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Summary
Currents mediated by a glutamate transporter cloned
from human motor cortex were measured in Xenopus
oocytes. In the absence of glutamate, voltage jumps
induced Na ÷-dependent capacitive currents that were
blocked by kainate, a competitive transport antagonist. The pre-steady-state currents can be described
by an ordered binding model in which a voltage-dependent Na + binding is followed by a voltage-independent kainate binding. At - 8 0 mV, two charges are
translocated per molecule of glutamate, with a cycling
time of approximately 70 ms, which is significantly
slower than the predicted time course of synaptically
released glutamate. The results suggest that glutamate diffusion and binding to transporters, rather than
uptake, are likely to dominate the synaptic concentration decay kinetics.
Introduction
In the CNS, control of the extracellularconcentration of the
amino acid neurotransmitter L-glutamate is critical both
because of its role in synaptic transmission and because
of its excitotoxicity (for reviews, see Jonas and Spruston,
1994; Attwell et al., 1993). Concentrative uptake is mediated by transporters that serve to couple the electrochemical gradients of one or more cotransported inorganic ions
to that of glutamate (Balcar and Johnston, 1972; Kanner
and Sharon, 1978). Several members of a gene family
encoding glutamate transporters have recently been
cloned (Kanai and Hediger, 1992; Pines et al., 1992;
Storck et al., 1992; Tanaka, 1993; Arriza et al., 1994). In
addition to glutamate transporters, this gene family also
includes a transporter for neutral amino acids (Arriza et
al., 1993; Shafqat et al., 1993). Because substrate uptake
by these proteins is electrogenic, with net positive charge
accompanying each molecule of substrate translocated
into the cell, transport can be measured in real time
using voltage-clamp recording (Brew and Attwell, 1987;
Schwartz and Tachibana, 1990; Eliasof and Werblin,
1993; Arriza et al., 1993, 1994; Klockner et al., 1993).
Transporters for the neurotransmitter glutamate are
widely distributed in the human CNS (Arriza et al., 1994).
Although there is strong evidence that block of glutamate
uptake in vivo leads to neuronal damage (Lucas and Newhouse, 1957; OI ney and Sharpe, 1969; Olney et al., 1971),
the role of transport in modulating kinetics of glutamatergic
synaptic transmission is less clear (Hestrin et al., 1990;

Sarantis et al., 1993; Mennerick and Zoru mski, 1994; Barbour et al., 1994; Tong and Jahr, 1994). Evaluating
whether the transporter may modulate excitatory glutamatergic transmission requires assessing a number of factors, including the affinity and kinetics of postsynaptic glutamate receptors (Jahr, 1994; Lester et al., 1990; Trussell
et al., 1994), as well as the kinetics, density, and localization of the transporters.
Kinetic and mechanistic information about electrogenic
transporters and ion pumps can be obtained through the
use of voltage clamp to study pre-steady-state membrane
transport currents (L&uger, 1991). A powerful approach
to isolate such currents involves the use of selective antagonists (Nakao and Gadsby, 1986; Hilgemann et al., 1991;
Parent et al., 1992a; Mager et al., 1993, 1994; Rakowski,
1993; Cammack et al., 1994). A number of glutamate analogs that antagonize its transport have been identified (Ferkany and Coyle, 1986; Bridges et al., 1991). The majority
of these analogs act as competitive substrates for transport and thus induce inward currents under voltage clamp
(Barbour et al., 1991; Kanai and Hediger, 1992; Arriza et
al., 1994). An exception is the conformationally constrained glutamate analog L-kainate, which competitively
antagonizes glutamate transport without itself being transported or inducing a steady-state current (Arriza et al.,
1994). Three human excitatory amino acid transporters
(EAAT1, EAAT2, and EAAT3) vary in their sensitivity to
L-kainate, which potently blocks uptake mediated by
EAAT2 (K~ = 17 pM), but not EAAT1 or EAAT3 (K~ > 1
mM; Arriza et ai., 1994). The present study exploits the
actions of L-kainate on EAAT2 to isolate pre-steady-state
currents that provide kinetic information about the transporter.
Results
Voltage Dependence of Steady-State
Transport Currents
Large inward currents are observed when L-glutamate is
applied to voltage-clamped Xenopus oocytes several days
after microinjection of cRNA transcribed from the human
EAAT2 cDNA (Figure 1A). The voltage dependence of the
steady-state transport current was examined by subtracting current records during a series of command
voltage pulses in the absence of L-glutamate from
corresponding currents in the presence of a saturating
concentration (1 raM) of L-glutamate (Figure 1B). In a cyclic
transport model, a sudden perturbation of membrane potential is predicted to lead to a redistribution of the system
to a new steady state as a consequence of changes in the
rate constants of the voltage-dependent state transitions.
The relative magnitude of the instantaneous and noninstantaneous components of the change in current following a voltage jump will depend on the fraction of transporters in the state preceding the charge translocating state
transition. The voltage jump would be expected to result
in a quasi-instantaneous change in the transport current
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Figure 1. VoltageDependenceand Inhibition
by L-Kainate of Steady-State L-Glutamate
Transport Currents
(A) Inwardcurrent inducedby bathapplication
(indicated by bar) of 1 mM L-glutamateto a
voltage-clamped oocyte expressing EAAT2.
Holding potential,-60 mV.
(B) Voltageand timedependenceof glutamate
transportcurrents. Differencetracesin a representativeoocytein responseto 100 ms voltage
pulses between+30 mV and -120 mV were
obtained by subtraction of control currents
from the correspondingcurrents in the presenceof 1 mM L-glutamate.The dottedline represents I = 0; holding potential,0 mV.
(C) Steady-statecurrent-voltage relationship
from (B). The steady-stateglutamatetransport
current increasese-fold per 55 inV.
(D) Bath application(indicatedby bar) of 100
IIM L-glutamatealone(control)and in the presence of varying concentrationsof kainate in
representative oocyte expressing EAAT2.
Holding potential,-60 inV. Applicationof 300

pM kainatealone in the same oocytedoes not inducea steady-statecurrent.
(E) Voltagedependenceof kainateKd(mean _+SEM;n = 5) obtainedfrom Schildanalysisof inhibitionof steady-stateglutamatetransportcurrents
(see Arrizaet al., 1994). Datawere fitted by least squaresto the equationKd = Kd°exp-- (zSFV/RT)(Woodhull, 1973).The fit shown is for Kd° =
9 I~M and z5 = 0.03.
reflecting the time course of the voltage clamp, followed
by a relaxation of the current with a time course reflecting
the forward and backward rate constants of the state transitions through the cycle (L&uger, 1991). Similar to predictions of this model, the EAAT2 current relaxed to a new
level following voltage jumps, with a time course exhibiting
at least two exponential components, one with very fast
kinetics (~ < 0.5 ms; relative amplitude, 82% -86% ), and
a second with slower kinetics (.~ = 10-30 ms; relative
amplitude, 14o--18%; Figure 1B). The steady-state current increased exponentially with membrane hyperpolarization (e-fold per 55 _ 5 mV) and did not reverse at potentials up to +40 mV (Figure 1C).

Kainate Block of Steady-State Currents
The conformationally constrained analog of L-glutamate,
L-kainate, selectively blocks transport currents mediated
by EAAT2 without inducing a steady-state current itself
(Figure 1D). The inhibition of EAAT2 transport by kainate is
competitive with respect to glutamate (Arriza et al., 1994),
suggesting that kainate binds to the external glutamate
recognition site to form a nonproductive transport complex. To examine the voltage dependence of the kainate
binding to the transporter, the glutamate dose shifts
caused by coapplying various concentrations of L-kainate
(10, 30, 100, and 300 I~M) were measured at different
membrane potentials. The kainate affinity determined by
Schild analysis was relatively voltage independent, ranging from 10 to 14 I~M (Figure 1E). The apparent fraction of
the membrane electric field sensed by kainate was 3.4%,
assuming a simple electrostatic ion binding model to a
site on the transporter (Woodhull, 1973).

a slower relaxation than water-injected oocytes. The mean
time constant of relaxation for a 100 mV hyperpolarizing
pulse was 506 _+ 15 I~s for oocytes expressing the EAAT2
transporter, comparedwith 144 __. 11 i~s for water-injected
oocytes when fits were constrained to one exponential
(n = 6). To examine the possible existence of pre-steadystate charge movements mediated by the transporter, currents were measured during voltage jumps in the presence
and absence of the antagonist L-kainate (Figure 2). In oocytes expressing the EAAT2 transporter, depolarizing voltage pulses from a holding potential of - 4 0 mV to +60 mV
showed that a component of the capacitive current was
reduced in the presence of 300 I~M kainate (Figure 2A,
top). Subtraction of current records in the presence of kainate from those in control solution revealed a transient
current that was outward upon depolarization and was
followed by a transient inward current upon membrane
repolarization (Figure 2A, bottom). In contrast, the capacitive and ionic currents of an uninjected oocyte that resulted
from the same voltage jump were not affected by changing
control solution to a solution containing the same concentration of L-kainate (Figure 2B). The kainate-sensitive transient current seen in oocytes expressing EAAT2 decayed
within 10 ms following the voltage jump and did not exhibit
any sustained steady-state component. Furthermore, the
membrane conductance of oocytes expressing EAAT2 did
not differ from matched control uninjected oocytes, suggesting that this transporter does not mediate a steadystate leak current, in contrast to some other glutamate
transporters (Schwartz and Tachibana, 1990; Vandenberg
et al., unpublished data).

Properties of Transient Transporter Currents
Kainate Actions on Transient Transporter Currents
In oocytes injected with EAAT2 cRNA, the capacitive transients resulting from voltage command pulses displayed

The charge movements induced by a jump from a given
potential to various test potentials were calculated from
the kainate-sensitive transient current-time integrals. Re-
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Figure 2. KainateBlocksaTransporter-SpecificTransientCurrentlnduced by VoltageJumps
(A) Currents recorded during 100 mV depolarizingvoltage pulse in
the presenceof control (ND96)and 300 I~Mkainatesolutionsin a cell
expressingEAAT2(top). The oocytewas held at -20mV and stepped
to +80mV for 25 ms, then repolarizedback to -20 inV. Subtraction
of current traces in kainatefrom control revealeda kainate-sensitive
currentthatwasoutwardin responseto depolarizingpulsesand inward
upon the repolarizationof the membrane(bottom).
(B) Sameexperimentaltreatmentsas (A) with an uninjectedoocyte.

gardless of whether hyperpolarizing or depolarizing pulses
were given, the charge movement during the test pulse
was equal to the charge movement following the return
to the original potential (Figures 3A and 3B). In addition,
the conservation of charge movement was not affected
by varying the duration of the voltage pulse (Figure 3C

and 3D). These results strongly suggest that the kainatesensitive transient currents are capacitive, resulting from a
reversible charge movement rather than a resistive current
flow through the transporter. The exponential time constant of the transient current relaxations exhibited a bellshaped dependence on the pulse potential (Figure 3A).
Fitting the relaxation time constants to a simple two-state
model obeying a voltage-dependent equilibrium yielded a
predicted charge movement (product of the charge valence and fraction of the field through which it moves; zS)
of 0.46 for the state transition (Figure 3A).
The transient current-time integrals obeyed a Boltzmann function of membrane potential, with a midpoint of
-3.2 _+ 0.2 mV and slope factor of 61 _ 2 mV (n = 19;
Figure 4A). This corresponds to a charge movement z5
of 0.41 (RT/F x 61 mV), similar to that calculated from
the voltage dependence of the relaxation time constants.
As expected for a nonlinear saturable capacitance, the
quantity of charge moved during a jump to a given potential
depended on the prepulse potential, whereas the total
charge movement (Qtot),determined from fitting the charge
movements over a range of potentials to the Boltzmann
function, was independent of the prepulse potential. The
average total charge movement blocked by 300 I~M kainate in 19 cells was 2.57 _ 0.22 nC. Correcting for incomplete block by kainate at this concentration (see doseresponse data below), the average Qtotwas 2.71 nC. The
charge movement calculated from Boltzmann fits of individual cells was correlated with the transporter expression
level as determined by the steady-state current induced
by a saturating concentration (1 mM) of L-glutamate in
the same cells (Figure 4B). Measurements of current-time
integrals were made in various kainate concentrations and
fitted to a Boltzmann function (Figure 5A). Kainate inhibited the charge movement in a saturable manner, with an
ECs0 of 16.9 __+ 3.9 pM (n = 4) without significant effect
on the voltage midpoint (Figure 5A and 5B). This ECso
value is also close to the K~ calculated from Schild analysis
of inhibition of steady-state glutamate transport caused
by kainate at different membrane potentials (10-14 pM;
see Figure 1E). Taken together, these results suggest that
the voltage-dependent transient current results from a
nonlinear capacitive charge movement, which is inhibited
by kainate binding to the transporter.
Ionic Basis of Transient Currents
The properties of the kainate-sensitive transient current
demonstrate that it is capacitive. This current could result
from a reversible conformational transition of the transporter (analogous to a gating current, involving movement
of charged amino acid residues or polypeptide dipoles in
the membrane field) and/or from binding and unbinding
of an ion to a site within the membrane electric field. In
Figure 6A, the kainate-sensitive transient current is seen
in a representative cell that was subjected to 100 mV hyperpolarizing and depolarizing command pulses in normal
recording medium containing 98.5 mM Na ÷. The charge
movements were abolished when external Na÷ was replaced by Tris ÷ (Figure 6B). This result suggested the possibility that the transient current arises from a voltage-
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Figure 3. Pre-Steady-State Currents Blocked
by Kainate Are Capacitive
(A) Family of subtracted current records in a
~ 4
representative oocyte showing voltage depen~-~ 1000
dence of transient current blocked by 300 pM
kainate. Difference currents were obtained as
O 5oo
in Figure 3A. Voltage command pulses in 20
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mV increments were 25 ms in duration from
-160 to +120 mV from a holding potential of
-20 mV. Inset shows voltage dependence of
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larizing command pulses from a holding potential of +50 mV to indicated test potentials
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model of charge movement (see Experimental
Procedures) with an apparent valence of 0.46
I '~
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and forward and backward rate constants at 0
mV of 136 s-~ and 98 s-1, respectively.
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(C) Time independence of conservation of kainate-sensitive charge movement. Envelope of
difference currents recorded during a 100 mV hyperpolarizing voltage steps for 1-16 ms in 1 ms increments. Holding potential, -20 inV.
(D) Comparison of charge movement showing equality for incrementing on and off pulses from (C). Line shows least squares fit of data; slope,
0.97.
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Figure 4. Voltage Dependence of Charge Movements Mediated by
the EAAT2 Transporter
(A) Normalized charge movements (mean ± SEM; n = 19) from cells
expressing the EAAT2 glutamate transporter were fitted by least
squares to a Boltzmann function with V0.s = 3.2 ± 0.2 mV and slope
factor 61 ± 2.4 mV (z8 = 0.41 ± .07). The charge movements in
each oocyte were normalized to Qtotin the same oocyte.
(B) Correlation of total charge movements with currents resulting from
a saturating dose of L-glutamate (1 mM) at -80 mV for 19 oocytes,
reflecting a range of transporter expression levels. Linear regression

dependent binding and unbinding of Na ÷ to a site on the
external facing domain of the transporter, which is within
the membrane electric field. Alternatively, Na + binding
could enable a subsequent charge movement. The interaction of Na + with the transporter was further investigated
by examining the effect of lowering [Na+]outon the transient
currents. Boltzmann analysis of the current-time integrals
revealed that when [Na÷]outwas reduced one-half by substitution with Tris +, the total charge movement (Qtot) remained
the same, whereas the midpoint (V0s) was shifted - 3 8 _
5.5 mV (n = 6; Figure 6C). For the simple two-state model
in which the charge movement results directly from Na ÷
binding within the electric field (Figure 6D), then the shift
in voltage midpoint can be used to calculate the effective
fraction of the field, 5, sensed by Na ÷ from
[Na+]J[Na+]2 = exp[SF(V1 - V2)/RT]

(1)

where [Na÷]l and [Na+]2 are the concentrations of Na ÷ that
half-saturate the transporter at membrane potentials V1
and V2, respectively. The - 3 8 mV shift in the voltage midpoint would imply binding of a single sodium ion (or independent binding of multiple ions) to a site that traverses
4 6 % __- 7 % of the membrane electric field. In conjunction
with the calculations of z5 from the independent measurement of the voltage dependence of charge movement
(0.41 ; see Figure 4A) and transient current relaxation time
constants (0.46; see Figure 3A), this result is consistent

yielded a slope of 70 s-'. The product of this slope and the effective
valence of the charge movement (z5 = 0.41) equals the rate of steadystate charge transfer at this potential, 29 s-1.
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Stoichiometry, and Cycling Rate
In 19 oocytes, the average kainate-sensitive total charge
movement (Qtot) was 2.7 _+ 0.2 nC, and the effective valence of the charge movement was 0.41 _+ 01. These
parameters can be used to determine N, the number of
transporters, since
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where eo is the fundamental charge. The average number
of transporters per oocyte was therefore 4.1 x 101° (2.7
x 10-9 C/0.41 eo). From capacitance measurements in
the same cells, the oocyte membrane area was calculated
tobe2.85 x 107 _+ .14 x 107pm2, assuming a membrane
capacitance of 10-6 F/cm 2. Thus, the average transporter
density was 1439 i~m-2.
The charge flux through a single transporter can be determined from Iss,the whole-cell steady-state current, and
the number of transporters in the membrane. The number
of elementary charges translocated per second by a transporter, ~, is given by
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Figure 5. Kainate Concentration Dependence for Blockadeof Charge
Movements
(A) Boltzmann fits of charge movements blocked by varying kainate
concentration in a representative cell.
(B) Kainate concentration dependence of normalized charge movement. Points (mean ± SEM; n = 4) were fitted by least squares to
the expression Q = Qtot[kainate]/([kainate] + EC~0), where Q is the
total charge movement blocked by a given concentration of kainate
as determined by fitting individual cells to a Boltzmann function as in
(A). The ECs0 for kainate block is 16.9 + 3.9 pM.

with the simple model of charge movement arising from
a single sodium ion binding (i.e., z6 = 1) to a site on
the transporter approximately 4 1 % - 4 6 % of the distance
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Linear regression of the steady-state transport current in
saturating glutamate at - 8 0 mV versus Qtot in oocytes expressing different numbers of transporters yielded a line
with slope of 70 s-1, which corresponds to a charge transfer
rate of 29 s-1 (70 s -1 x 0.41 ; see Figure 4B). The voltage
dependence of this rate was determined from measurement of the steady-state transport currents in saturating
glutamate in the same group of oocytes. The steady-state
charge transfer rate was increased by membrane hyperpolarization e-fold per 56 mV. The turnover rate of the transporter, which reflects the rate of glutamate translocation,
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(A and B) Kainate-sensitive transient currents
resulting from 100 mV pulses of opposite polarity from a holding potential of -20 mV. Subtracted current traces in 98.5 mM Na'- external
solution (A) and Na+-free buffer (Tris ÷ substitution) (B),
(C) Normalized charge movements recorded in
control recording medium (98.5 mM Na+; circles) and 50 mM Na÷ (squares). Points represent mean _ SEM (n = 6). Data are fitted to
a two-state model (shown in [D]) for a voltagedependent binding of Na÷ to a site traversing
46% of the electric field, with a Kd at 0 mV of
98.5 mM (see Experimental Methods).
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Figure 7. Voltage Dependenceof TurnoverRate
Steady-stateturnover,calculatedfrom the ratioof the rateof translocation of chargepertransporterat a givenpotential(obtainedas in Figure
4B) dividedby v, the numberof fundamentalchargestranslocatedper
molecule of glutamate at the correspondingpotential(inset; points
represent mean - SEM; n = 5-8). Data are fit to an exponential
function showingan e-foldchange in turnoverper 76 mV.

is given by ~/v, where v is the number of charges translocated per cycle. To measure v, current measurements
were made during radiolabeled L-glutamate superfusion
onto oocytes voltage clamped at potentials between 0 mV
and -140 mV. The total quantity of charge translocated
was calculated from the current-time integral during a 100
s pulse of 100 I~M [3H]L-glutamate, and the quantity of
glutamate translocated was measured by scintillation
counting. Normalizing the charge translocated per molecule of L-glutamate for 5-8 cells at membrane potentials
between 0 mV and -140 mV gave a measure of the number of charges translocated per transport cycle, v, which
varied between 0.92 _+ 0.15 and 2.66 _ 0.07 (n -- 5-8;
Figure 7, inset). Thus, a t - 8 0 rnV, for example, the turnover
rate "~ = ~/v = 29 s -~ / 1.98 -- 14.6 s-L Fitting the turnover
rate to an exponential function of membrane potential revealed that it was increased by hyperpolarization e-fold
per 76 mV (Figure 7).

Discussion
Analysis of nonlinear capacitance has been used extensively to obtain information about gating and kinetics of
ion channels (for review, see Almers, 1978). This approach
has also been applied to membrane transporters, in which
qualitatively similar currents have been identified (Parent
et al., 1992a, 1992b; Mager et al., 1993). The kainatesensitive transient currents mediated by the human glutamate transporter EAAT2 have properties that suggest that
they arise from a transporter-specific saturable capacitance due to Na÷ binding at a site on the transporter within
the membrane electric field. These currents are distinguished by the following properties. First, the currents are
blocked by the transporter antagonist kainate with the
same concentration dependence as the block of steadystate transport. Second, the time integrals of the presteady-state currents for the forward and backward voltage jumps are equal. Third, the charge movement is
well-fitted by a Boltzmann function of membrane potential.
Fourth, the charge movements are abolished by removal
of Na+out.Fifth, the voltage midpoint of the charge move-

ment is shifted in a hyperpolarizing direction by reducing
Na+o,t without changing the total charge movement.
The simplest model consistent with the observed actions
of kainate involves a voltage-dependent binding of Na÷
followed by a voltage-independent binding of kainate to
form a nontransported complex (see Figure 6D). In the
absence of kainate, the free transporter is in voltagedependent equilibrium with the Na+-transporter complex.
The equilibrium is perturbed by voltage jumps; hyperpolarizing voltage jumps induce charge movements due to Na÷
binding, whereas depolarizing voltage jumps induce Na+
unbinding charge movements. In the presence of saturating concentrations of kainate, the charge movements no
longer occur, because the equilibrium is driven towards
the Na+/kainate/transporter complex such that no further
binding of Na÷ can occur following a hyperpolarizing voltage jump. The Na÷ binding site may be within the permeation pathway of the transporter, since the transporter appears to mediate directly flux of two Na÷ ions along with
glutamate (Stallcup et al., 1979; Erecinska et al., 1983).
Alternately, the Na÷ binding could occur at a site outside
the electric field, which is then followed by a charge movement. In either case, the analysis of the voltage dependence of the equilibrium for the charge movement leads
to the same estimate of transporter density and turnover.
The average glutamate transporter density found in the
present study (1439 ~M -2) is comparable to estimates for
expression of the cloned ~,-aminobutyric acid and 5-HT
transporters in Xenopus oocytes (Mager et al., 1993,
1994), and is in addition consistent with estimates of [3H]Lkainate binding site density (unpublished data).
At the present time, the precise stoichiometry of ions
cotransported with glutamate is unknown. This stoichiometry will determine v, the quantity of charge transferred per
transport cycle. Direct measurements of v at membrane
potentials between 0 and - 1 4 0 mV revealed that this quantity was voltage dependent, ranging from 0.9 to 2.7. This
result differs from that predicted by a fixed model involving
glutamate cotransport with two Na÷ ions and cou ntertransport of one K÷ and one OH- ion, leading to a net charge
of 1 per cycle (Bouvier et al., 1992). This discrepancy appears to be due at least in part to a portion of the transporter
current arising from a glutamate-activated chloride conductance that is not thermodynamically coupled to glutamate flux (Wadiche et al., 1995, Biophys. J., abstract). As
a result, the number of charges translocated per molecule
of glutamate varies with membrane potential, and the flux
of amino acid through the transporter is less voltage dependent than the induced current. Whereas the glutamateinduced steady-state current varied e-fold per 55 mV (see
Figure 1), the flux of amino acid varied e-fold per 76 mV
(Figure 7). The rate of glutamate flux, which reflects the
slowest forward rate constant in the transport cycle, varied
from 4 s-1 to 27 s -1 over the voltage range 0 to -140 mV.
Though the turnover is somewhat slower than the slow
component of the glutamate current relaxation (see Figure
1 B), the latter is expected to reflect forward and backward
rate constants in the cycle (L&uger, 1991) and may be
significantly faster than the rate-limiting forward rate constant (e.g., see Parent et al., 1992a, 1992b). The estimate
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of glutamate turnover from the present study is significantly slower than estimates in retinal glial cells of salamander using different techniques (>103 s=l; Schwartz and
Tachibana, 1990) but is similar to estimates made with
reconstituted glutamate transporters purified from rat
brain (1.3 s-l; Danbolt et al., 1990).
In principle, glutamate uptake may influence synaptic
transmission by either altering the time course of clearance of synaptically released glutamate or by controlling
the resting interstitial level of glutamate. Control of interstitial glutamate levels could modulate synaptic efficacy by
tonic activation of receptors (Sah et al., 1989) or receptor
desensitization (Trussell and Fischbach, 1989). Although
y-aminobutyric acid (Thompson and Gahwiler, 1992) and
serotonin (Bruns et al., 1993) transporters can play central
roles in shaping the time course of ionotropic receptormediated synaptic transmission, the influence of glutamate transport on the time course of ionotropic glutamatergic synaptic transmission is somewhat controversial
(e.g., Isaacson and Nicoll, 1993; Sarantis et al., 1993; Mennerick and Zorumski, 1994; Barbour et al., 1994; Tong
and Jahr, 1994). Glutamate receptor kinetics determine
the time course of the postsynaptic response in hippocampal cultures (Lester et al., 1990; Colquhoun et al., 1992)
with the decay time constant of glutamate in the cleft predicted to be very rapid, on the order of 1-2 ms (Clements
et al., 1992; Colquhoun et al., 1992). A central question
in studies of glutamatergic synaptic transmission relates
to the relative roles of diffusion and reuptake in determining the time course of transmitter in the cleft. In support
of a dominant role for diffusion, uptake blockers fail to
alter the kinetics of synaptic currents in recordings from
hippocampal slices (Hestrin et al., 1990; Isaacson and
Nicoll, 1993; Sarantis et al., 1993). However, Barbour et
al. (1994) found evidence for slowing of the time course
of decay of postsynaptic currents by blockade of glutamate
transporters in cerebellar Purkinje cells. Additionally, in
cultured hippocampal neurons, Mennerick and Zorumski
(1994) and Tong and Jahr (1994) reported changes in synaptic currents following transporter blockade consistent
with alterations in transmitter clearance rate.
The present results suggest that the time constant for
a complete cycle of transport at - 8 0 mV is approximately
70 ms, significantly slower than the 1-2 ms time constant
of glutamate decay estimated in hippocampal synapses
(Clements et al., 1992; Colquhoun et al., 1992). This is
still likely to be true at physiological temperatures, as the
Qlo of the steady-state EAAT2 transport current is between
2.5 and 3 (unpublished data). However, a partial cycle of
the transporter could occur on a much faster time scale
than that of the entire cycle, which reflects only the slowest
transition. Assuming a fast rate constant for glutamate
binding, the transporters could speed the time course of
glutamate decay by buffering free transmitter (Tong and
Jahr, 1994). In this case, transporter density, which varies
in different brain regions (Arriza et al., 1994; Rothstein et
al., 1994), would be a factor in determining the concentration decay kinetics. In addition, synapse microanatomy
will affect glutamate diffusion rates, and regional differences in this factor may contribute to variations in synaptic

current kinetics (Barbour et al., 1994). The relatively slow
transporter cycling time revealed by the present study suggests that glutamate transporter density and synaptic geometry, rather than reuptake, will be the dominant factors
determining the kinetics of synaptic glutamate concentration decay.
Experimental Procedures
Transporter Expression and Electrophysiology
Capped cRNA transcribed from the human brain glutamate transporter
EAAT2 cDNA (Arriza at al., 1994) was microinjected into Xenopus
oocytes (50 ng per oocyte), and membrane currents were recorded
3-6 days later. Recording solutions (ND96) contained 96 mM NaCI,
2 mM KCI, 1 mM MgCI2, 1.8 mM CaCI2, and 5 mM HEPES (pH 7.4).
In Na÷ substitution experiments, Na÷ was replaced with equimolar
Tris+. Two microelectrode voltage-clamp recordings were performed
at 22°C with a GeneClamp 500 interfaced to an iBM compatible PC-AT
using a Digidata 1200 ND controlled using the pCLAMP program suite
(version 6.0; Axon Instruments). Microelectrodes were filled with 3 M
KCI solution and had resistancesof less than 1 M~. For pre-steady-state
current measurements, data were sampled at the lowest gain to avoid
saturation of the amplifier response during the peak of the capacitance
transient. Currents were low pass filtered at 1-2 kHz, digitized at 20
kHz, and signal-averaged six times before and after solution exchange.
For measurements of charge movements, 25 ms command pulses in
10 mV increments from various holding potentials were made over a
range from -160 mV to +120 mV before and after the application of
kainate. Current traces in the presence of kainate were subtracted
off-line from control currents. For each oocyte, the charge movements
were calculated by time integration of the subtracted current records
using Clampfit 6.0, then plotted versus voltage and fitted by least
squares using Kaleidagraph v3.0 (Synergy Software) to the function
Q = Qtot/(1+ exp[eoz~5(Vm- V0.5)/kT])+ Qo,~et
where Qtotis the total charge movement, Vmis the membrane potential,
V0.5is the midpoint of the charge movement, z8 is the product of the
valence of the charge and apparent fraction of the field sensed by
that charge, Qo~e,is the offset that depended on the holding potential,
eo is the fundamental charge, k is the Boltzmann constant, and T is
the absolute temperature. For comparisons among oocytes, charge
movements were offset vertically by Qo,~etand normalized to the Q~o,
in the same oocytes. Time constants for relaxation of the transient
currents were fitted to a two-state model with a symmetrical energy
barrier in which charge movement occurs during forward or backward
transitions with a time constant given by
-~ = 1/(~oexp[zcSeo/2kT]+ 13° exp[-z~Seo/2kT])
where ~° and ~° are the forward and backward rate constants at 0
inV. A numerical simulation of the voltage and Na÷ concentration dependence of charge movements was developed using SCoP software
(Simulation Resources, Berrien Springs, MI). Data were fit to a twostate model (Na÷ + T ~ TNa÷) with a voltage-dependent dissociation
constant K = K°exp(zSFV/Rl'), where K° is the dissociation rate constant at 0 mV.
[3H]L-Glutamate Flux
Voltage-clamp current recordings were made during superfusion of
oocytes voltage clamped at indicated membrane potentials with 100
~M [3H] L-glutamate (0.196 Ci/mmol; Amersham) for 100 s. Following
washout, oocytes were rapidly transferred into a scintillation tube,
lysed, and radioactivity was measured. Currents induced by [~H]Lglutamate were recorded using Axotape software (Axon Instruments)
and integrated off-line followed by correlation of charge transfer with
radiolabel flux in individual oocytes.
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