, 145 mM NaCl and 1% glycerol). The uptake reactions were started 
by adding the liposomes to reaction buffer (3 μM valinomycin, 2 μM unlabelled glutamate, 50 nM 
L-[3H]glutamate, 20 mM Na-gluconate, 15 mM NaPi, 145 mM NaCl and 1% glycerol) and terminated 
at different time points (2, 5, 10, 20, 70 or 180 seconds) as indicated. The data represent average ± 
SEM of one experiment with three replicates. Two independent experiments were run, both with 
similar results. 
 

Importance of anions 

From the above, it seemed that valinomycin increased the rate of ion gradient dissipation. One 

mechanism being increased release of K+ through valinomycin as a compensation for 

transporter mediated inward flux of positive charge. An additional explanation could be that 

anion channel properties (see the Introduction) of the transporters would allow negative 

charge to escape and thereby limit build up of the negative membrane potential preventing 

unrestrained flux of K+ out through valinomycin. If this were the case, then the Na+- and 

K+-coupled (net) uptake should be linear with time for longer periods in the presence of 

non-permeant anions than in the presence of permeant anions. To investigate this possibility, 

we substituted chloride in our external medium with phosphate (Pi-) or thiocynate (SCN-). 

Phosphate is assumed to be a relatively impermeable anion, whereas SCN- is supposed to be 

more permeable than chloride (Wadiche and Kavanaugh, 1998). In agreement with this, 

K+-dependent uptake was linear with time longer when permeant anions were eliminated (Fig. 

10). In this situation, the rate of net uptake appeared faster than that of exchange at a 
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concentration of 2 μM external glutamate. But the capacity is lower, probably because the 

driving forces for net uptake are quickly lost (Fig. 11). In contrast, addition of SCN- to the 

external buffer stimulated uptake in the absence of valinomycin as compared to phosphate. In 

the presence of valinomycin, however, the highest uptake rate was seen with phosphate and 

SCN- markedly reduced uptake (Fig. 12).  

 

 

Figure 10. Time course of net uptake and of exchange in the absence of permeant anions. Liposomes 
were loaded with different internal media: K+ (135 mM KPi and 1% glycerol), 20 mM K-Glu (20 mM 
K-glutamate, 120 mM KPi and 1% glycerol), 20 mM Na-Glu (20 mM unlabelled Na-glutamate, 120 
mM NaPi and 1% glycerol), or 1 mM Na-Glu (1 mM unlabelled Na-glutamate, 135 mM NaPi and 1% 
glycerol). Uptake reaction was started by adding liposomes to external medium in the presence of 3 μM 
valinomycin (2 μM unlabelled glutamate, 50 nM L-[3H]glutamate, 135 mM NaPi and 1% glycerol). 
The uptake reactions were terminated after 2 to 70 seconds. The presence of 1 μM PMB-TBOA was 
used as a negative control. The data represent average ± SEM of one experiment with three replicates. 
Two independent experiments were run, both with similar results. 
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Figure 11. Differences in transport kinetics between K-gluconate liposomes and Na-glutamate 
liposomes. Liposomes were loaded with different internal media: K-Gluc (20 mM K-gluconate, 120 
mM KPi and 1% glycerol), Na-Glu (20 mM Na-glutamate, 120 mM NaPi and 1% glycerol). Then the 
liposomes were added to reaction buffer in the presence of valinomycin (2 μM unlabelled L-glutamate, 
50 nM L-[3H]glutamate, 20 mM Na-gluconate, 120 mM NaPi and 1% glycerol). The data represent 
average ± SEM of one representative experiment with three replicates. 
 
 
 

 
 
Figure 12. EAAT2 has an uncoupled chloride conductance. Liposomes loaded with 
phosphate-containing buffer (135 mM KPi, 1% glycerol and 5 mM DTT) were added to reaction 
buffers (2 μM unlabelled Na-glutamate, 50 nM L-[3H]glutamate, 135 mM NaPi or NaSCN) in either 
the presence or the absence of 3 μM valinomycin (Val.). The uptake reactions were terminated at 
different time points (2, 5, 10, 20, 60 or 180 seconds) as indicated. The data represent average ± SEM 
of one experiment with three replicates. 
 

D-aspartate versus L-glutamate 

As explained above (see Introduction), D-aspartate was used as the substrate in the slices 

instead of L-glutamate. EAAT2 transports D-aspartate at a lower rate than L-glutamate 

(Arriza et al., 1994). The question therefore emerged if D-aspartate might behave differently 

as a substrate for exchange. In the present study, however, the results show that the 

relationship between net uptake and exchange of L-glutamate is similar to the relationship 

between net uptake and exchange of D-aspartate (Fig. 10, 13). The absolute transport speed 

may be different, however, it is hard to measure accurately considering the differences in 

specific radioactivity of the labelled D-aspartate and L-glutamate. 
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Figure 13. Time course of net uptake and of exchange with D-aspartate as substrate. Liposomes were 
loaded with different internal media: K+ (135 mM KPi and 1% glycerol), 20 mM K-Glu (20 mM 
K-glutamate, 120 mM KPi and 1% glycerol), 20 mM Na-Glu (20 mM unlabelled Na-glutamate, 120 
mM NaPi and 1% glycerol), or 1 mM Na-Glu (1 mM unlabelled Na-glutamate, 135 mM NaPi and 1% 
glycerol). Then, the liposomes were added to reaction buffer in the presence of valinomycin (2 μM 
unlabelled D-aspartate, 75 nM D-[3H]aspartate, 135 mM NaPi and 1% glycerol). The data represent 
average ± SEM of one independent experiment with three replicates. Note that L-glutamate and 
D-aspartate have similar properties as substrate with respect to efficiency of net uptake relative to 
exchange (compare this figure with Fig. 10). 
 

Rates of exchange and net uptake at shorter incubation times and higher external 

substrate concentrations 

As the K+-dependent uptake was clearly not linear with time, it would have been 

desirable to obtain data at shorter incubation times. With a filtration-based assay, it is not 

possible to work reliably at time points shorter than 2 s. This also meant that measurements at 

higher substrate concentrations were not feasible. Attempts to measure at shorter times by 

immobilizing the liposomes were unsuccessful (data not shown). Instead, it was attempted to 

use an enzymatic assay where NAD+ and transported glutamate would be converted to 

alpha-ketoglutarate and NADH by glutamate dehydrogenase. The advantage of this method is 

that NADH is fluorescent and can be monitored in real time. By using caged glutamate, the 

uptake reaction could by started by a flash of UV-light, enabling measurement at 

sub-millisecond incubation times. However, several parameters had to be tested: 

The lipids used for making liposomes turned out to have fluorescence in themselves (Fig. 

14). Soybean asolectin appeared to be the least suitable. The synthetic phosphatidyl-choline 
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(1-stearoyl-2-arachidonyl-sn-glycero-3-phosphocholine) was better, but synthetic lipids are 

expensive (Fig. 14).  

 

 

Figure 14. Change in fluorescence with increasing concentration of liposomes. Liposomes composed 
by different lipids (asolectin, asolectin plus brain lipid, or synthetic lipid: 1-stearoyl-2-arachidonyl-sn- 
-glycero-3-phosphocholine) were formed in internal medium (120 mM KPi, 1% glycerol) by using 
LiposoFast Machine (Sigma). Liposomes (250 μl) at varying dilutions (1:5, 1:12.5; 1:25, 1:50, 1:100) 
were added to the external medium (140 mM NaCl, 10 mM NaPi), and the fluorescence signal was 
measured (λex = 340 nm, λem = 430 nm). The data represent average ± SEM of one independent 
experiment with three replicates. (Error bars are not visible because they are smaller than the symbols.) 

 

 The formation of NADH was dependent of the concentration of glutamate, and allowed 

measurements in the low micromolar range (Fig. 15). The saturation of fluorescence signal 

may reflect inhibition of NADH-generation by accumulation of the products of reaction, 

saturation of glutamate dehydrogenase, or non-linearity of the response at high concentration. 

Addition of D-aspartate did not interfere (Fig. 15).  

The efficiency of the release of MNI-caged glutamate was also tested. The energy of a 

single flash at 340 nm was not sufficient to induce release, as several thousand flashes were 

needed (Fig. 16). It was found that MNI-caged glutamate could be released by continuous 

flashing with 340 nm light (10 flashes per second) .  
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Figure 15. Measurement of the release of caged L-glutamate is not affected by the presence of 
D-aspartate. 1 mM, 10 mM or 20 mM Na-D-aspartate were applied to the medium (30 U GDH, 1 mM 
NAD+, 140 mM NaCl, 10 mM NaPi, and varying concentrations of Na-glutamate (0, 1, 10, 50, or 100 
μM)). The data represent average ± SEM of one experiment with three replicates. 
 

 

Figure 16. Uncaging of glutamate. 1 mM MNI-caged glutamate applied into the medium (30 U GDH, 
1 mM NAD+, 145 mM NaCl, 10 mM NaPi). The addition of 1 mM Na-glutamate in the presence of 
GDH was used as a positive control. The release of MNI-caged glutamate was incomplete even after 
exposure to more than 2500 flashes at 340 nm. 
 

Effects of PCBs and arachidonic acid on transporter function 

 PCBs (Polychlorinated biphenyls) are lipophilic compounds that have previously been 

reported to inhibit glutamate uptake (Mariussen and Fonnum, 2001). PCB28, PCB170 and 

PCB136 were all tested by adding 20 μM to the external medium. The PCBs neither inhibited 

K+-loaded liposomes (Fig. 17) nor liposomes loaded with Na+ and glutamate (Fig. 18). 

Glutamate uptake by synaptosomes was tested in parallel experiments (by Anne Dreiem and 
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Frode Fonnum). In these experiments the PCB compounds were found to inhibit uptake of 

L-[3H]glutamate. When tested at 20 μM, PCB28 and PCB136 both gave about 80 % inhibition, 

while PCB170 gave 33±10 % inhibition.  

 

Figure 17. PCBs do not inhibit the glutamate uptake in a reconstituted system. Liposomes with rat 
brain glutamate transporters, which were loaded with internal medium (120 mM KPi, 1% glycerol), 
were preincubated with 20 μM PCB isoforms (PCB28, PCB170, or PCB136) for 15 min in external 
medium (150 mM NaCl, and 1% glycerol) as indicated. The uptake reactions were started by adding 
the radioactive cocktail to reaction buffer (50 nM L-[3H]glutamate, 150 mM NaCl, and 1% glycerol) 
and terminated after 60 s. The addition of 3 μM nigericin was used as a negative control. The data 
represent average ± SEM of one representative experiment with four replicates. Two independent 
experiments were run, all with similar results.  
 

 

Figure 18. PCBs do not inhibit heteroexchange in a reconstituted system. Liposomes loaded with 
internal medium (120 mM NaPi, 10 mM Na-D-aspartate and 1% glycerol), were gel filtered once for 
removing D-aspartate outside the liposome and then preincubated with 20 μM PCB170 isoforms in 
external medium (150 mM NaCl, and 1% glycerol) for 15 min as indicated. The uptake reactions were 
started by adding the radioactive cocktail to reaction buffer (50 nM L-[3H]glutamate, 150 mM NaCl, 
and 1% glycerol) and terminated after 60 s. The data represent average ± SEM of one representative 
experiment with four replicates. 
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Cis-polyunsaturated fatty acids like arachidonic acid have previously been shown to inhibit 

net uptake by reconstituted glutamate transporters (Trotti et al., 1995). We have recently 

shown that Parawaxin 1 (a toxin derived from Parawixia bistriata spider venom) stimulates 

net uptake by targeting a specific step in the transport cycle (Fontana et al., 2007). The 

possibility therefore existed that arachidonic acid could affect exchange differently from net 

uptake. Consequently, it was interesting to test this. However, as shown in Figure 19, 

arachidonic acid inhibits heteroexchange to a similar extent as has been reported for net 

uptake (Trotti et al., 1995).  

 

 
Figure 19. AA inhibits heteroexchange in a reconstituted system. Liposomes loaded with internal 
medium (120 mM NaPi, 10 mM Na-D-aspartate and 1% glycerol), were gel filtered once for removing 
D-aspartate outside the liposome and then preincubated with 250 μM AA in external medium (150 mM 
NaCl, and 1% glycerol) for 15 min as indicated. The uptake reactions were started by adding the 
radioactive cocktail to reaction buffer (50 nM L-[3H]glutamate, 150 mM NaCl, and 1% glycerol) and 
terminated after 60 s. The data represent average ± SEM of one representative experiment with four 
replicates. 
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Discussion 

The advantage of the liposome assay  

This thesis is based on the solubilization and reconstitution technique originally developed to 

monitor the purification of GABA (Radian and Kanner, 1985) and glutamate transporters 

(Danbolt et al., 1990), and has later been used also for studying glycine transporters 

(López-Corcuera et al., 1991) and serotonin transporters (Tarrant and Williams, 1995). The 

advantage of this assay is that the transporter proteins are taken out of their native 

environment and reconstituted into artificial lipid membranes (liposomes), which allow their 

function to be studied independently of other proteins, and independently of cellular energy 

production. Furthermore, the composition of both the internal and external medium can be 

easily manipulated. However, in contrast to living cells, the liposomes can neither produce 

ATP nor maintain the transmembrane electrochemical gradients. Further, they do not have K+ 

channels. 

 

The integrity of the liposomes with respect to glutamate 

The purpose of the present study was to compare the rate of net uptake with that of exchange. 

It was therefore important to identify factors that could affect net uptake more than exchange 

and vice versa. The finding that, the liposomes were able to keep the glutamate they were 

preloaded with, is in agreement with the literature (for review, see Danbolt, 2001). In a 

K+-free environment, the transporters should not be able to catalyze net reversed transport. 

Further, available data from the literature suggest that glutamate diffuses too slowly through 

lipid membranes to invalidate the assay (Cavelier and Attwell, 2005). Charged and neutral 

amino acids cross lipid bilayers with a permeability coefficient (P) of 5 - 20 x 10-14 m s-1 

(Chakrabarti and Deamer, 1992). Assuming the average diameter of the liposome to be 150 

nm, the membrane area per 20 μl suspension (approx. 0.5 μl liposomes) is (A) 1 x 10-2 m2. 

Thus, for a mean intracellular glutamate concentration of [glu]i = 20 mM, the diffusion of 

glutamate into the external medium will be Rdiffusion = PA [glu]i = 4.0 x 10-8 μmol-1 s-1. In such 
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a case, the leakage of glutamate through the membrane will not be an issue when measuring 

the rates in the liposome assay. This makes sense also when considering that the brain 

depends on lipid membranes to contain its glutamate. 

 

Transport-associated charge transfer affects net uptake and exchange differently 

In each full transport cycle two positive charges move into the cell (see Introduction for 

references). In the liposome system, this will create a positive membrane potential that will 

gradually inhibit net uptake. This build up of positive charge can be prevented by adding 

valinomycin. Valinomycin is a K+ ionophore which is highly selective for potassium ions over 

sodium ions (Rose and Jenkins, 2007). It is capable to facilitate the movement of potassium 

ions through lipid membrane ‘down’ an electrochemical potential. Thus, valinomycin can 

create a negative resting membrane potential similar to K+ channels in living cells. Indeed, 

when measuring glutamate uptake in the presence of valinomycin, an increase in the initial 

rate of transport was observed (Fig. 7). In contrast, valinomycin does not have an effect on 

heteroexchange (data not shown), in agreement with the notion that this an electroneutral 

process in which glutamate and Na+ are transported back and forth over the cell membrane 

with a 1:1 ratio of external and internal substrate (Otis and Kavanaugh, 2000; for review, see 

Danbolt, 2001).  

Charges can be transferred not only because the stoichiometric transport is electrogenic, 

but also because the transporters may have anion function (see Introduction above). At 

positive membrane potentials, the presence of outward currents generated by the influx of 

anions, including Cl-, has been observed in oocytes expressing most glutamate transporter 

subtypes except human EAAT2 (Wadiche et al., 1995; Fairman et al., 1995; Arriza et al., 

1997). Here, we present data suggesting that anion channel activity is present also in rat 

EAAT2. External thiocyanate (and to a lesser degree also chloride) stimulated net uptake 

compared to phosphate in the absence of valinomycin. When permeant anions where present 

on the inside and valinomycin was added, the driving forces were quickly lost. This is 

probably due to a short-circuit phenomenon (Fig. 20). If valinomycin lets out K+, the 
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membrane potential becomes negative, and this will push out anions. When anions escape, 

more K+ can escape.  

 

During the work with this thesis, a study was published in Nature Structural Biology 

demonstrating uncoupled chloride conductance in a bacterial glutamate transporter homolog 

GltPh using a liposome assay (Ryan and Mindell, 2007). The results supports that this Cl- leak 

is intrinsic to the entire family of EAAT proteins, due to the particularly telling functional 

connection between the microbial EAAT homologs and their mammalian counterparts (Ryan 

and Mindell, 2007).  

 

The importance of the composition of the lipid membrane for transporter function 

Little is known about the composition of the microenvironment surrounding the transporters 

in their native state. Further, it is not known if this could be different in terminals and 

astroglia. Because the exact composition is not known, it is not possible to make liposomes 

from lipid mixtures exactly matching those of the microenvironment surrounding transporters 

in terminals and glia. Our group has tried to address this question indirectly by making 

liposomes: if the transporter function is robust to major changes in lipid composition, then it 

is unlikely that hypothetical differences between glia and terminals with respect to major 

brain lipid components can explain the observations (Fig. 3). The present data on the effects 

of PCBs agrees with the impression that the transporter function as measured in the present 

liposome assay is quite robust. Differences have been observed, but these seem to correlate to 

variations in internal volume when different lipid mixtures form liposomes rather than to 

 
Fig. 20. The combination of both internal permeant anions and 
valinomycin shortcircuit the driving forces for uptake of glutamate in 
reconstitution assay. Anion properties of glutamate transporters allow 
the anions to escape and limit build up of the negative membrane 
potential caused by valinomycin. 
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transporter function (Grutle and Danbolt, unpublished).  

    The lack of effect of PCBs (20 μM) in the present study should also be seen in 

connection with the observation that low concentrations (< 5 μM) of ortho-PCBs partially 

inhibit uptake of glutamate into synaptosomes (Mariussen and Fonnum, 2001; Mariussen et 

al., 2002; A Dreiem and F Fonnum, unpublished data). This probably imply that PCDs do not 

inhibit glutamate uptake via a direct effect on the transporters themselves, but more likely via 

other mechanisms. In contrast to the liposomes, synaptosomes have a complex structure and 

preparations of synaptosomes are in addition contaminated by mitochondria. Thus, PCBs 

might affect protein kinases thereby affecting transporter phosphorylation and targeting, or 

reduce mitochondrial activity and ATP production. The latter would be expected to also cause 

inhibition of uptake of GABA and dopamine. 

 Arachidonic acid (AA) has been proposed to be a messenger molecule that influences 

synaptic activation of ionotropic and metabotropic glutamate receptors (for review, see 

Fairman and Amara, 1999). AA was reported to have different effects on EAAT subtypes 

(Zerangue et al., 1995; for review, see Fairman and Amara, 1999). In previous work done in 

synaptosomes and cultured astrocytes from rat cerebral cortex and in the reconstitution assay 

(Volterra et al., 1992; Trotti et al., 1995; Barbour et al., 1989), it has been suggested that AA 

inhibits net uptake. Here the result provides additional information that AA also inhibits 

heteroexchange of glutamate linked to GLT1. 

 

Why terminals in hippocampal slices take up as much external substrate as glia during 

in vitro incubation with substrate in spite of fewer transporters 

As explained in the Introduction, nerve terminals in hippocampal slice preparations are able to 

take up L-glutamate and D-aspartate, and this uptake depends on the EAAT2 gene. The most 

intriguing observation is that this uptake is about as fast as that in astroglia which express 

EAAT2 protein at about ten times higher levels (Furness and Danbolt, unpublished data). We 

know that astroglia usually manage to maintain their transmembrane electrochemical 

gradients in these slice preparations and that they normally contain much lower levels of 
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glutamate than terminals. In contrast, we know much less about the metabolic state of 

terminals, but we know that they contain high levels of glutamate. This would favour net 

uptake in glia and exchange in terminals. If exchange is faster than net uptake by a factor of 

ten, the observations might have been explained. Data presented in the present thesis, however, 

does not support this explanation. To the contrary, if terminals largely perform exchange and 

glia have ten times more transporters and perform net uptake, the uptake into terminals should 

be negligible compared to glia. It may be argued that the long incubation times and the high 

concentrations of substrate used may harm the cells. However, long incubation times and high 

substrate concentrations were used because no D-aspartate immunoreactivity was detected at 

earlier time points and lower concentrations (Gundersen et al., 1993). It should be recalled 

that the immunocytochemical method is not very sensitive and has a lower detection limit 

close a one millimolar (Ottersen, 1989). If glutamate had been used as an external substrate, it 

could have been argued that the levels remain low in glia due to conversion to glutamine, and 

that the glial levels only start to increase when this conversion stops due to lack of ATP. This 

argument, however, is invalidated by the slow metabolism of D-aspartate; D-Aspartate taken 

up remains D-aspartate for the duration of the assay (Davies and Johnston, 1976; Takagaki, 

1978). Consequently, because the initial rate of net uptake is faster than exchange and because 

glia have a high number of transporters, D-aspartate-positive astrocytes should have been 

observed at incubation times considerably shorter than those required to obtain labelled 

terminals. 
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Conclusion 

1. Liposomes with reconstituted glutamate transporters were able to accumulate externally 

added substrate when they contained either K+ (with or without glutamate) or both Na+ and 

glutamate. Glutamate trapped inside liposomes during reconstitution was retained for the 

duration of the assay. 

2. No effect of PCBs on transporter function was detected, and arachidonic acid inhibits 

exchange similar to what has previously been reported for net uptake 

3. Uptake was stimulated when valinomycin was added to K+-loaded liposomes, but not when 

added to Na+-containing ones, suggesting that net uptake is sensitive to changes in the 

membrane potential. The presence of permeant anions stimulated uptake into K+-loaded 

liposomes in the absence of valinomycin, but caused inhibition when combined with 

valinomycin, in agreement with the notion that transporters, including EAAT2, has an anion 

conductance. 

4. The initial rate of net uptake is faster than that of exchange, but it levels faster off with time.  

Thus, if measurements are done too late in the time course, one may erroneously conclude 

that exchange is faster. The present study does not support the hypothesis that the high uptake 

of D-Asp seen in hippocampal nerve terminals is due to exchange, but rather argues that the 

importance of uptake into terminals has been underestimated. Work is ongoing to address this 

question directly by using transgenic animals with inducible conditional deletion of the 

EAAT2 gene. 

 

 

 

 

 

 

 

 

 



 39

References 

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

Arriza JL, Fairman WA, Wadiche JI, Murdoch GH, Kavanaugh MP, Amara SG (1994) 
Functional comparisons of three glutamate transporter subtypes cloned from human motor 
cortex. J Neurosci 14: 5559-5569. 

Barbour B, Szatkowski M, Ingledew N, Attwell D (1989) Arachidonic acid induces a 
prolonged inhibition of glutamate uptake into glial cells. Nature 342: 918-920. 

Boudker O, Ryan RM, Yernool D, Shimamoto K, Gouaux E (2007) Coupling substrate and 
ion binding to extracellular gate of a sodium-dependent aspartate transporter. Nature 445: 
387-393. 

Broman J, Hassel B, Rinvik E, Ottersen OP (2000) Biochemistry and anatomy of transmitter 
glutamate. Handbook of Chemical Neuroanatomy-Glutamate 18: 1-44. 

Cavelier P, Attwell D (2005) Tonic release of glutamate by a DIDS-sensitive mechanism in rat 
hippocampal slices. Journal of Physiology-London 564: 397-410. 

Chakrabarti AC, Deamer DW (1992) Permeability of lipid bilayers to amino acids and 
phosphate. Biochim Biophys Acta 1111: 171-177. 

Chaudhry FA, Reimer RJ, Krizaj D, Barber D, Storm-Mathisen J, Copenhagen DR, Edwards 
RH (1999) Molecular analysis of system N suggests novel physiological roles in nitrogen 
metabolism and synaptic transmission. Cell 99: 769-780. 

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

Danbolt NC, Pines G, Kanner BI (1990) Purification and reconstitution of the sodium- and 
potassium-coupled glutamate transport glycoprotein from rat brain. Biochemistry US 29: 
6734-6740. 

Danbolt NC, Storm-Mathisen J (1986) Na+-dependent 'binding' of D-aspartate in brain 
membranes is largely due to uptake into membrane bounded saccules. J Neurochem 47: 
819-824. 

Davies LP, Johnston GAR (1976) Uptake and release of D- and L-aspartate by rat brain slices. 
J Neurochem 26: 1007-1014. 

Dehnes Y, Chaudhry FA, Ullensvang K, Lehre KP, Storm-Mathisen J, Danbolt NC (1998) The 
glutamate transporter EAAT4 in rat cerebellar Purkinje cells: a glutamate-gated chloride 
channel concentrated near the synapse in parts of the dendritic membrane facing astroglia. J 
Neurosci 18: 3606-3619. 

Eliasof S, Arriza JL, Leighton BH, Kavanaugh MP, Amara SG (1998) Excitatory amino acid 
transporters of the salamander retina: identification, localization, and function. J Neurosci 18: 
698-712. 

Erecinska M, Nelson D (1987) Amino acid neurotransmitters in the CNS. Relationships 
between net uptake and exchange in rat brain synaptosomes. FEBS Lett 213: 61-66. 



 40

Eskandari S, Kreman M, Kavanaugh MP, Wright EM, Zampighi GA (2000) Pentameric 
assembly of a neuronal glutamate transporter. Proc Natl Acad Sci USA 97: 8641-8646. 

Fairman WA, Amara SG (1999) Functional diversity of excitatory amino acid transporters: ion 
channel and transport modes. Am J Physiol 277: 481-486. 

Fairman WA, Vandenberg RJ, Arriza JL, Kavanaugh MP, Amara SG (1995) An excitatory 
amino-acid transporter with properties of a ligand-gated chloride channel. Nature 375: 
599-603. 

Fontana ACK, Beleboni RO, Wojewodzic MW, dos Santos WF, Coutinho-Netto J, Grutle NJ, 
Watts SP, Danbolt NC, Amara SG (2007) Enhancing glutamate transport: mechanism of 
action of Parawixin1, a neuroprotective compound from Parawixia bistriata spider venom. 
Mol Pharmacol: Submitted. 

Gendreau S, Voswinkel S, Torressalazar D, Lang N, Heidtmann H, Detrodassen S, 
Schmalzing G, Hidalgo P, Fahlke C (2004) A trimeric quaternary structure is conserved in 
bacterial and human glutamate transporters. J Biol Chem 279: 39505-39512. 

Grewer C, Balani P, Weidenfeller C, Bartusel T, Tao Z, Rauen T (2005) Individual subunits of 
the glutamate transporter EAAC1 homotrimer function independently of each other. 
Biochemistry 44: 11913-11923. 

Grewer C, Rauen T (2005) Electrogenic glutamate transporters in the CNS: molecular 
mechanism, pre-steady-state kinetics, and their impact on synaptic signaling. J Membr Biol 
203: 1-20. 

Gundersen V, Danbolt NC, Ottersen OP, Storm-Mathisen J (1993) Demonstration of 
glutamate/aspartate uptake activity in nerve endings by use of antibodies recognizing 
exogenous D-aspartate. Neuroscience 57: 97-111. 

Haugeto Ø, Ullensvang K, Levy LM, Chaudhry FA, Honoré T, Nielsen M, Lehre KP, Danbolt 
NC (1996) Brain glutamate transporter proteins form homomultimers. J Biol Chem 271: 
27715-27722. 

Holmseth S, Danbolt NC (2005) Specificity of antibodies and quantification of EAAC. In: 
Homeostasis at brain synapses-options for drug targets(Proceedings of a symposium 
organized in conjunction with the EU sponsored research project “Dynamics of Extracellular 
Glutamate” DECG and the RCN sponsored CoE “Centre for Molecular Biology and 
Neuroscience” CMBN, Losby Gods, Norway, September 3-5, 2004). Bergersen, Linda H and 
Storm-Mathisen, Jon: Oslo. 

Huang S, Vandenberg RJ (2007) Mutations in transmembrane domains 5 and 7 of the human 
excitatory amino acid transporter 1 affect the substrate-activated anion channel. Biochemistry 
46: 9685-9692. 

Kanai Y, Hediger MA (1992) Primary structure and functional characterization of a 
high-affinity glutamate transporter. Nature 360: 467-471. 

Kanner BI (2007) Gate movements in glutamate transporters. ACS Chem Biol 2: 163-166. 

Kanner BI, Sharon I (1978) Active transport of L-glutamate by membrane vesicles isolated 
from rat brain. Biochemistry US 17: 3949-3953. 

Koch HP, Brown RL, Larsson HP (2007) The glutamate-activated anion conductance in 



 41

excitatory amino acid transporters is gated independently by the individual subunits. J 
Neurosci 27: 2943-2947. 

Koch HP, Larsson HP (2005) Small-scale molecular motions accomplish glutamate uptake in 
human glutamate transporters. J Neurosci 25: 1730-1736. 

Kugler P, Schmitt A (1999) Glutamate transporter EAAC1 is expressed in neurons and glial 
cells in the rat nervous system. Glia 27: 129-142. 

Larsson HP, Tzingounis AV, Koch HP, Kavanaugh MP (2004) Fluorometric measurements of 
conformational changes in glutamate transporters. Proc Natl Acad Sci USA 101: 3951-3956. 

Leary GP, Stone EF, Holley DC, Kavanaugh MP (2007) The glutamate and chloride 
permeation pathways are colocalized in individual neuronal glutamate transporter subunits. J 
Neurosci 27: 2938-2942. 

Lehre KP, Danbolt NC (1998) The number of glutamate transporter subtype molecules at 
glutamatergic synapses: chemical and stereological quantification in young adult rat brain. J 
Neurosci 18: 8751-8757. 

Lehre KP, Levy LM, Ottersen OP, Storm-Mathisen J, Danbolt NC (1995) Differential 
expression of two glial glutamate transporters in the rat brain: quantitative and 
immunocytochemical observations. J Neurosci 15: 1835-1853. 

Levy LM, Warr O, Attwell D (1998) Stoichiometry of the glial glutamate transporter GLT-1 
expressed inducibly in a chinese hamster ovary cell line selected for low endogenous 
Na+-dependent glutamate uptake. J Neurosci 18: 9620-9628. 

López-Corcuera B, Vázquez J, Aragón C (1991) Purification of sodium- and chloride-coupled 
glycine transporter from central nervous system. J Biol Chem 266: 24809-24814. 

Mariussen E, Fonnum F (2001) The effect of polychlorinated biphenyls on the high affinity 
uptake of the neurotransmitters, dopamine, serotonin, glutamate and GABA, into rat brain 
synaptosomes. Toxicology 159: 11-21. 

Mariussen E, Myhre O, Reistad T, Fonnum F (2002) The polychlorinated biphenyl mixture 
aroclor 1254 induces death of rat cerebellar granule cells: the involvement of the 
N-methyl-D-aspartate receptor and reactive oxygen species. Toxicol Appl Pharmacol 179: 
137-144. 

McKenna MC, Stevenson JH, Huang X, Hopkins IB (2000) Differential distribution of the 
enzymes glutamate dehydrogenase and aspartate aminotransferase in cortical synaptic 
mitochondria contributes to metabolic compartmentation in cortical synaptic terminals. 
Neurochem Int 37: 229-241. 

Ohmori J, Sakamoto S, Kubota H, Shimizusasamata M, Okada M, Kawasaki S, Hidaka K, 
Togami J, Furuya T, Murase K (1994) 6-(1H-imidazol-1-yl)-7-nitro-2,3(1H,4H)- 
-quinoxalinedione hydrochloride (ym90k) and related compounds-structure-activity 
relationships for the ampa-type non-NMDA receptor. J Med Chem 37: 467-475. 

Otis TS, Jahr CE (1998) Anion currents and predicted glutamate flux through a neuronal 
glutamate transporter. J Neurosci 18: 7099-7110. 

Otis TS, Kavanaugh MP (2000) Isolation of current components and partial reaction cycles in 
the glial glutamate transporter EAAT2. J Neurosci 20: 2749-2757. 



 42

Ottersen OP (1989) Postembedding immunogold labelling of fixed glutamate: an electron 
microscopic analysis of the relationship between gold particle density and antigen 
concentration. J Chem Neuroanat 2: 57-66. 

Ottersen OP, Zhang N, Walberg F (1992) Metabolic compartmentation of glutamate and 
glutamine: morphological evidence obtained by quantitative immunocytochemistry in rat 
cerebellum. Neuroscience 46: 519-534. 

Owe SG, Marcaggi P, Attwell D (2006) The ionic stoichiometry of the GLAST glutamate 
transporter in salamander retinal glia. J Physiol (Lond) 577: 591-599. 

Pines G, Danbolt NC, Bjørås M, Zhang Y, Bendahan A, Eide L, Koepsell H, Storm-Mathisen J, 
Seeberg E, Kanner BI (1992) Cloning and expression of a rat brain L-glutamate transporter. 
Nature 360: 464-467. 

Radian R, Kanner BI (1985) Reconstitution and purification of the sodium- and chloride- 
coupled gamma-aminobutyric acid transporter from rat brain. J Biol Chem 260: 11859-11865. 

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

Rose L, Jenkins AT (2007) The effect of the ionophore valinomycin on biomimetic solid 
supported lipid DPPTE/EPC membranes. Bioelectrochemistry 70: 387-393. 

Rothstein JD, Martin L, Levey AI, Dykes-Hoberg M, Jin L, Wu D, Nash N, Kuncl RW (1994) 
Localization of neuronal and glial glutamate transporters. Neuron 13: 713-725. 

Ryan RM, Mindell JA (2007) The uncoupled chloride conductance of a bacterial glutamate 
transporter homolog. Nat Struct Mol Biol 14: 365-371. 

Ryan RM, Mitrovic AD, Vandenberg RJ (2004) The chloride permeation pathway of a 
glutamate transporter and its proximity to the glutamate translocation pathway. J Biol Chem 
279: 20742-20751. 

Ryan RM, Vandenberg RJ (2002) Distinct conformational states mediate the transport and 
anion channel properties of the glutamate transporter EAAT-1. J Biol Chem 277: 
13494-13500. 

Ryan RM, Vandenberg RJ (2005) A channel in a transporter. Clin Exp Pharmacol Physiol 32: 
1-6. 

Sarantis M, Attwell D (1990) Glutamate uptake in mammalian retinal glia is voltage- 
dependent and potassium-dependent. Brain Res 516: 322-325. 

Seal RP, Leighton BH, Amara SG (2000) A model for the topology of excitatory amino acid 
transporters determined by the extracellular accessibility of substituted cysteines. Neuron 25: 
695-706. 

Seal RP, Shigeri Y, Eliasof S, Leighton BH, Amara SG (2001) Sulfhydryl modification of 
V449C in the glutamate transporter EAAT1 abolishes substrate transport but not the 
substrate-gated anion conductance. Proc Natl Acad Sci USA 98: 15324-15329. 

Shachnai L, Shimamoto K, Kanner BI (2005) Sulfhydryl modification of cysteine mutants of 
a neuronal glutamate transporter reveals an inverse relationship between sodium dependent 
conformational changes and the glutamate-gated anion conductance. Neuropharmacology 49: 



 43

862-871. 

Shimamoto K, Lebrun B, Yasudakamatani Y, Sakaitani M, Shigeri Y, Yumoto N, Nakajima T 
(1998) DL-threo-beta-benzyloxyaspartate, a potent blocker of excitatory amino acid 
transporters. Mol Pharmacol 53: 195-201. 

Storck T, Schulte S, Hofmann K, Stoffel W (1992) Structure, expression, and functional 
analysis of a Na+-dependent glutamate/aspartate transporter from rat brain. Proc Natl Acad Sci 
USA 89: 10955-10959. 

Takagaki G (1978) Sodium and potassium ions and accumulation of labelled D- aspartate and 
GABA in crude synaptosomal fraction from rat cerebral cortex. J Neurochem 30: 47-56. 

Tarrant HM, Williams DC (1995) Reconstitution of the rat brain serotonin transporter. 
Biochem Soc Trans 23: S40. 

Trotti D, Volterra A, Lehre KP, Rossi D, Gjesdal O, Racagni G, Danbolt NC (1995) 
Arachidonic acid inhibits a purified and reconstituted glutamate transporter directly from the 
water phase and not via the phospholipid membrane. J Biol Chem 270: 9890-9895. 

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

Wadiche JI, Amara SG, Kavanaugh MP (1995) Ion fluxes associated with excitatory amino 
acid transport. Neuron 15: 721-728. 

Wadiche JI, Kavanaugh MP (1998) Macroscopic and microscopic properties of a cloned 
glutamate transporter chloride channel. J Neurosci 18: 7650-7661. 

Wadiche JI, von Gersdorff H (2006) Long-distance signaling via presynaptic glutamate 
transporters. Nat Neurosci 9: 1352-1353. 

Wersinger E, Schwab Y, Sahel JA, Rendon A, Pow DV, Picaud S, Roux MJ (2006) The 
glutamate transporter EAAT5 works as a presynaptic receptor in mouse rod bipolar cells. J 
Physiol (Lond) 577: 221-234. 

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

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

Zerangue N, Kavanaugh MP (1996) Flux coupling in a neuronal glutamate transporter. Nature 
383: 634-637. 

Zhou YH, Moriyama M, Esumi M (1999) Multiple sequence-reactive antibodies induced by a 
single peptide immunization with hypervariable region 1 of hepatitis C virus. Virology 256: 
360-370. 

 


