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Inducibly in a Chinese Hamster Ovary Cell Line Selected for Low
Endogenous Na"-Dependent Glutamate Uptake
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Glutamate transport across the plasma membrane of neurons
and glia is powered by the transmembrane electrochemical
gradients for sodium, potassium, and pH, but there is contro-
versy over the number of Na™ cotransported with glutamate.
The stoichiometry of glutamate transporters is important be-
cause it determines a lower limit to the extracellular glutamate
concentration, [glu],, in both normal and pathological condi-
tions. We used whole-cell clamping to study the stoichiometry
of the glial transporter GLT-1, the most abundant glutamate
transporter in the brain, expressed under control of the Tet-On
system in a Chinese hamster ovary (CHO) cell line selected for
low endogenous glutamate transport. After the induction of
GLT-1 expression with doxycycline, glutamate evoked a Na™*-
dependent inward current with the voltage dependence and
pharmacology of GLT-1 and acidified the cell cytoplasm. Rais-
ing [K*], around cells clamped with electrodes containing so-

dium and glutamate evoked an outward reversed uptake cur-
rent. These responses were reduced by the specific GLT-1
blocker dihydrokainate (DHK). DHK evoked an outward current
with NO; ~, but not with Cl~, as the main intracellular anion,
suggesting that the anion conductance of the transporter is
active even without external glutamate but generates little cur-
rent in the absence of highly permeable anions like NO; .
Measuring the reversal potential of the transporter current in
various ionic conditions suggested that the transport of one
glutamate anion is coupled to the cotransport of three Na ™ and
one H* and to the countertransport of one K™. This suggests
that in ischemia, when [K™], rises to 60 mm, the reversal of
glutamate transporters will raise [glu], to >50 um.
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The extent to which glutamate uptake can lower the extracellular
glutamate concentration, [glu],, in the CNS is determined by the
ionic stoichiometry of the uptake process (Attwell et al., 1993).
Radiotracing and whole-cell clamp experiments suggested that
the entry of each glutamate anion into the cell is accompanied by
the cotransport of two Na ™ ions (Baetge et al., 1979; Stallcup et
al., 1979; Erecinska et al., 1983) and the countertransport of one
K™ ion (Kanner and Sharon, 1978; Barbour et al., 1988; Amato et
al., 1994a). In addition, glutamate transporters generate pH
changes, acid inside and alkaline outside the cell (Erecinska et al.,
1983; Bouvier et al., 1992; Billups et al., 1996). On the basis of
anion substitution experiments these pH changes were attributed
by Bouvier et al. (1992) to the countertransport of an OH ™~ out of
the cell, but with the discovery of an anion conductance in the
GLAST transporter they studied, their data have been reinter-
preted as being equally compatible with cotransport of an H™
into the cell (Billups et al., 1996; Eliasof and Jahr, 1996). The
observation that the neuronal EAAT3 transporter can transport
both anionic and neutral (i.e., protonated) cysteine led Zerangue
and Kavanaugh (1996a) to suggest that energy is gained from the
pH gradient by cotransport of an H™ (presumably anionic cys-
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teine is transported with a cotransported H*, and neutral cys-
teine is transported with the H™" attached to the cysteine).

Two recent studies on the EAACI/EAAT3 transporter have
given contradictory results for the number of Na ™, and hence the
charge, cotransported. Using measurements of radioactive Na *
influx, pH, and membrane current, Kanai et al. (1995) concluded
that two Na ™ and one net charge moved per glutamate entering
the cell on EAACI. By contrast, Zerangue and Kavanaugh
(1996b), who studied the reversal potential of the homologous
transporter EAAT3, concluded that three Na™ and two net
charges were transported per glutamate.

A detailed analysis of the stoichiometry of the glial GLT-1/
EAAT?2 transporter has not yet been performed and is of interest
because this is the most abundant glutamate transporter in the
brain (Haugeto et al., 1996). Although it is known that this
transporter cotransports Na * and countertransports K" (Kanner
and Sharon, 1978; Pines et al., 1992), the number of ions moving
has not been examined rigorously, and it is uncertain whether H™
is involved in powering this transporter. We recently have devel-
oped a cell line in which GLT-1 is expressed under the control of
the Tet-On system (so expression is turned on by adding the
antibiotic doxycycline), and there is essentially no contamination
from other Na *-dependent transporters or glutamate-gated cur-
rents (Levy et al., 1998). We have used whole-cell clamping to
characterize the properties of GLT-1 in this cell line. Using the
nontransported analog of glutamate, dihydrokainate (DHK),
which is a specific blocker of GLT-1, we show that the reversal
potential of the transporter is consistent with glutamate transport
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being accompanied by the cotransport of three Na™* and one H™
and the countertransport of one K™.

MATERIALS AND METHODS

All experiments were performed at room temperature, 21-25°C. Before
experiments the cells were cultured at 37°C in a humidified 5% CO,
incubator in DMEM/Ham’s F12 culture medium (Life Technologies
21331, Gaithersburg, MD) supplemented with 2.5 mm glutamine, nones-
sential amino acids (Life Technologies 11140-035, diluted 1:200), 5%
newborn calf serum, and 5% horse serum.

Cell line expressing GLT-1. Construction of the cell line GLT-1/Dd-B7
has been described previously (Levy et al., 1998). In brief, the first step
(Igo and Ash, 1996) was to select a Chinese hamster ovary (CHO) cell
line (Dd-B7) to have essentially no Na "-dependent glutamate transport,
by bathing a population of mutagenized cells in tritiated D-aspartate (a
glutamate transporter substrate) and storing the cells to allow time for
cells that had taken up the D-aspartate to be killed by radiation damage.
This process left a cell population enriched in cells lacking transporters.
The second step was to cotransfect a resulting clonal cell line with the
pTet-On regulator plasmid and with GLT-1 cDNA inserted in the pTet
response element plasmid (Resnitzky et al., 1994; Gossen et al., 1995)
and select the clonal cell line with the largest increase of D-aspartate
uptake induced by doxycycline (which binds to the reverse Tet-
responsive transcriptional activator, activating the expression of GLT-1).
Doxycycline was found to upregulate tritiated D-aspartate uptake by a
factor of 280 (Levy et al., 1998), this maximum upregulation occurring
36-48 hr after doxycycline (2 pug/ml) was added. GLT-1 was extracted
from the cell line and from rat cerebral cortex by immunoabsorption
(Haugeto et al., 1996) with the use of sheep antibodies to amino acids
492-501 of GLT-1, was separated by SDS-PAGE, and was immunoblot-
ted with rabbit antibodies to GLT-1. The molecular weight of GLT-1
from cerebral cortex was ~70 kDa, as reported previously (Lehre et al.,
1995), whereas that of GLT-1 from the cell line was ~80 kDa. This
difference presumably is attributable to different glycosylation, because
after deglycosylation with N-glycosidase F (Danbolt et al., 1992), the
molecular weight of GLT-1 from both sources was the same (~60 kDa).
The reduction in molecular weight is unlikely to be attributable to
proteolysis because the deglycosylated proteins were recognized by an-
tibodies (Lehre et al., 1995) to both the N-terminal (amino acids 12-26)
and the C-terminal (amino acids 518-536).

Whole-cell clamping. Cells were detached from their culture wells by
being washed with a solution containing (in mm) 137 NaCl, 0.7 K,HPO,,
10 HEPES, and 0.5 Na,-EDTA, pH 7.4, and were replated onto a
glass-bottomed chamber that had been half-filled with external solution
(see below; the divalent ions in this solution allow the cells to adhere to
the chamber) on a fixed stage microscope. Electrode resistance was ~2
MQ when immersed in the external solution and 1 G in the cell-
attached mode; the series resistance in whole-cell mode was ~5 M().
Series resistance voltage errors were negligible (<1 mV). The cells are
approximately spherical after being replated, as described above, so
voltage nonuniformity in the cell is also negligible. The membrane
potential was corrected for the electrode junction potential.

Solutions. For measuring forward uptake currents, the cells were
clamped with electrodes filled with solution containing (in mm) 140 KCl,
0.5 CaCl,, 5 Na,-EGTA, 10 HEPES, 2 MgCl,, and 1 Na,ATP, pH 7.0,
in external solution containing (in mm) 140 NaCl, 2.5 KCI, 10 HEPES,
2 MgCl,, 2.5 CaCl,, 1 Na,HPO,, and 10 glucose, pH 7.4. For measuring
reversed uptake currents, the pipette solution contained (in mm) 10
Na-glutamate, 124 choline-Cl or 124 tetraethylammonium-Cl (similar
results were obtained with either), 0.5 CaCl,, 5 (N-methyl-D-
glucamine),-EGTA, and 10 HEPES, pH 7.0; the external solution con-
tained (in mm) 73.5 NaCl, 60 choline-Cl or 60 KCl, 2 MgCl,, 2.5 CaCl,,
6 BaCl, (to block inward rectifier potassium channels), 10 HEPES, 10
glucose, and 0.1 ouabain (to block the K *-evoked Na/K pump current).
Reversed uptake was evoked by replacing the external choline-Cl with
KCI. For experiments to determine the stoichiometry by measuring the
reversal potential of the current blocked by DHK, both the internal and
external solutions contained Na ™, K*, and glutamate to allow forward
and reversed operation of the transporter (at different voltages); C1~ was
omitted from the internal and external solutions to abolish any contri-
bution to the membrane current from the anion channel of the trans-
porter (Wadiche et al., 1995a) although, as discussed later, there is little
anion conductance for this transporter when Cl~ is the main anion
present. The pipette solution contained (in mm) 10 Na-glutamate, 10
Na-gluconate, 122 K-gluconate, 2 Mg-(gluconate),, 0.5 Ca-(gluconate),,
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5 Na,-EGTA, and 10 HEPES, pH set to 7.0 with N-methyl-D-glucamine
(NMDG), and the pipette holder was filled with a solution identical
except that C1 ™~ replaced gluconate (to enable the operation of the silver
chloride electrode of the pipette holder). The control external solution
contained (in mm) 0.1 Na-glutamate, 100 Na-gluconate, 42.5
K-gluconate, 2 Mg-(gluconate),, 2.5 Ca-(gluconate),, 1 NaH,PO,, 10
glucose, and 10 HEPES, pH set to 7.4 with NMDG. To examine the
effect on the reversal potential of altering the ion gradients, we lowered
[Na], to 51 mm by replacing Na-gluconate with NMDG-gluconate, or
[K], was lowered to 10 mMm by replacing K-gluconate with NMDG-
gluconate, or the pH was adjusted to 8.0 with NMDG, or [glutamate],
was increased from 0.1 to 0.3 mm.

PpH measurements. Cells were whole-cell-clamped with the normal
pipette solution for forward uptake (see above) but buffered with only 0.5
mM HEPES and with the pH-sensitive fluorescent dye BCECF (96 um)
added. External solution was the normal solution for forward uptake, but
with the pH adjusted to 7.7 and, in some experiments, with 1 mm
amiloride added to ensure that the pH changes seen were not generated
by the Na */H* exchanger secondary to an uptake-evoked rise of [Na *];
(Na*-HCO; ™ transporters are inhibited by the absence of HCO; ™ in
our solutions). Fluorescence of the cell was excited at 490 or 440 nm
wavelength (an acid pH shift decreases fluorescence excited at 490 nm
but has no effect on that at 440 nm), and emission at 530 nm was
measured with a photomultiplier. The pH signal was not calibrated in
vivo, but in vitro calibration (Rink et al., 1982) suggests that a typical
glutamate-evoked decrease in fluorescence of 2% (excited at 490 nm)
corresponds to an acidification of 0.02 units.

Data analysis. All data are presented as mean * SEM. To compare
experimental data on the transporter reversal potential with theoretical
predictions for various stoichiometries (175 of which were considered),
we used the average value measured for the reversal potential in the
control external solution and the four shifts of reversal potential mea-
sured when, in turn, the external concentration of sodium, protons,
potassium, and glutamate were altered. For each of these five measure-
ments we computed the absolute value of the difference between the
theoretical prediction and the experimental value and then averaged this
“error” over the five measurements to crudely assess the relative likeli-
hood that a particular theoretical stoichiometry might be consistent with
the data. When this average “error” was <6 mV, which narrowed the
search to three possible stoichiometries, a Student’s two-tailed ¢ test was
used to assess the probability of each measurement being consistent with
the theoretical prediction.

RESULTS

Characteristics of the forward uptake current
produced by GLT-1/Dd-B7 cells

After being cultured in doxycycline for 24—48 hr to induce the
expression of GLT-1, glutamate evoked an inward current in
whole-cell-clamped GLT-1/Dd-B7 cells. No current was seen in
cells that had not been cultured in doxycycline (Levy et al., 1998).
The inward current was large at negative potentials and reduced
on polarizing to positive potentials, although it was still clearly
inward at +40 mV (Fig. 1). This /-V relation is similar to that
reported previously for salamander glial cells (Brew and Attwell,
1987), which express mainly a GLAST homolog, and for the
GLT-1 homolog EAAT2 expressed in oocytes (Wadiche et al.,
1995a). The lack of an outward current at positive potentials,
despite the presence of C1 ™ in the external solution, is consistent
with only a small contribution of an anion conductance to this /-1
relation (see below).

Applying increasing doses of glutamate evoked an increasing
inward current, the size of which could be fit by a Michaelis—
Menten dependence on [glu], (Fig. 2), with a K, of ~17 um. This
value is similar to that found previously for EAAT2 expressed in
oocytes (18 um; Arriza et al., 1994) but is significantly lower than
that for EAAT2 expressed in COS-7 cells (97 uMm; Arriza et al.,
1994) and higher than that for GLT-1 expressed in HeLa cells (10
uM; Pines et al., 1992).

The glutamate-evoked current was abolished when extracellu-
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Figure 1. Voltage dependence of glutamate-evoked currents in CHO

cells expressing GLT-1. A, Currents evoked by 100 uM glutamate (black
bars) in a cell clamped to the potentials shown by each trace. B, Peak
glutamate-evoked current as a function of voltage for the cell in 4; similar
results were obtained from seven cells.

lar sodium was replaced by choline (Fig. 34, six cells), consistent
with glutamate transport requiring Na™* cotransport. It was re-
duced by external DHK (Fig. 3B), a glutamate analog that binds
relatively specifically to GLT-1/EAAT2 but is not transported
across the membrane (Pines et al., 1992; Arriza et al., 1994; Wang
et al., 1998). On average, in seven cells the response to 200 um
glutamate was reduced by 46 = 2% by 200 um DHK. For
competitive inhibition, with K, = 17 pm (see Fig. 2), this is
consistent with a Michaelis—Menten constant for DHK binding of
Kpx = 18 um, somewhat higher than the 8 um that was found by
Wang et al. (1998) for GLT-1 expressed in oocytes but similar to
the 23 uM found by Arriza et al. (1994) for EAAT2 in COS cells.

DHK evoked no current change itself when C1~ was the main
anion present (Fig. 3B, seven cells). However, when the pipette
solution contained NO;~ as the main anion (130 mM KNO,
replacing KCI), which is much more permeant than C1~ through
the anion channel of glutamate transporters (Wadiche et al.,
1995a; Billups et al., 1996; Eliasof and Jahr, 1996), DHK evoked
a small outward current (Fig. 3C) that was reduced at more
positive potentials (Fig. 3D). These data are consistent with the
suggestion of Bergles and Jahr (1997) that the anion conductance
in GLT-1 is tonically active even in the absence of external
glutamate; the efflux of NO; ~ generates an inward current that is
suppressed when DHK binds, presumably because DHK binding
shifts the transporter to a state from which the anion channel is
not (or is less) activated. This may indicate activation of the anion
conductance in the absence of any glutamate bound to the trans-
porter or its activation by the intracellular binding and reversed
uptake of glutamate that has not been dialyzed completely out of
the cell, as seen previously by Billups et al. (1996). Nevertheless,
the anion conductance contributes a negligible current with C1~
as the main anion present.

Number and density of transporters

A GLT-1/Dd-B7 cell of 8.5 um average radius (when rounded up;
Levy et al., 1998) typically showed an uptake current of ~5 pA at
—60 mV in response to a saturating glutamate concentration. For
two charges entering per carrier cycle (as deduced below) and a
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cycle time of 100 msec (at —60 mV; Wadiche et al., 1995b), this
implies that there are ~1.6 X 10° transporters present in each
cell, at a density of 1700/um?.

Reversed uptake mediated by GLT-1

During brain ischemia the extracellular potassium concentration
rises to 60 mm, depolarizing cells and triggering glutamate re-
lease by reversed operation of glutamate transporters (Attwell et
al., 1993). To examine reversed uptake in GLT-1/Dd-B7 cells, we
whole-cell-clamped them to a depolarized or positive potential
with a pipette solution containing 10 mm Na-glutamate and raised
the [K], from 0 to 60 mm. This evoked an outward current
component (Fig. 3E) resembling the reversed uptake current
characterized by Szatkowski et al. (1990) in retinal glial cells,
which was blocked by external glutamate (because when the
transporter releases its exported glutamate at the outer mem-
brane surface, external glutamate binds to the glutamate trans-
port site, preventing the transporter from reorienting to the inner
membrane surface to pick up more glutamate).

For 5 of the 17 cells studied, like the cell of Figure 3E, the
K™ -evoked current was net outward and was abolished by 200 um
external glutamate. For the other 12 cells, however, the K-
evoked current was net inward and became more inward in the
presence of glutamate (Fig. 3F). Presumably in those cells the
outward reversed uptake current component was superimposed
on an inward K *-evoked current flowing through the potassium
channels of the cell. Subtracting the current in the presence of
glutamate from that in the absence of glutamate revealed the
outward K "-evoked reversed uptake current (trace Al in Fig.
3F). In cells that were cultured in the absence of doxycycline, and
so did not express GLT-1, raising [K], evoked an inward current
that was unaffected by 200 um glutamate (four cells).

DHK also reduced the reversed uptake current. In six cells 200
uM DHK made the K -evoked current less outward (or more
inward) by an amount that was not significantly different from
(1.04 = 0.12 times) the change produced by 200 uM glutamate
(the current changes were calculated by subtraction as in Fig. 3F).

Changes of pH produced by GLT-1

To determine whether, like the GLAST transporters in
salamander glial cells and EAAC1 and EAATS3 transporters in
oocytes (Bouvier et al., 1992; Kanai et al., 1995; Zerangue and
Kavanaugh, 1996b), GLT-1 generates an intracellular acidifica-
tion, we used the fluorescent pH-sensitive dye BCECF (see Ma-
terials and Methods). Applying L-glutamate or p-aspartate de-
creased the fluorescence of BCECF excited at 490 nm (Fig.
4A4,B), but not that excited at 440 nm (Fig. 4B), showing that
these amino acids that are transported by GLT-1 evoke an intra-
cellular acidification (seen in all nine cells for glutamate and 11
cells for p-aspartate, which showed a stable pH baseline). Gluta-
mate (50 um for 1 min) decreased the fluorescence excited at 490
nm by 2.2 * 0.4% (in five cells clamped to —63 mV), which
corresponds to an acidification of 0.022 units according to an in
vitro calibration (Rink et al., 1982).

The acidification produced by 50 uMm D-aspartate was reduced
by 27 £ 5% in three cells by the GLT-1 blocker DHK (200 uMm;
data not shown). D-Aspartate is not metabolized inside the cell,
and so the acidification cannot be produced by biochemical reac-
tions downstream of uptake into the cell. In experiments on nine
cells (including that in Fig. 4C) amiloride (1 mMm) was present in
the external solution, and in all experiments HCO; ™~ was absent
from the internal and external solutions to prevent any pH
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Figure 2. Glutamate dependence of uptake currents mediated by GLT-1. 4, Current record from a cell superfused with solutions containing different
glutamate concentrations (fop line). B, Average dose—response curve for the uptake current in five cells. The smooth curve is a best-fit Michaelis—-Menten

curve with the parameters shown in the boxed inset.

changes being generated by Na "/H™ exchange or Na"-HCO; ~
cotransport secondary to a rise in [Na™*]; produced by uptake.
Thus, the pH changes that were observed apparently are gener-
ated by GLT-1 transporting a pH-changing ion, a conclusion we
strengthen below.

Vandenberg et al. (1995) have suggested that the EAATI1
transporter may contain a tonically active conductance through
which cations can pass, not coupled to glutamate transport. Con-
ceivably such a conductance could be permeable to H™ ions and,
as is seen for the anion conductance in EAAT4 and EAATS
transporters (Arriza et al., 1997; Fairman et al., 1995), could be
activated by transporter substrates. However, in all three cells that
were tested, we also observed an intracellular acidification (Fig.
4C) when the cell was held at —20 mV, which is above the reversal
potential for H™ for the solutions used (pH,, = 7.7, pH; = 7.0, Ey;
= —41 mV), showing that the movement of H* (or OH ™) was
coupled to glutamate entry and did not result from a passive H"
conductance activated by glutamate or p-aspartate (cf. Billups et
al., 1996; Zerangue and Kavanaugh, 1996b).

The pH changes that were seen reached a plateau (implying no
further entry of protons) on removing glutamate or aspartate, but
they rarely reversed. This is because recovery depends on the rate
of action of endogenous pH regulating carriers in the cell (mainly
Na*/H™ exchange in our solutions, which lacked bicarbonate).
These recovery mechanisms apparently run much more slowly
than the rate at which GLT-1 can acidify the cytoplasm.

Reversal potential of the GLT-1 transporter

We have shown above that GLT-1 can mediate forward or re-
versed uptake and thus can generate an inward or outward cur-
rent, depending on the ionic and potential gradients across the
membrane. Applying a nontransported blocker of GLT-1, like
DHK (see Discussion), therefore should evoke a current change
that is outward at very negative potentials (where the transporter
is mediating forward uptake and generating an inward current)
and inward at very positive potentials (where the transporter is
running in reverse and generating an outward current). At some
potential in between there will be no net glutamate and charge
flux through the transporter, and DHK will evoke no current.
This reversal potential for the transporter is determined by the

ionic stoichiometry of the transporter (Zerangue and Kavanaugh,
1996b) as:

Vrcv = {RT/[F(nNa +ny— Mgy — nK)]} [nNaln(Nao/Nai)
+ nyln(Hy/H;) + ng,n(gluy/glu;) — ngin(K/Ky)], (1)

where ny, (etc.) is the number of ions moving on each carrier
cycle, Na, and Na; (etc.) are the concentrations of Na™ (etc.)
outside and inside the cell, R is the gas constant, T is the
temperature, and F is the Faraday constant.

This equation can only be used if all of the current change
produced by DHK is attributable to the block of ion movements
coupled to glutamate translocation. In the following experiments,
therefore, we used solutions lacking C1 ™~ (replaced by gluconate)
to abolish any contribution from the anion conductance activated
by the transporter (Wadiche et al., 1995a). A cation conductance
that is tonically active in the absence of external glutamate (which
might reflect cation flux resulting from activation of reversed
uptake by glutamate inside the cell or might be attributable to a
transporter cation conductance that occurs even without gluta-
mate bound) has been reported for EAAC1 (homologous to
EAAT3; Kanai et al., 1995) and EAAT1 (Vandenberg et al.,
1995), but not for GLT-1 or its homolog EAAT?2. In the absence
of external glutamate (and in the absence of anions like NO; ~
that are highly permeant through the anion conductance of the
transporter), DHK evokes no current in GLT-1/Dd-B7 cells
whole-cell-clamped with a pipette solution lacking glutamate (see
Fig. 3B), which suggests that DHK only blocks charge movements
coupled to glutamate translocation and that the reversal potential
of the DHK-evoked current can be equated to that of the gluta-
mate translocation part of the transporter (see Discussion for
further consideration of this point).

Figure 54 shows current changes at different voltages, resulting
from the application of 200 um DHK to a cell studied with
intracellular and extracellular solutions containing glutamate,
Na™, and K™ to allow both forward and reversed glutamate
transport. At positive potentials DHK evokes an inward current
shift. At negative potentials it evokes an outward shift. The mean
reversal potential measured in 22 cells was —12.2 = 1.6 mV. For
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Figure 3. Properties of forward and reversed uptake mediated by GLT-1
in CHO cells. A, Sodium dependence: removing external Na* (replaced
with choline) abolished the current evoked by glutamate (GLU; bars) at
—67 mV. B, Sensitivity to dihydrokainate (DHK) with solutions contain-
ing C1~ as the main anion. After a control response to 300 uM glutamate,
200 uwm DHK was found to evoke no current change. Applying glutamate
in DHK evoked a current that was smaller than in control solution (note
that the reduction produced by DHK is less than that quoted in the text
for 200 uM glutamate because [glutamate] was 300 uM here). Applying
glutamate again after the DHK was washed out evoked a response similar
in size to the initial control. C, Responses to 200 uM DHK and 200 um
glutamate, using a pipette solution containing 130 mM NO; ~. Left panels,
DHK evoked an outward current that was smaller at more positive
potentials, i.e., a conductance decrease. Right panels, Glutamate evoked
an inward current that was larger at more negative potentials, i.e., a
conductance increase. D, Voltage dependence of responses obtained as in
C (from a different cell; similar results were obtained in three cells). E, F,
Reversed uptake, alone (E) or superimposed on an inward current
through K+ channels (F), evoked by raising [K*], from 0 to 60 mm
around cells clamped with a pipette containing 10 mm Na-glutamate. E,
Raising [K "], evoked an outward current (at +40 mV) that was sup-
pressed by 200 uM external glutamate. F, In another cell, raising [K ],
evoked an inward current (at 0 mV) that was increased by 200 uM external
glutamate. Subtracting the current in the presence from that in the
absence of glutamate revealed the outward K "-evoked reversed uptake
current component (Al). The return of the current changes to baseline is
not shown, because the duration of the [K ], elevation that was applied
was different in the presence and absence of glutamate.

comparison, for the ionic conditions that were used, Equation 1
predicts a reversal potential of —11.9 or —54.1 mV for three or
two Na™ being cotransported with one H* and one glu™ and
with one K™ being countertransported (predictions for some
other possible stoichiometries are given in Table 1). Thus, the
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Figure 4. Changes of pH generated by GLT-1. For each panel the top
trace is the membrane current, and the bottom trace is the BCECF
fluorescence (F), quantified as the fractional change AF/F. In vitro cali-
bration (Rink et al., 1982) indicates that a AF/F of 0.05 corresponds to a
pH change of 0.05 units. A, Change of fluorescence of BCECF (excited at
490 and emitted at 530 nm) and membrane current evoked by 50 um
glutamate in a cell clamped to —63 mV. When glutamate evokes a step
change of uptake current, a change in the slope of the fluorescence record
is seen (as expected if a proton influx accompanying uptake is propor-
tional to the uptake current). B, Comparison of BCECF fluorescence and
membrane current (at —63 mV) changes that are seen when excitation is
at 440 and 490 nm during the application of D-aspartate (50 um).
D-Aspartate always evokes an inward current but produces no fluores-
cence change with 440 nm excitation. The small break in the current trace
for 490 nm shows where an electrical artifact was removed. C, D-Aspartate
evokes a pH change in a cell clamped to —20 mV, i.e., above the reversal
potential for H* (—41 mV), as well as at more negative potentials. For
this experiment 1 mM amiloride was present in the superfusion solution.

reversal potential observed is consistent with ny, = 3, and n
ng = ny = 1.

glu

Effect of ion concentration changes on the
reversal potential

From Equation 1 the predicted change in reversal potential when
[Na™], is changed from value [Na"]," to value [Na"],? is:

AVNa =

(naRT)/[F(nn, + ny — ngy — ng)] In{[Na*],%/[Na*],'}. (2)
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Figure 5. Reversal potential of the transporter and its substrate dependence. A, Specimen data showing the current changes produced by dihydrokainate
(DHK; 200 puM) at various potentials (shown by each #race) in control solution (containing 101 mm Na ™, 42.5 mm K*, and 100 puM glutamate, pH 7.4).
At negative potentials the transporter moves glutamate and net positive charge in the inward direction, and DHK produces an outward current. At
positive potentials the transporter runs in the other direction, and DHK produces an inward current. The amplitudes of current changes like this are
plotted with the opposite sign in B—D to show the current that is blocked by DHK. B-D, Shifts of reversal potential of the current suppressed by DHK,
produced by altering the external concentrations of Na™, H*, K*, and glutamate. Straight lines are linear regression fits to the data. B, Voltage
dependence of the transporter current in control solution with 101 mm [Na "], (filled circles), then in solution with reduced [Na "], (open circles), and
then again in control solution ( filled triangles). C, Similar data but for a reduction of [H "], (pH, = 8.0). D, I-V relation for the DHK-suppressed
transporter current in solution with reduced [K "], (10 mMm; open circles), then in control solution (42.5 mMm [K *],; filled circles), and then in 10 mm [K ],
again (open triangles). E, Data as in B but for an increase of external glutamate concentration from the control value (100 um) to 300 uM. Specimen data
are shown for single cells (rather than averaged over all cells) for each solution change because of small variations in the initial reversal potential in each
cell (quantified in Table 1), presumably reflecting small differences in intracellular [Na *], [H*], [K*], or [Glu "], which would add noise to the shift of
the I-V relation. The theoretical predictions (Eqgs. 2-5) for the reversal potential shifts are independent of the exact intracellular substrate concentrations
and are compared with mean data (averaged over all cells) in Table 1.

Table 1. Comparison of experimental data on GLT-1 reversal potential with theoretical predictions for different stoichiometries

Theory
Experiments 3Na*, H", glu /K" 2Na*, H*, glu /K" 3Na*, 2H", glu /K" 5Na*, H*, 2glu /K"
Control E,,, —122=16n=22) —11.9(p = 0.85) 541 (p=9x10"1%) —158(p=3x102)  —271(p =3.9%10"°)
AE, (A[Nal,) -278=25(n=7)  —263(p = 0.56) “351(p=26%X102) —175(p=59%X10"3)  —292(p = 0.59)
AE(AH]) -193%32(n=6)  —17.7(p = 0.66) —355(p=39%107%)  —23.6(p = 0.23) ~11.8(p = 6.8 X 1072
AE, (A[K]) +146+26(n=11) +18.6(p = 0.16) 4371 (p=64X107°)  +12.4 (p = 0.41) +12.4 (p = 0.41)
AE,(A[glu]) +151=16(n=7)  +14.1(p =057) +282(p=21%10%  +94(p=13X10"2)  +188(p =65 X 1072

All reversal potentials are in millivolts. Data on the left give the mean reversal potential in control solution (=SEM; number of cells in brackets) and the reversal potential
shifts seen on lowering [Na*], from 101 to 51 mwm, changing external pH from 7.4 to 8.0, lowering external [K*], from 42.5 to 10 mm, and raising external [glu™] from 100
to 300 um. Columns on the right show the predicted reversal potentials for four different transporter stoichiometries (described as cotransported substrates/countertransported
substrate). In brackets after each value is shown the p value from a two-tailed ¢ test comparing the theoretical prediction with the experimental data.

(Note that this depends only on the old and new values of [Na™],
and on the numbers of ions transported.) For [Na "], ' = 101 mm
and [Na*],2? = 51 mm, as in our experiments, Equation 2 predicts

From Equation 1 the predicted change in reversal potential

when [H "], is changed from value [H*]," to value [H*],? is:

a shift of —26.3 or —35.1 mV, respectively, if three or two Na™
are cotransported and ng, = ng = ny = 1. Figure 5B shows
specimen I-V relations for the DHK-blocked current in a cell
studied with these two values of [Na™], (note that at positive
potentials the inward current shift produced by DHK is plotted as
outward, i.e., the size of the current blocked is plotted). Lowering
[Na™], shifted the reversal potential negative by 24 mV in this
cell and by 27.8 = 2.5 mV in seven cells, consistent with ny, = 3,
and ny,, = ng = ny = 1 (other possibilities are assessed in Table
1 and discussed below).

AVH =

(nuRT)/[F(ny, + ny — Mgy — ng)] ln{[quz/[qul}- (3)

For [H*],! = 1077* and [H"],?> = 103 M, as in our experi-
ments, Equation 3 predicts a shift of —17.7 or —35.5 mV, respec-
tively, if three or two Na ™ are cotransported and ny,, = ny = ny
= 1. Figure 5C shows specimen I-} relations for the DHK-
blocked current in a cell studied with these two values of [H™]...
Changing the external pH shifted the reversal potential negative
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by 21 mV in this cell and by 19.3 = 3.2 mV in six cells, consistent
with ny, = 3, and ny, = ng = ny = 1.

From Equation 1 the predicted change in reversal potential
when [K™*], is changed from value [K*],* to value [K*],? is:

AVK =
(—=ngRT)/[F(nx, + ny — Mgy — ny)] ln{[quz/[qul}- 4)

For [K*]," = 42.5 and [K"],% = 10 mM, as in our experiments,
Equation 4 predicts a shift of 18.6 or 37.1 mV, respectively, if
three or two Na™ are cotransported and Rgy = Mg = Ny = L
Figure 5D shows specimen /=) relations for the DHK-blocked
current in a cell studied with these two values of [K™],. Changing
[K™], shifted the reversal potential positive by 20 mV in this cell
and by 14.6 = 2.6 mV in 11 cells, consistent with ny, = 3, and n,
=ng =ny = 1L

From Equation 1 the predicted change in reversal potential
when [glu "], is changed from value [glu ], " to value [glu "], is:

AVglu =
(ngluRT)/[F(nNa + nyg — nglu - nK)] ln{[glui]oz/[glui]ol}' (5)

For [glu~],' = 0.1 and [glu ~],* = 0.3 mMm, as in our experiments,
Equation 5 predicts a shift of 14.1 or 28.2 mV, respectively, if
three or two Na™ are cotransported and Rgy = Mg = Ny = L
Figure 5E shows specimen /-V relations for the DHK-blocked
current in a cell studied with these two values of [glu ~],. Raising
the external glutamate concentration shifted the reversal poten-
tial positive by 14 mV in this cell and by 15.1 = 1.6 mV in seven
cells, consistent with ny, = 3, and ny, = ng = ny = 1.

Estimation of the stoichiometry of GLT-1

Table 1 summarizes the experimentally observed reversal poten-
tial of the DHK-blocked current in the control external solution
and the shifts in reversal potential evoked by altering the external
sodium, proton, potassium, and glutamate concentrations. It also
summarizes the theoretical predictions for these parameters of
several possible transporter stoichiometries, together with p val-
ues for ¢ tests comparing the experimental data with the predic-
tion of each stoichiometry.

Comparing the data first with the predictions for ny, = 3 or 2
sodium ions cotransported, assuming that ny; = ng = ny,, = 1, it
is clear that the reversal potential in control solution and the
reversal potential shifts produced by altering each of the four
transported species are all consistent with ny, = 3 and completely
inconsistent with ny, = 2.

We then considered whether other possible stoichiometries
might be consistent with the data. All possible stoichiometries
were considered that had (1) the sum of the number of Na™ and
of H* transported =6 [going up to such large numbers was
considered justified because GLT-1 is thought to operate as a
trimer (Haugeto et al., 1996), and conceivably several ions could
bind to each trimer]; (2) at least one Na™ and one glu ™~ trans-
ported (for consistency with radiotracing data); and (3) a net
positive charge moving into the cell with glutamate (as seen
electrophysiologically even with the anion conductance abolished
by chloride removal). These constraints led us to consider 175
possible stoichiometries, which were narrowed to those shown in
Table 1 as described in Materials and Methods. Some stoichiom-
etries (other than ny, = 3, nyy = 1, n = 1, ny, = 1) could predict
certain individual values close to what was observed, but none of
them predicted accurately both the control reversal potential and
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all four reversal potential shifts produced by altering the ion
gradients. For example, for the postulated stoichiometry ny, = 5,
ny = 1, ng = 1, ny, = 2, the predictions are reasonable for the
reversal potential shifts produced by altering [Na *] and [K™] but
less good for the control reversal potential and the shifts produced
by altering [H™], and [glu],. The two stoichiometries (other
than ny, = 3, ny = 1, ng = 1, ny, = 1) that minimized the
differences between the observed and predicted values were (1)
e =50y = Lng = 1,ny, =2and (2) ny, = 3,ny = 2, ng =
1, ny, = 1. For each of these, however, and for other stoichiom-
etries with predictions that were slightly further from the data
(which could not be fit into Table 1), ¢ tests comparing the
observed and predicted values ruled them out as plausible stoi-
chiometries (Table 1). We conclude that the stoichiometry ny, =
3, ng = 1, ng = 1, ny, = 1 predicts results that are not signifi-
cantly different from our data, whereas all other stoichiometries
do not.

DISCUSSION

Currents generated by GLT-1 transporters in
GLT-1/Dd-B7 cells
The voltage, Na™ and K* dependence, and the pharmacology of
the glutamate-evoked current in GLT-1/Dd-B7 cells are similar
to those seen for GLT-1 (or its human equivalent EAAT2) in
preparations derived from native brain or when expressed heter-
ologously in oocytes or COS-7 cells (Kanner and Sharon, 1978;
Pines et al., 1992; Arriza et al., 1994; Wadiche et al., 1995a).
Glutamate transporters can generate membrane current both
by the movements of ions coupled to glutamate transport and by
the activation of an anion conductance (Wadiche et al., 1995a).
The current mediated by GLT-1 and its homolog EAAT?2 is still
inward at +40 mV (see Fig. 1; Wadiche et al., 1995a), and
removing external C1~ has no effect on the current generated by
EAAT2 (Wadiche et al., 1995a). By contrast, EAAT1 and
EAAT3 show an outward current at positive potentials that is
abolished by the removal of external C1 . These data suggest that
GLT-1/EAAT2 normally activates little anion conductance as
compared with EAAT1 and EAATS3. In the presence of the much
more permeable anion NO; ~, however, the anion conductance
may be significant. Our observation that DHK suppresses a con-
ductance in cells clamped with pipettes containing NO; ™ is
consistent with the suggestion of Bergles and Jahr (1997) that the
GLT-1 anion conductance is tonically active in the absence of
external glutamate.

Stoichiometry of GLT-1

The stoichiometry of GLT-1 was determined by the method of
Zerangue and Kavanaugh (1996b) in which the reversal potential
of the current blocked by a nontransported glutamate analog
(DHK or kainate) is measured in various ionic conditions. The
idea is that, with all of the transporter substrates (glutamate,
Na*, K", and H") present on both sides of the membrane,
forward uptake will occur at very negative membrane potentials,
reversed uptake will occur at very positive membrane potentials,
and at an intermediate potential determined by the transporter
stoichiometry there will be no net glutamate movement. DHK
blocks forward uptake at negative potentials, giving an outward
current shift, and blocks reversed uptake at positive potentials,
giving an inward current shift, but at the transporter reversal
potential DHK does not change the membrane current (see Fig.
5A4). Measuring this null potential in various ionic conditions
allows the stoichiometry to be deduced from Equations 1-5.
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This approach requires that several conditions hold. First,
DHK must not be transported in place of glutamate. This is
shown by the fact that DHK generates no current on its own (see
Fig. 3B; Wang et al., 1998) and that kainate (a close analog of
DHK, which also relatively specifically blocks GLT-1) is not
transported into cells expressing the GLT-1 homolog EAAT2
(Arriza et al., 1994). Second, DHK must affect no glutamate-
activated current other than that caused by ion movements cou-
pled to glutamate transport. This is satisfied because GLT-1/
Dd-B7 cells generate no glutamate-gated currents other than via
GLT-1 activation (Levy et al., 1998), and, although the contribu-
tion of an anion conductance to the current is small (see above),
we performed all the stoichiometry experiments with the anion
conductance suppressed by the removal of C1 . Finally, there
must be no “slippage” in the coupling of the ions cotransported
with glutamate. For example, if Na™ could be transported across
the membrane in the absence of glutamate binding, then the
transporter would generate a tonic inward current. Adding glu-
tamate or DHK might decrease this current (producing a current
change unrelated to glutamate movement) by diverting the trans-
porter to a state in which Na™* crosses the membrane with
glutamate or (in the case of DHK) not at all. This is unlikely to
occur for GLT-1, because DHK alone generates no current (in
the absence of NO; ; see Fig. 3B). It might be argued that if
DHK could only bind to the transporter after glutamate has
bound, it would not generate any current change in the absence of
glutamate, but then DHK would block better at high glutamate
concentrations whereas, in fact, the DHK block of glutamate
uptake by GLT-1/EAAT2 is competitive (less block at higher
glutamate doses; Arriza et al., 1994), implying that DHK and
glutamate bind to the same site. We conclude that the conditions
necessary for the method to work do hold.

Using this approach, we found that each glutamate is trans-
ported into the cell with three Na™ and one H™, while one K™ is
transported in the other direction so that two net positive charges
move with each glutamate; this is the same stoichiometry that
Zerangue and Kavanaugh (1996b) found for EAAT3 transporters
expressed in oocytes. This is the first time that the GLT-1
stoichiometry has been shown to involve cotransport of a proton.
The resulting glutamate uptake-evoked acidification of the cyto-
plasm of astrocytes expressing GLT-1 could constitute a signal
regulating glial metabolism during periods of elevated extracel-
lular glutamate concentration. Glutamate generates an uptake-
mediated intracellular acidification in hippocampal slices (Amato
et al., 1994b), which is likely to be dominated by pH changes in
astrocytes, because GLT-1 is more abundant than neuronal up-
take carriers (Haugeto et al., 1996).

Discrepancies with earlier data

Radiotracing experiments on unidentified glutamate transporters
in cell lines suggested that two Na™ are cotransported into the
cell with each glutamate ion (Baetge et al., 1979; Stallcup et al.,
1979) rather than three Na™ as determined here. Conceivably,
this discrepancy arises from some of the radioactive Na ", which
enters the cell on the glutamate transporter, leaving the cell again
through ion channels or exchangers (although the Na/K pump
was blocked in those experiments). Similarly, Erecinska et al.
(1983) found that the equilibrium accumulation of p-aspartate in
synaptosomes was proportional to [Na "], 2, suggesting the trans-
port of two Na™, but this might result from [Na *]; increasing
when [Na ], was raised, decreasing the apparent dependence on
Na *. A less easily resolvable discrepancy [both of this paper and
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of Zerangue and Kavanaugh (1996b)] is with the work of Wadi-
che et al. (1995a), who measured a charge entry per transported
D-aspartate (with C1~ removed) that was closer to one than two
in oocytes expressing either the GLT-1 homolog EAAT2 or
EAATS3. Similarly, Kanai et al. (1995) found entry of one charge
and two Na™ per glutamate in oocytes expressing EAACI. At
present the reason for these differences is uncertain.

Implications of the GLT-1 stoichiometry for the
increase of [glu], in ischemia

The lowest value of [glu], that can be maintained by a transporter
cotransporting one glutamate anion, three Na ™, and one H* and
countertransporting one K™ is (by rearranging Eq. 1):

[glu], = [glu]; ([Na"]/[Na],)’
[H7]/[H"]o) (IK™]o/[K7])) exp(2VF/RT).  (6)

Under normal conditions this equation predicts a minimum main-
tainable [glu], of ~2 nm (Zerangue and Kavanaugh, 1996a).
During brain ischemia the extracellular potassium concentration
rises to ~60 mm and [Na "], falls by a similar amount (from 144
to ~87 mm; Siesjo, 1990). Internal [Na™] and [K*] rise and fall
correspondingly, but by less because of the greater intracellular
volume fraction; if the extracellular volume fraction is 0.2, [Na *];
will rise and [K *]; will fall by ~14 mm. In addition, the membrane
potential depolarizes past —20 mV. This rundown of the trans-
membrane gradients driving uptake will result in glutamate trans-
porters running backward and raising the extracellular glutamate
concentration until a new equilibrium is reached (Attwell et al.,
1993; Szatkowski and Attwell, 1994).

Zerangue and Kavanaugh (1996b) have suggested that the
extra accumulative power conferred by cotransport of three,
rather than two, Na™ will allow the transporters to continue to
remove extracellular glutamate even in the perturbed ionic con-
ditions of ischemia. To estimate how high the minimum main-
tainable [glu], will rise when [K ], rises in ischemic conditions,
we assume that initially [Na "], = 25 mm and [K]; = 119 mm, so
that in ischemia [Na *]; rises to 39 mm and [K *; falls to 105 mm
(Ballanyi et al., 1987, Friedman and Haddad, 1994), that the
membrane potential is given by the Nernst potential for K™, and
that although the intra- and extracellular pH shift acid in isch-
emia, they do so at the same rate so that throughout [H*],/[H™],
= 2. We also need to assume an average value for [glu],. As
discussed in Attwell et al. (1993), this is complicated by the
likelihood of the value being different in neurons and glia (but
becoming less different in ischemia when glial [glu]; rises). As a
compromise we use the value [glu]; = 3 mm (Storm-Mathisen et
al., 1992; Attwell et al., 1993). With this and with the ion concen-
trations listed above, Equation 6 predicts that, when [K ], rises
in ischemia to 60 mm, the lowest that glutamate transporters can
hold [glu], down to in equilibrium is 112 um. This value was
calculated assuming a commonly quoted extracellular volume
fraction of 20% (Nicholson and Phillips, 1981); if this value is
reduced to 13%, as measured for hippocampus (McBain et al.,
1990), with corresponding alterations in the changes of [Na™];
and [K™];, the minimum [glu], predicted at [K™], = 60 mm is
60 uM.

These estimates are in the range known to trigger the death of
neurons if maintained for a few minutes (Choi et al., 1987). Thus,
even with the cotransport of three Na ™, the glutamate transport-
ers GLT-1 and EAATS3 will automatically raise [glu], to neuro-
toxic levels in ischemia.
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