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Summary

Glutamate transporters in the CNS are expressed in
neurons and glia and mediate high affinity, electro-
genic uptake of extracellular glutamate. Although glia
have the highest capacity for glutamate uptake, the
amount of glutamate that reaches glial membranes
following release and the rate that glial transporters
bind and sequester transmitter is not known. We find
that stimulation of Schaffer collateral/commissural fi-
bers in hippocampal slices evokes glutamate trans-
porter currents in CAl astrocytes that activate rapidly,
indicating that a significant amount of transmitter es-
capes the synaptic cleft shortly after release. Trans-
porter currents in outside-out patches from astrocytes
have faster kinetics than synaptically elicited currents,
suggesting that the glutamate concentration attained
at astrocyticmembranes is lower but remains elevated
for longer than in the synaptic cleft.

Introduction

Glutamate transporters expressed in neurons and glia
provide the major pathway for the uptake of glutamate
released from excitatory terminals. By coupling the
translocation of glutamate to the electrochemical gradi-
ents for Na*, K*, and H*, transporters are capable of
lowering extracellular glutamate to submicromolar lev-
els at equilibrium (Zerangue and Kavanaugh, 1996).
However, extracellular glutamate concentrations are dy-
namic and may range from submicromolar to several
millimolar in the synaptic cleft following release. The
role of transporters in shaping the glutamate concentra-
tionin the synaptic cleftis controversial, in part, because
the turnover rate of transporters is slow (Wadiche et al.,
1995a) and because theoretical predictions suggest that
the glutamate concentration can fall rapidly in the synap-
tic cleft by passive diffusion alone (Eccles and Jaeger,
1958). Nevertheless, competitive antagonists of gluta-
mate transporters have been shown to slow the decay
of excitatory postsynaptic currents (EPSCs) at both par-
allel fiber and climbing fiber synapses onto Purkinje cells
(Barbour et al., 1994; Takahashi et al., 1996) and at caly-
ceal synapses in the nucleus magnocellularis (Otis et
al., 1996), suggesting that the duration of the glutamate
transient in the cleft is normally curtailed by transport-
ers. Since glutamate transporters require 50-100 ms to
complete a cycle (Wadiche et al., 1995a), it has been
suggested that the glutamate concentration in the vicin-
ity of postsynaptic receptors may fall rapidly through
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binding to a large number of transporters (Tong and
Jahr, 1994). In support of this model, transporters have
been shown to participate in clearance of the cleft on
a submillisecond time scale at synapses in hippocampal
cultures (Tong and Jahr, 1994; Diamond and Jahr, 1997).
However, transporter antagonists do not alter the kinet-
ics of EPSCs at Schaffer collateral synapses in hippo-
campal slices (Hestrin et al., 1990; Isaacson and Nicoll,
1993; Sarantis et al., 1993), suggesting that the degree
to which transporters shape the transient of glutamate
seen by postsynaptic receptors may depend on synapse
geometry, transporter density, and other factors that
vary among synapses. A caveat to these negative results
is that antagonists that are themselves transported will
attain greatly diminished concentrations within the slice
(Sarantis et al., 1993).

The majority of synapses in the CNS are closely asso-
ciated with glial processes (Palay and Chan-Palay, 1974;
Spacek, 1985; Kosaka and Hama, 1986; Sorra and Har-
ris, 1993), which increase the diffusional distance be-
tween synapses that are often less than a micrometer
apart. Glial cells express two of the five glutamate trans-
porters that have been cloned, termed GLAST and
GLT-1 (rodent analogs of the human transporters EAAT1
and EAAT2, respectively) (Rothstein et al., 1994; Lehre
et al., 1995), and considerable evidence suggests that
these two glial transporters are responsible for the ma-
jority of glutamate uptake in the CNS. Glial profiles pre-
dominate in autoradiographs of CNS tissue incubated
with L-[*H]glutamate (McLennan, 1976; de Barry et al.,
1982; Wilkin et al., 1982), and when the expression of
either GLAST or GLT-1 is reduced (Rothstein et al., 1996)
or eliminated (Tanakaetal., 1997), animals have elevated
glutamate in the cerebrospinal fluid, an increased sus-
ceptibility to ischemic insults, and slowed clearance of
glutamate at some synapses. However, it is not known
how much glutamate escapes the synaptic cleft and
reaches glial membranes or how longit remains elevated
in the extrasynaptic space following release, factors that
may be important for determining the extent to which
presynaptic receptors located outside of the cleft are
activated (Baude et al., 1993; Scanziani et al., 1997) and
the ability of transmitter to “spill over” onto postsynaptic
receptors at adjacent synapses (Kullmann et al., 1996;
Silver et al., 1996; Asztely et al., 1997).

Glutamate uptake by high affinity transporters is elec-
trogenic, aconsequence of the translocation of net posi-
tive charge during each transport cycle, making it possi-
ble to monitor transport electrophysiologically (Brew
and Attwell, 1987; Schwartz and Tachibana, 1990; Wyllie
etal., 1991). Synaptic activation of glutamate transporter
currents in glial cells has been demonstrated in culture
(Mennerick and Zorumski, 1994; Linden, 1997) and re-
cently in cerebellar slices (Clark and Barbour, 1997). The
rapid onset of these currents suggests that glutamate
reaches glial transporters very soon after exocytosis;
however, uncertainty about the intrinsic kinetics of the
transporters has prevented estimation of the glutamate
profile at these extrasynaptic sites. We report here that
stimulation of Schaffer collateral fibers in hippocampal
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slices elicits glutamate transporter currents in stratum
radiatum astrocytes of area CA1l. Comparison of the
kinetics of synaptically activated transporter currents
with those elicited in outside-out patches from astro-
cytes suggests that the glutamate reaches astrocytic
membranes at a concentration substantially lower than
the 1-3 mM thought to occur in the cleft (Clements et
al., 1992; Diamond and Jahr, 1997) and remains elevated
in the extracellular space for many milliseconds follow-
ing release.

Results

Identification of Astrocytes

The cell bodies of astrocytes in stratum radiatum of area
CA1 were visualized using infrared light and DIC optics.
These cells were identified by their small somata (diame-
ter = ~10 pm), low input resistances (11.1 = 6.4 M();
n = 14), high resting potentials (—=93.2 = 2.0 mV; n =
14), and passive membrane properties. When astrocytes
were filled with the fluorescent dye Cy5-EDA and imaged
using a confocal microscope, nhumerous highly branched
processes could be seen extending from the soma (Fig-
ure 1A), demonstrating the complex morphology of
these nonneuronal cells. Multiple cells often became
labeled when a single astrocyte was loaded with the
dye, demonstrating that astrocytes in slices from post-
natal day 14 (P14) animals exhibit gap junctional cou-
pling (Yamamoto et al., 1992; Koneintzko and Muller,
1994). Multiexponential fits to the passive rise and decay
of the membrane potential to current pulses yielded time
constants of: 7 = 0.20 = 0.07 ms (52% = 7%), Tgow =
1.46 = 0.24 ms (n = 10) (see Figure 1B). These morpho-
logical and electrophysiological traits are characteristic
of hippocampal astrocytes (Schwartzkroin and Prince,
1979; Kosaka and Hama, 1986; Koneintzko and Muller,
1994). Occasionally, members of a second class of glial
cells were encountered; these cells had higher input
resistances (>500 M()), prominent voltage-dependent
K* currents, and did not respond to afferent stimulation
(see below). These cells have been previously character-
ized as a class of GFAP-negative glial cells, termed
“complex” cells (Steinhauser et al., 1994), and were not
studied further.

Characterization of Evoked Responses

in Astrocytes

Stimulation of the Schaffer collateral and commissural
axons that form synaptic contacts with the dendrites of
CA1 pyramidal neurons in this region elicited a current
with a complex waveform in astrocytes voltage clamped
at their resting potential. This current consisted of a
transient outward component followed by an inward
component that decayed over several seconds (Figure
1C1). Given the low resistance of the astrocyte mem-
brane, the early components of this current may result
from detection of the extracellular field potential gener-
ated by receptors on pyramidal cell membranes. The
slow decay of the inward current follows the time course
of potassium redistribution in the extracellular space,
as measured with potassium-sensitive microelectrodes
(Aitken and Somjen, 1986), suggesting that astrocytes
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Figure 1. Stimulation of Schaffer Collateral/Commissural Fibers
Elicits an Inward Current in CAl Astrocytes

(A) Fluorescent image of an astrocyte located in stratum radiatum
filled with the dye Cy5-EDA (1.5 mM), which was dissolved in the
patch solution (K methanesulfonate). Numerous highly branched
processes extend from the soma, and spread of the dye to adjacent
astrocytes was often observed (arrow). Image is a composite of
eight optical sections (step size = 10 pm).

(B) Response of a CA1 astrocyte to 50 ms steps of current (—200
to 700 pA) from the resting potential (Vm = —89 mV), demonstrating
the low input resistance (8.6 M(2) and fast membrane time constant
(Trast = 0.29 ms, 56%; 740w = 1.38 mMs) characteristic of these cells.
Broken line is the response of a CA1 pyramidal neuron to a —200
PA step, scaled to the glial response. Note the slower charging of
the pyramidal cell membrane. The duration and relative amplitude
of the steps is represented by the protocol displayed above the
sweeps.

(C) Stimulation of afferents located in stratum radiatum elicits a
current that has a complex waveform in a CAl astrocyte voltage
clamped at its resting potential (Vm = —93 mV) (C1). An inward
current persists in the presence of ionotropic glutamate (10 wM
NBQX, 10 uM D-CPP) and GABA, receptor antagonists (5 uM gaba-
zine and 100 wM picrotoxin) (C2). When the cell was removed from
the tip of the electrode, no field response was detected, confirming
the block of ionotropic receptors (C3). Sweeps are averages of ten
sequential responses. Stimulation = 100 pA, 100 ps.

detect activity-dependent changes in extracellular po-
tassium by their high resting membrane conductance
to potassium. When the slice was bathed in antagonists
of ionotropic glutamate receptors, 2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX) and R(—)-
3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid
(D-CPP), and GABA, receptors, SR-95531 (gabazine)
and picrotoxin, to block postsynaptic current flow, an
inward current persisted in astrocytes in response to
stimulation (Figure 1C2). This remaining inward current
had a rapid onset, rose to a peak in 3.7 = 0.6 ms (20%-
80%), and had a half decay time of 17.8 = 3.1 ms (n =
25). There was also a slow phase of the decay, which
was 11% = 5% (n = 25) of the peak amplitude, that
required several seconds to return to baseline. When
the astrocyte was removed from the tip of the electrode
with positive pressure, no field response was recorded
with stimulation (Figure 1C3), confirming that postsyn-
aptic receptors were blocked.
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Figure 2. Characterization of Evoked Responses in Astrocytes

(A) Bath application of CdCl, (30 wM) inhibited the evoked inward
currentin stratumradiatum astrocytes, indicating the synaptic origin
of these currents.

(B) Comparison of the time course of the current elicited in an
astrocyte and an AMPA EPSC recorded in a CA1 pyramidal neuron
in response to a stimulus of the same intensity (80 wA, 100 ws). The
glial response begins at about the same time as the EPSC but
rises and decays more slowly. The astrocyte was located in stratum
radiatum the same distance from the stimulating electrode as the
pyramidal neuron.

(C) Comparison of evoked responses in an astrocyte recorded in
either current-clamp or voltage-clamp mode (Vm = —96 mV). The
broken line represents the current-clamp response scaled to the
voltage-clamped response.

(D) The evoked response from astrocytes exhibits paired-pulse facil-
itation similar to AMPA receptor-dependent EPSCs in pyramidal
neurons. Interstimulus interval = 50 ms.

The glial response was synaptic in origin since inhibi-
tion of presynaptic Ca?* channels through bath applica-
tion of CdCl, (30 wM) inhibited the evoked current by
91% =* 1% (n = 9; Figure 2A). Cd** also inhibited the
slowly decaying phase of the inward current by 53% =
14% (n = 9), suggesting that a component of the
astrocyte response is independent of Ca?*-dependent
transmitter release. However, no response was elicited
through antidromic stimulation of CA1 pyramidal neu-
rons (n = 4), and the response to afferent stimulation
was completely blocked by TTX (n = 3), suggesting that
the current remaining in Cd** may reflect K* accumula-
tion in the extracellular space during the firing of presyn-
aptic afferents and not direct depolarization of the glial
network. The inward current elicited in astrocytes with
afferent stimulation (in the presence of ionotropic gluta-
mate and GABA, receptor antagonists) is similar to the
currents recorded from glial cells in microisland cultures
in response to neuronal stimulation (Mennerick and Zor-
umski, 1994); the transient component of this response
is due to the electrogenic uptake of glutamate by high
affinity transporters (Mennerick and Zorumski, 1994).
Although AMPA receptors are expressed in some hippo-
campal glial cells (Steinhauser et al., 1994), and gluta-
mate released following neuronal stimulation activates
these receptors in culture (Mennerick et al., 1996), it

was not possible to isolate an AMPA component of the
astrocyte response in slices because of the large field
current produced in the absence of NBQX.

To estimate the time course of the glial response rela-
tive to glutamate release from afferent terminals, the
kinetics of the astrocyte current were compared to
AMPA receptor EPSCs in CAl pyramidal neurons. For
these experiments, an AMPA receptor EPSC was first
recorded from a CA1l pyramidal neuron (in D-CPP, ga-
bazine, and picrotoxin). The slice was then bathed in
NBQX, and the response to a stimulus of the same inten-
sity was recorded from an astrocyte located in stratum
radiatum at the same distance from the stimulating elec-
trode. The glial response began without a significant
delay after the onset of the AMPA EPSC, although it rose
to a peak and decayed more slowly (EPSC 20%-80%
rise time: 1.6 + 0.3 ms; EPSC half decay time: 7.1 = 1.8
ms; n = 6) (Figure 2B). Since the membrane time con-
stant of astrocytes is much faster than the rise time of
the evoked glial current, it is unlikely that electrotonic
filtering can explain the kinetic differences between the
glial and neuronal synaptic currents. This supposition
is supported by the observation that the time course of
the glial response was the same whether it was recorded
in current clamp or voltage clamp (Figure 2C).

Paired stimulation of Schaffer collateral/commissural
fibers results in facilitation of EPSCs in pyramidal cells,
indicating that the probability of transmitter release can
be increased through prior activity. Astrocyte responses
also underwent facilitation when afferent fibers were
stimulated at shortintervals (Figure 2D), suggesting that
these glial currents can also be used to monitor release
probability.

Transporter Currents Elicited

by Exogenous L-Glutamate

In the presence of ionotropic glutamate and GABA, re-
ceptor antagonists (NBQX, D-CPP, gabazine, picro-
toxin), brief application of L-glutamate (200 wM) to
astrocytes located in stratum radiatum using a puffer
pipette elicited aninward current (Figure 3A). Bath appli-
cation of D,L-threo-3-hydroxyaspartate (THA; 300 uM),
a broad spectrum substrate/antagonist of glutamate
transporters (Balcar et al., 1977; Barbour et al., 1991),
induced an inward current (—249 + 63 pA) in these cells
and inhibited the response to L-glutamate by 90% =
4% (n = 5; Figure 3A). These data suggest that glutamate
transporters are expressed in hippocampal astrocytes
in situ, consistent with earlier studies demonstrating that
astrocytes in brain slices accumulate L-[*H]glutamate
(McLennan, 1976) and that L-glutamate elicits inward
currents in astrocytes in hippocampal slices without in-
creasing the current noise (Steinhauser et al., 1994).
Dihydrokainate (DHK; 300 wM), a nontransported inhibi-
tor selective for the glial GLT-1 transporter (Johnston
etal., 1979; Arriza et al., 1994), potentiated the response
to exogenous L-glutamate by 14% =+ 11% (range: 3%-
28%; n = 4) (Figure 3B) without producing an inward
current. This potentiation may result from the high ca-
pacity of brain slices for glutamate uptake and the ex-
pression of both GLAST and GLT-1 transporters in the
hippocampus at this age (Shibata et al., 1996). Inhibition
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Figure 3. L-Glutamate Evoked Transporter Currents in Stratum
Radiatum Astrocytes

(A) Puffer application of 200 .M L-glutamate elicits an inward current
in an astrocyte voltage clamped at its resting potential (Vm = —88
mV), in the presence of 10 uM NBQX, 10 .M D-CPP, 5 uM gabazine,
and 100 p.M picrotoxin. Bath application of the glutamate transporter
substrate/antagonist THA (300 wM) induced an inward shift in the
holding current (—340 pA) and inhibited the response to exogenous
L-glutamate. Arrow indicates when L-glutamate application was
started (puff was 100 ms long). The response in THA has been offset
by 340 pA.

(B) Bath application of DHK (300 nM), a selective antagonist for
the glial GLT-1 glutamate transporter, reversibly potentiated the
response to puffer-applied L-glutamate but did not produce a
change in the holding current.

(C) Response of a stratum radiatum astrocyte to the application of
L-glutamate at different distances from the soma. Responses were
detected only when the puffer pipette was placed within ~75 pm
of the cell body (indicated by the black dot). The beginning of each
trace indicates the position of the puffer pipette, and the numbers
correspond to the order in which the different locations were tested.
Responses in (A), (B), and (C) are from the same astrocyte. K gluco-
nate-based internal solution.

of GLT-1 transporters throughout the slice with DHK
may allow more L-glutamate to reach the GLAST trans-
porters on the astrocyte being recorded from. Both THA
and DHK slowed the decay of the response, suggesting
that L-glutamate remains elevated in the extracellular
space for longer when uptake is inhibited.
Hippocampal astrocytes are coupled though gap junc-
tions (Yamamoto et al., 1992; Koneintzko and Muller,
1994; see Figure 1A), raising the possibility that the cur-
rent recorded from individual astrocytes in response to
afferent stimulation reflects the contribution of currents
produced in neighboring cells. However, L-glutamate
(200 wM) was only able to elicit transporter currents
when puffs were made within approximately 75 wm from

the soma (Figure 3C); similar results were obtained in
eight other cells. These data are consistent with the
high resting conductance of astrocyte membranes that
should rapidly shunt an inward current, restricting its
propagation to adjacent cells. These results suggest
that the synaptic current recorded at the soma is locally
generated and is not a distributed response of the
astrocyte network.

Pharmacological Characterization of Responses
Evoked through Afferent Stimulation

The pharmacological profile of the current elicited in
astrocytes by stimulation of Schaffer collateral/commis-
sural fibers in the presence of ionotropic glutamate and
GABA, receptor antagonists suggests that it is largely
due to the electrogenic uptake of glutamate released
from afferent terminals. This current was not inhibited
by antagonists of other neurotransmitter receptors, in-
cluding metabotropic glutamate receptors (MCPG, 1
mM), GABAg receptors (CGP 55845A, 1 wM), ATP recep-
tors (suramin, 50 wM), adenosine receptors (8-cyclopen-
tyltheophylline, 4 wM), acetylcholine receptors (hexa-
methonium, 200 wM), 5-HT receptors (ondansetron, 2
wM), glycine receptors (strychnine, 2 wM), or B-adreno-
ceptors (propranolol, 1 uM). This current was also insen-
sitive to the GABA transporter inhibitors SKF-89976-A
(25 wM; n = 3) and nipecotic acid (200 uM; n = 4).

In contrast to the lack of effect observed for the above
antagonists, the astrocyte current was inhibited by glu-
tamate transporter antagonists. Application of THA (300
wM) produced an inward current (—314 + 114 pA) and
inhibited the evoked response by 37% = 4% (n = 11,
Figure 4A1), while DHK (300 wM) inhibited the current
by 30% * 4% (n = 8) but did not induce an inward
current (Figure 4B1). The decay of the remaining current
in both cases was slowed (Figures 4A2 and 4B2), consis-
tent with the slowing of the response to puffer-applied
L-glutamate when either antagonist was present (see
Figures 2A and 2B). The prolongation of the response
in the presence of transporter antagonists suggests that
synaptically released glutamate also remains elevated
in the extracellular space longer when uptake into as-
trocytes is reduced. The partial inhibition of the re-
sponse by DHK is consistent with the comparable levels
of GLT-1 and GLAST mRNA in the hippocampus at this
age (Shibata et al., 1996). The incomplete block ob-
served with THA may indicate that a much lower concen-
tration of this antagonist reaches the transporters be-
cause it is actively taken up while diffusing into the slice
(Sarantis et al., 1993). This conclusion is supported by
experiments where THA was applied together with DHK.
Under these conditions, with the glial GLT-1 transporter
inhibited, THA (300 wM) induced a larger inward current
(—644 = 140 pA) and increased the inhibition of the
evoked response to 72% = 5% (n = 5; Figure 4C); in two
cells, only the slowly decaying phase of the response
remained.

The translocation of glutamate across cellmembranes
by high affinity transporters is dependent on the concen-
tration gradients for Na*, K*, and H* (Brew and Attwell,
1987; Barbour et al., 1991; Zerangue and Kavanaugh,
1996), and changing these gradients can lead to reduced
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Figure 4. Pharmacological Characterization of the Astrocyte Re-
sponse

(A) THA (300 M) induced an inward current, inhibited the response
elicited through afferent stimulation, and slowed the decay of the
current, visible when the response in THA is scaled to the peak of
the control response (A2). The baseline of the response in THA has
been offset to match that of the control response.

(B) DHK (300 wM) inhibited the evoked response and greatly slowed
the decay of the current, visible when the response in DHK is scaled
to the peak of the control response (B2). No offset current was
produced by DHK.

(C) When THA (300 wM) was applied with DHK (300 M), it produced
a larger inward shift in the holding current and a greater inhibition
of the evoked response. The baseline of the response in THA plus
DHK has been offset to match that of the control response.

(D) Comparison of evoked responses in two astrocytes to the same
stimulus (150 pA, 100 ps) recorded with different internal solutions.
The amplitude of glial currents recorded with a K gluconate-based
internal solution was always larger than those recorded with a Na
aspartate-based internal solution. Responses are from neighboring
astrocytes located the same distance from the stimulating electrode.

or reversed transport (Szatkowski et al., 1990). The cur-
rents elicited in astrocytes with synaptic stimulation
were also dependent onthese gradients. Whenthe com-
position of the standard pipette solution was changed
so that K* was replaced with Na* and gluconate was
replaced with D-aspartate, conditions that should re-
duce the number of transporters available to bind extra-
cellular glutamate, evoked responses in astrocytes were
greatly reduced in amplitude (n = 7; Figure 4D). For
these experiments, a control response was obtained
from an astrocyte with a K gluconate-based internal
solution, and then the response from a nearby cell in

the same slice was recorded with a Na aspartate-based
internal solution. The stimulus intensity and the approxi-
mate distance from the stimulating electrode was the
same for both recordings.

Evoked Responses in Astrocytes from P7 Animals
The high resting potassium conductance in astrocytes
from P14 animals prevented measurements of the cur-
rent-voltage relation of the evoked response. Replacing
internal K* with Cs* and adding TEA to the internal
solution did not substantially reduce this conductance.
However, astrocytes in slices from P7 animals had a
lower resting potassium conductance and a higher input
resistance (79.8 = 37.0 M(), range: 53-153 MQ; n = 8),
which allowed greater control of the membrane potential
at electrotonically distant sites. Stimulation in the stra-
tum radiatum region in P7 slices also elicited an inward
current in CAl astrocytes that was insensitive to iono-
tropic glutamate and GABA, receptor antagonists but
was blocked by THA (300 uM; n = 6) (Figure 5A). The
GLT-1-selective antagonist DHK inhibited these trans-
porter currents by 41% = 6% (300 wM; n = 5) (Figure
5B), suggesting that GLAST transporters account for
more than half of the synaptic transporter current at this
age. Both DHK and THA slowed the decay of the evoked
current, similar to that observed in P14 animals; in THA,
this slowing was visible during the onset and recovery
of the block. The complete inhibition of the evoked re-
sponse by THA suggests that a higher concentration of
the antagonist is achieved in slices from P7 than in
P14 animals, consistent with the lower glutamate uptake
capacity of the hippocampus in P7 animals (Schmidt
and Wolf, 1988). The higher membrane resistance of P7
astrocytes allowed us to measure the current-to-voltage
relation of these synaptically evoked currents. This rela-
tion rectified inwardly, and the evoked responses did
not reverse at potentials up to 60 mV (Figure 5C; n =
4), as expected of glutamate transporter currents under
these ionic conditions (Wadiche et al., 1995b).

The rise (20%-80%) and half decay times of the syn-
aptic transporter currents in P7 slices were 3.3 = 0.5
ms and 25.9 = 8.0 ms (n = 8), respectively. The slower
decay of the synaptic transporter currents in P7 animals
than those from P14 slices suggests either that the kinet-
ics of the glutamate transporters are slower or that gluta-
mate persists in the extracellular space for longer in P7
than in P14 animals. The latter explanation is consistent
with the increase in expression levels of glutamate trans-
porters (Shibata et al., 1996) and capacity of the hippo-
campus for L-glutamate uptake (Schmidt and Wolf,
1988) during the first month of development.

Glutamate Transporter Currents in Patches

from Astrocytes

To estimate the concentration time course of glutamate
at the astrocyte membrane following evoked release,
the kinetics of glutamate transporter currents were de-
termined. Transporter currents were elicited in outside-
out patches from astrocytes by rapid applications of
L-glutamate. Inthe presence of the ionotropic glutamate
receptor antagonists, NBQX, 1-(4-aminophenyl)-4-methyl-
7,8-methylenedioxy-5H-2,3-benzodiazepine  hydrochlo-
ride (GYKI-52466),and D-CPP, L-glutamate (10 mM) elic-
ited an inward currentin patches when the primary anion
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Figure 5. Evoked Responses in Astrocytes from P7 Animals

(A) THA (300 nM) induced a steady-state inward current (—243 pA)
and blocked the evoked response in astrocytes from P7 slices. The
response in THA has been offset by 243 pA.

(B) DHK inhibited the evoked response and reduced the holding
current by 65 pA. The response in DHK has been offset by —65
pPA. Responses in (A) and (B) are from the same stratum radiatum
astrocyte (Vm = —90 mV).

Stimulation intensity was 130 nA. KNO;-based internal solution.
(C) Current-voltage relation of the synaptically activated currents
from P7 astrocytes, demonstrating the prominent inward rectifica-
tion and lack of reversal of the evoked responses at potentials up
to 50 mV (n = 4).

in the pipette solution was gluconate (Figure 6A). This
current was blocked by THA (300 wM) and did not re-
verse at potentials up to 50 mV (n = 5), suggesting that
it is produced by the electrogenic transport of gluta-
mate. L-glutamate—-evoked currents recorded in the ab-
sence of NBQX, GYKI, and D-CPP had the same ampli-
tude and time course (n = 6), suggesting that neither
AMPA nor NMDA receptors are present in the somatic
membrane of hippocampal astrocytes.

The amplitude of the transporter currents in patches
was small (=5.9 = 0.9 pA; n = 19; 10 mM L-glutamate,
Vm = —110 mV), which prevented accurate kinetic mea-
surements. However, the presence of a detectable re-
sponse in patches, in the absence of permeant anions
(see below), suggests that these transporters are ex-
pressed at a high density in the somatic membrane of
astrocytes. The density of transporters in patches was
estimated by measuring the amount of charge trans-
ferred during the transient phase of the response, which
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Figure 6. Transporter Currents Elicited in Outside-Out Patches from
Astrocytes

(A) Rapid applications of L-glutamate (10 mM) elicited small currents
with transient and steady-state components in outside-out patches
in the presence of 10 puM NBQX, 25 uM GYKI-52466, 10 .M D-CPP,
and 5 pM gabazine. K gluconate-based internal solution.

(B) Outside-out patch responses to L-glutamate (10 mM) were larger
when the internal solution contained a permeant anion (KSCN-based
internal solution) but had a similar time course.

(C) Substitution of Li* for external Na* inhibited patch responses
to L-glutamate (10 mM). The remaining current in the Li* external
solution may reflect residual Na* (10 mM) in the L-glutamate so-
lution.

(D) THA (300 M, darker line) induced a steady-state inward current
in outside-out patches and blocked responses to L-glutamate (10
mM).

(E) DHK (300 M, darker line) reduced an inward holding current
and inhibited the response to L-glutamate.

All traces are averages of 8-15 responses recorded at —110 mV.
The duration of the L-glutamate applications is indicated by the
open tip response above the traces.

was 5.46 = 8.73 fC (n = 19). Assuming that this charge
movement reflects the early steps in the transport cycle
prior to glutamate unbinding, where three Na* and one
H* are translocated by each transporter for every mole-
cule of glutamate transported (Zerangue and Kava-
naugh, 1996), this net movement of three positive
charges corresponds to an average of 18,200 = 29,100
transporters/patch (n = 19). The membrane area of
these patches was estimated according to the method
of Karpen et al. (1992) by measuring the capacitance
before and after pushing the pipette against a Sylgard
bead on the tip of a second electrode. Subtraction of
the pipette and stray capacitances using this method
yielded the capacitance of the patch membrane, which
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was converted to area assuming a specific membrane
capacitance of 1 wF/cm?. Infive patches, the arearanged
from 1.3 to 18.2 pm? (6.64 = 6.9 um?). These data sug-
gest that glutamate transporters are present on the so-
matic membrane of astrocytes at a density of more than
2,500 pm~2.

Substitution of SCN~ for gluconate in the pipette solu-
tion greatly increased the size of the response to
L-glutamate (—55.2 = 8.8 pA; n = 32; 10 mM L-gluta-
mate, Vm = —110 mV) (Figure 6B), as expected from
the high permeability of GLT-1, GLAST, and other glial
glutamate transporters to chaotropic anions (Wadiche
et al., 1995b; Eliasof and Jahr, 1996; Kavanaugh et al.,
1997). These L-glutamate-evoked transporter currents
were inhibited when external Na* was replaced with Li*
(n = 5; Figure 6C), consistent with the dependence of
glutamate transporters on cotransported Na* (Brew and
Attwell, 1987; Mennerick and Zorumski, 1994). THA (300
wM) induced an inward current in these patches and
inhibited the response to L-glutamate (10 mM) by 95% =+
3% (n = 5; Figure 6D), similar to that observed in whole-
cell recordings. DHK also inhibited the peak of the re-
sponse to L-glutamate (n = 6), consistent with the contri-
bution of GLT-1 to this current (Figure 6E); however, it
was not possible to quantitate the amount of inhibition
by DHK, because it also reduced an inward holding
current. This reduction in holding current suggests that
there is an uncoupled movement of SCN~ through the
transporter that is blocked by DHK. This is further sup-
ported by the voltage dependence of the current
blocked by DHK (300 uM), which matched the voltage
dependence of the transporter conductance. Inhibition
of an anion “leak” through transporters was also visible
in whole-cell recordings from astrocytes in slices; bath
application of DHK (300 wM) produced an outward cur-
rent when cells were loaded with the permeant anion
NO;~ (76.2 £ 21.8 pA; n = 6; P7 astrocytes) but not
gluconate, an impermeant anion (Wadiche etal., 1995b).
This effect of DHK was not observed in patches from
Bergmann glial cells (D. E. B. and C. E. J., unpublished
data), which express primarily GLAST (Rothstein et al.,
1994; Lehre etal., 1995; Shibata et al., 1996), suggesting
that either there is no anion leak through the GLAST
transporter or the ability of DHK (at 300 wM) to inhibit
the leak is selective for the GLT-1 transporter. The latter
possibility is consistent with the higher affinity of DHK
for GLT-1 (Arriza et al., 1994). The uncoupled movement
of monovalent cations through glutamate transporters
has been demonstrated in retinal Muller cells (Schwartz
and Tachibana, 1990) and the cloned EAAT1 and EAAC3
transporters (Kanai et al., 1995; Kavanaugh et al., 1997);
however, the substrate-independent movement of an-
ions through native or cloned glutamate transporters
has not yet been described.

The current-to-voltage relation of L-glutamate evoked
currents in patches rectified inwardly, changing e-fold
over 63 mV (positive to —110 mV), and did not reverse
at potentials up to 50 mV (n = 10; Figures 7A and 7B),
similar to the synaptic transporter currents recorded
from astrocytes in P7 animals. Patch currents decayed
to a steady-state level during L-glutamate application.
The mechanism of this decay is not known but may
reflect desynchronization of the transporters (Bruns et
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Figure 7. Voltage Dependence of Astrocyte Glutamate Transporter
Currents in Patches

(A) L-glutamate (10 mM) evoked transporter currents in an outside-
out patch from a CA1l astrocyte at a range of holding potentials
(=110 to 50 mV). The duration of glutamate application is indicated
by the open tip current above the traces.

(B) Plot of the current-to-voltage relation for ten patches, demon-
strating the prominentinward rectification and lack of reversal char-
acteristic of glutamate transporter currents. Values were normalized
to responses at —110 mV.

(C) The ratio of the steady-state to peak amplitude of the response
to 10 mM L-glutamate increased with depolarization. Inset shows
the response at —110 mV, —30 mV, and 50 mV.

(D) The steady-state to peak ratio was greater for D-aspartate (dark
trace), an agonist with a greater affinity for the transporter, than for
L-glutamate. The concentration of both agonists was 10 mM.

al., 1993) as they reach nonconducting states in the
transport pathway. This conclusion is supported by the
increase in the steady-state to peak ratio with depolar-
ization (Figure 7C) and the slower kinetics and larger
steady-state current observed with D-aspartate (steady-
state/peak ratio: L-glutamate, 0.07 = 0.05; D-aspartate,
0.52 = 15; n = 5; Figure 7D), which has a higher apparent
affinity and slower transport rate than L-glutamate (Ar-
riza et al., 1994; Wadiche et al., 1995a). Paired pulses
of L-glutamate were applied to patches to measure the
recovery time of these transporters from the desynchro-
nized or steady-state level. The recovery of the response
to the control amplitude followed a biexponential time
course: (Tnst = 14.5 ms, 79%; 7400 = 108.5 ms; Figure
8A). The biexponential recovery suggests that there are
at least two pathways from the conducting state to the
unbound state, one of which is faster than a complete
transport cycle (estimated at 70 ms for GLT-1; Wadiche
et al., 1995a).

The apparent affinity of the transporters for L-gluta-
mate and the concentration dependence of their kinetics
were measured by applying a range of L-glutamate con-
centrations to individual patches. The ECs, of the steady-
state current was 13 = 4 uM (n = 8; P14 astrocytes),
similar to steady-state measurements of K, for the
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Figure 8. Paired-Pulse Recovery and Dose-Response Relation of
Glutamate Responses in Patches

(A) Plot of the ratio of the peak amplitude of the second (P,) to the
first (P,) response of patches to paired applications of L-glutamate
(10 mM). The second applications were given 1-140 ms after the
end of the first application (n = 6). Line is a biexponential fit to the
data.

(B) Transporter currents evoked in an individual patch by 10 puM,
100 M, 1 mM, and 10 mM L-glutamate. All responses were recorded
at —110 mV.

(C) Dose-response relation of the responses of patches to a range
of L-glutamate concentrations (10 wM to 10 mM) recorded at —100
mV. The ECs, for the peak (100 = 13 uM, ny = 0.73) was greater
than the EC;, for the steady-state (13 + 4 uM; n = 8; ny = 0.59).
Data were fit with the logistic equation.

cloned GLT-1 and GLAST transporters (2 uM and 13
wM, respectively) (Pines et al., 1992; Klockner et al.,
1994). The apparent affinity of the peak response was
lower (ECs, = 100 = 13 uM; n = 8). The different apparent
affinities of the peak and steady-state responses sug-
gests that there are additional long-lived, nonconduct-
ing states in the transport cycle that are reached at
steady-state. The rise time (20%-80%) of these currents
in patches from P14 astrocytes was 95 + 30 us for 10
mM, 125 *+ 26 ps for 1 mM, 350 = 111 s for 100 pM,
and 2.16 = 0.67 ms for 10 uM (n = 8; Figure 8B). The
rapid kinetics of these transporter currents in patches
suggests that the time course of the synaptic response
is not limited by the kinetics of the transporters. The
half decay time of the transporter currents in patches,
either measured during L-glutamate application (1.35 =
0.26 ms; 10 mM L-glutamate) or at the end of glutamate
application (2.91 + 0.48 ms; n = 8), was also faster than
the half decay time of the synaptic currents (17.8 ms),

suggesting that glutamate remains elevated at glial
membranes for many milliseconds following exocytosis.
Transporter kinetics were also fast in patches from P7
astrocytes (20%-80% rise time = 130 *= 20 ps; half
decay time = 1.5 = 0.24 ms; n = 4; 10 mM L-glutamate),
suggesting that the slower decay of evoked transporter
currents in P7 astrocytes than in P14 astrocytes reflects
a slower clearance of glutamate from the extracellular
space in the hippocampus of younger animals.

Discussion

Astrocytes in the CNS accumulate radiolabeled gluta-
mate and aspartate (McLennan, 1976; de Barry et al.,
1982; Wilkin et al., 1982), express glutamate transporters
at a high density (Rothstein et al., 1994; Lehre et al.,
1995), and have processes that are associated with most
excitatory synapses (Spacek, 1971, 1985; Sorraand Har-
ris, 1993). We demonstrate here that stimulation of the
Schaffer collateral/commissural fibers in hippocampal
slices elicits a current in astrocytes located in stratum
radiatum of area CA1 that is mediated, in part, by the
electrogenic uptake of glutamate. Synaptic activation
of glutamate transportersin glial cells has been reported
in hippocampal (Mennerick and Zorumski, 1994) and
cerebellar cultures (Linden, 1997) and recently in Berg-
mann glial cells in cerebellar slices (Clark and Barbour,
1997). In these studies, the glial currents began with
little delay after stimulation, suggesting that glutamate
diffuses out of the cleft rapidly, reaching some of the
glial transporters within a millisecond following release.
Although rapid in onset, transporter currents recorded
from hippocampal astrocytesrose to a peak more slowly
than AMPA EPSCs in pyramidal neurons and decayed
over tens of milliseconds. The slower time course of the
synaptic transporter current may reflect the kinetics of
the transporters or the duration that glutamate remains
elevated at the astrocyte membrane.

Relationship between the Anion Conductance

and Glutamate Transport

The currents produced in outside-out patches from as-
trocytes by L-glutamate revealed that glutamate trans-
porters have rapid kinetics and are capable of binding
glutamate on a submillisecond time scale. This indicates
that the binding rate of these transporters for glutamate
is similar to that estimated for ionotropic glutamate re-
ceptors (Jonas and Sakmann, 1992) and is consistent
with the rapid buffering of synaptically released gluta-
mate by transporters (Tong and Jahr, 1994; Diamond
and Jahr, 1997). We exploited the high permeability of
these transporters to chaotropic anions (Wadiche et al.,
1995b; Eliasof and Jahr, 1996; Kavanaugh et al., 1997)
to increase the size of transporter currents in patches.
The relationship of the associated anion conductance
to the stoichiometrically coupled movement of cations
during glutamate translocation is not known. Preliminary
analysis indicates that the small transient inward cur-
rentsin patches recorded without permeant anions were
faster than those recorded in the presence of permeant
anions (compare Figures 7A and 7B). This observation
suggests either that positive charge(s) bind within the
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membrane field after glutamate binds or that transloca-
tion of positive charge across the field occurs very rap-
idly after glutamate binds. In either case, these events
would have to precede or coincide with the rapid gating
of the anion conductance. Mutant GLT-1 transporters
lacking K*-stimulated transport are still capable of Na-
dependent exchange of L-glutamate and exhibit an
associated anion conductance indistinguishable from
wild-type GLT-1 (Kavanaugh et al., 1997), further sug-
gesting that the gating of the anion current is associated
with the early steps in the transport cycle involving the
binding and translocation of glutamate. Regardless of
the ordering of these events, transporter currents in
patches were much faster than those elicited synapti-
cally, except those evoked by the lowest glutamate con-
centration (10 wM), and the time course of the synaptic
currents was not affected by the presence of permeant
anions, suggesting that factors other than the kinetics
of the transporters determine the time course of the
synaptic response.

Mechanisms of the Time Course of Evoked
Glutamate Transporter Currents

The slower decay of the synaptic transporter currents
compared to those elicited in patches is likely to be
due to a combination of mechanisms, including release
asynchrony, electrotonic filtering, and diffusion of trans-
mitter to distant sites on astrocyte membranes. The
relative contribution of these factors to the time course
of the synaptic currents is not known. Asynchrony in
evoked responses has been reported at excitatory syn-
apses in hippocampal cultures (Diamond and Jahr,
1995) and in slices of the anteroventral chochlear nu-
cleus (Isaacson and Walmsley, 1995). Although its signif-
icance in hippocampal slices has not been assessed,
the release rate in hippocampal cultures, determined
by deconvolving the average miniature EPSC from the
average EPSC, decayed with a time constant of 3.9 ms
(Diamond and Jahr, 1995). If similar asynchrony occurs
in slices, it could not account entirely for the slow time
course of the transporter currents in astrocytes. In addi-
tion, comparison of AMPA EPSCs in pyramidal cells with
synaptic transporter currents in astrocytes in the same
slice (see Figure 2B), where release asynchrony is pre-
sumably the same, revealed that the transporter cur-
rents were slower than EPSCs.

The degree of slowing of the synaptic response due
to electrotonic filtering is difficult to estimate. The very
low input resistance of astrocytes will have two effects.
First, it results in a fast membrane time constant (g, =
1.5 ms; Figure 1B), and second, it undoubtedly limits
the signal recorded with the somatic electrode to con-
ductance changes occurring close to the soma, under-
estimating the number of transporters activated by syn-
aptic release. Both consequences of a low membrane
resistance will diminish the degree of slowing of the
current by electrotonic filtering (Spruston et al., 1993;
Zhang and Trussell, 1994). However, the distribution of
the potassium conductance is nonuniform (Newman,
1986), and the internal resistance of the thin glial pro-
cessesthat are intimately associated with synapses (Ko-
saka and Hama, 1986) is not known. These parameters

will have to be measured to predict accurately the effect
of passive properties on distally generated responses
recorded at the soma.

If glutamate diffuses some distance from release sites
and the distribution of transporters on astrocyte mem-
branes is not restricted to those regions nearest to syn-
aptic clefts, then activation of some transporters will be
delayed, slowing the kinetics of the transporter current.
A lower concentration of glutamate would presumably
reach these distant transporters, which would also slow
the activation of the transporters, because binding is
concentration-dependent. In P7 animals, extracellular
glutamate appears to remain elevated longer after re-
lease than in P14 animals, since the synaptic transporter
current decays more slowly in P7 astrocytes, and the
kinetics of transporter currents in patches from these
cells are also fast. This developmental difference may
be due to the increased expression of transporters with
age (Shibata etal., 1996) and the resulting higher capac-
ity of the hippocampus for glutamate uptake in older
animals (Schmidt and Wolf, 1988).

Implications for Activation of Glutamate

Receptors at Distant Sites

We propose that in the CAL1 region of the hippocampus,
some of the glutamate released from excitatory termi-
nals escapes the synaptic cleft within a millisecond of
exocytosis and remains elevated at glial membranes for
over 10 ms. This hypothesis is based on the comparison
of transporter kinetics activated synaptically with those
in patches, and it assumes that the properties of trans-
porters are not greatly altered by patch excision. An
elevation of glutamate lasting this long implies that glu-
tamate may diffuse many micrometers from release
sites. Because individual synapses in this region of the
hippocampus are often less than 1 um apart (Sorra and
Harris, 1993), glutamate released at one synapse will
inevitably reach receptors at neighboring sites, unless
transporters are preferentially expressed in membranes
surrounding synapses to provide a barrier to the diffu-
sion of glutamate into the cleft. If synapses are not
protected from this “spill over” of glutamate, high affinity
receptors such as NMDA and metabotropic glutamate
receptors could be activated at synapses where release
has not occurred (Kullmann et al., 1996; Asztely et al.,
1997; Scanziani et al., 1997). In addition, since AMPA
receptors are desensitized by low concentrations of glu-
tamate (Kiskin et al., 1986; Trussell and Fischbach,
1989), evoked responses could be depressed by both
presynaptic and postsynaptic mechanisms. The data
presented here indicating that glutamate remains ele-
vated at glial membranes for many milliseconds sug-
gests an important role for astrocyte transporters in
regulating the extent to which receptors at neighboring
synapses in the hippocampus are activated.

Experimental Procedures

Hippocampal slices were prepared from 7- to 16-day-old rats using
standard techniques (Sakmann and Stuart, 1995). Hippocampi were
dissected free of each hemisphere, immobilized in agar, and cut
into 400 pm thick slices with a vibratome (Technical Products Inter-
national) in ice cold artificial cerebral spinal fluid (ACSF) containing
(in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3 MgCl,, 1 NaH,PO,, 26.2
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NaHCO;, and 11 glucose, saturated with 95% 0,/5% CO,. Slices
were stored submerged in ACSF warmed to 34°C for 30 min and at
room temperature thereafter. All experiments were performed at
room temperature.

Astrocyte somata located in stratum radiatum were visualized
with a 40X water immersion objective (Zeiss) using a microscope
equipped with IR/DIC optics (Zeiss Axioskop) and a CCD camera
(Hamamatsu). Whole-cell and patch pipettes were fabricated from
Corning #0010 glass (World Precision Instruments, Sarasota, FL)
and had resistances of 1.5-3 M(). The pipette solution contained
(in mM): 130 mM K*A~, 20 HEPES, 10 EGTA, 1 MgCl, (pH 7.2). A~
denotes gluconate, methanesulfonate, NO®*~, or SCN™, as stated in
the text. Holding potentials have been corrected for the different
junction potentials between these solutions and the ACSF.

Synaptic transport currents were evoked by passing constant-
current pulses (10-140 pA, 100 ws) through a bipolar stainless steel
stimulating electrode (tip separation = 200 wm) placed in stratum
radiatum >150 wm away from the cell. In P7 animals, it was neces-
sary to place the stimulating electrode within 100 um of the cell to
elicit a response. Synaptic currents were recorded using an Axo-
patch 200A amplifier (Axon Instruments, Foster City, CA), filtered at
1-2 kHz and digitized at 10kHz. Current-clamp recordings of passive
membrane properties were made with an Axoclamp 2A amplifier.
Access resistance was monitored continuously throughout the ex-
periments and was typically less than 10 M(); experiments where
it changed more than 20% were excluded from the data. In experi-
ments where picrotoxin and gabazine were used, a cut was made
between CA3 and CALl to reduce the propagation of epileptiform
bursts to CAL. Slices were continuously superfused with ACSF at
a rate of 2-4 ml/min, and solution changes were made using three-
way stopcocks. The adenosine antagonist CPT (1-4 wM) was often
added to the control ACSF to increase the amplitude of evoked
responses by reducing presynaptic inhibition by ambient adenosine.
This antagonist did not affect the time course of the evoked re-
sponses. Sweeps are averages of 5-20 responses, and stimulation
artifacts have been truncated. All whole-cell recordings were made
with a K gluconate-based internal solution unless otherwise noted.

Exogenous L-glutamate was applied to cells in slices using brief
(20-50 ms) pulses of pressure (10-20 psi) applied to the back of a
patch electrode using a Picospritzer (General Valve Corp., Fairfield,
NJ). Puffer pipettes were filled with 200 uM L-glutamate dissolved
in ACSF containing antagonists. The location of the puffer and re-
cording pipettes was recorded on videotape, and relative distances
were measured off-line.

Outside-out patches were excised from the cell bodies of
astrocytes in slices following rupture of the membrane beneath the
pipette. Rapid solution changes at the tip of the pipette were made
using a piezoelectric bimorph to move 4-barrel electrodes as de-
scribed previously (Tong and Jahr, 1994). Patch recordings were
made in an external solution containing (in mM): 135 NacCl, 5.4 KClI,
5 HEPES, 1.8 CaCl,, 1.3 MgCl, (pH 7.2). Adjusting this extracellular
solution to match the ion concentrations used for whole-cell re-
cordings did not alter the amplitude or kinetics of the transporter
currents. The 20%-80% exchange time of the system was <200 ps
as measured from the “open tip” response to the junction current
arising from the movement between the solutions listed. A range of
L-glutamate concentrations was applied to individual patches by
connecting a miniature manifold (Warner Instruments, Hamden, CT)
to one side of a theta pipette, which was attached to a bimorph.
Patch currents were filtered at 5 kHz and digitized at 30-50 kHz.
Artifacts arising from applying voltage steps to the bimorph have
been blanked. Data are expressed as mean * SD. All patch re-
cordings were made with a KSCN-based internal solution unless
otherwise noted.

The drugs used and their sources were: NBQX (gift from Novo
Nordisk); D-CPP, CPT, nipecotic acid, picrotoxin, and SR-95531 (Re-
search Biochemicals International); MCPG (Tocris); SKF-89976-A
(gift from SmithKline Beecham), CGP 55845A (gift from Ciba-Geigy);
THA, DHK, strychnine, propranolol, and hexamethonium (Sigma);
ondansetron (gift from J. T. Williams); suramin (Calbiochem); Cy5-
EDA (Biological Detection Systems).
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