
Optical Detection of Synaptically Induced Glutamate Transport in
Hippocampal Slices

Satoshi Kojima,1 Takeshi Nakamura,1 Takahisa Nidaira,3 Kyoko Nakamura,2 Noriko Ooashi,2 Etsuro Ito,1
Kei Watase,4 Kohichi Tanaka,4 Keiji Wada,4 Yoshihisa Kudo,2 and Hiroyoshi Miyakawa2

1Division of Biological Sciences, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan,
2Laboratory of Cellular Neurobiology, Tokyo University of Pharmacy and Life Science, Tokyo 192-03, Japan, 3Hamamatsu
Photonics K.K., Hamamatsu 812, Japan, and 4Department of Degenerative Neurological Diseases, National Institute of
Neuroscience, National Center of Neurology and Psychiatry, Kodaira, Tokyo 187-8502, Japan

Although it has long been believed that glial cells play a major
role in transmitter uptake at synapses in the CNS, the relative
contribution of glial and neuronal cells to reuptake of synapti-
cally released glutamate has been unclear. Recent identification
of the diverse glutamate transporter subtypes provides an op-
portunity to examine this issue. To monitor glutamate trans-
porter activity, we optically detected synaptically induced
changes of membrane potential from hippocampal CA1 field in
slice preparations using a voltage-sensitive dye, RH155. In the
presence of ionotropic glutamate-receptor blockers, synaptic
inputs gave rise to a slow depolarizing response (SDR) in the
dendritic field. The amplitude of SDR correlated well with pre-
synaptic activities, suggesting that it was related to transmitter
release. The SDR was found to be caused by the activities of
glutamate transporters because it was not affected by blockers

for GABAA, nACh, 5-HT3, P2X, or metabotropic glutamate re-
ceptors but was greatly reduced by dihydrokainate (DHK), a
specific blocker for GLT-1 transporter, and by D,L-threo-b-
hydroxyaspartate (THA), a blocker for EAAC, GLAST, and GLT-1
transporters. When SDR was detected with RH482 dye, which
stains both glial and neuronal cells, 1 mM DHK and 1 mM THA
were equally effective in suppressing SDR. The SDR was very
small in GLT-1 knockout mice but was maintained in gerbil
hippocampi in which postsynaptic neurons were absent be-
cause of ischemia. Because GLT-1 transporters are exclusively
expressed in astrocytes, our results provide direct evidence
that astrocytes play the dominant role in sequestering synap-
tically released glutamate.
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Uptake of glutamate from synaptic clefts in the CNS is important
both in terminating signal transmission and in preventing excito-
toxicity. It has long been believed that astrocytes play a major role
in inactivating neurotransmitters because of their sheet-like shape
and location of the highly branched processes that envelope
synapses (Kosaka and Hama, 1986) and because of distributions
of various enzymes that metabolize transmitters (Martin, 1995).
The relative contribution of glial and neuronal uptake of synap-
tically released glutamate, however, remained uncertain because
it was difficult to monitor transporter activities and isolate con-
tributions from glial and neuronal cells.

Recent molecular biological studies have revealed that gluta-
mate transporters can be classified into several subtypes (Ma-
landro and Kilberg, 1996): GLAST (Storck et al., 1992), GLT-1
(Pines et al., 1992), EAAC (Kanai and Hediger, 1992), EAAT4
(Fairman et al., 1995), and EAAT5 (Arriza et al., 1997). They
also have different cellular localizations (Rothstein et al., 1994;
Lehre et al., 1995; Arriza et al., 1997; Furuta et al., 1997; Nagano
et al., 1997). Among these, GLAST and GLT-1 have been shown
to be expressed in glial cells, whereas other types are expressed in

neurons or retinal cells. Those findings provide an opportunity to
test the old hypothesis of glial dominance in transmitter uptake.
Indeed, molecular manipulations of glutamate transporters have
suggested a major role of glial uptake. Knockout of GLT-1 glial
glutamate transporter gives rise to elevated extracellular gluta-
mate levels, neurodegeneration, and behavioral abnormality
(Rothstein et al., 1996; Tanaka et al., 1996), whereas antisense
knockdown of EAAC neuronal transporter produced only mild
neurotoxicity.

Recent whole-cell studies report direct monitoring of trans-
porter activity from glial cells. Mennerick and Zorumski (1994)
reported that an inward current attributable to glutamate uptake
at autaptic synapses can be recorded from glial cells in micro-
islands of cultured hippocampi. Clark and Barbour (1997) de-
tected an inward current from cerebellar Bergmann glia cells and
supposed it to be caused by glutamate uptake. Bergels and Jahr
(1997), Diamond et al. (1998), and Luscher et al. (1998) studied
synaptically activated inward current from the cell body of hip-
pocampal astrocytes that was suppressed by blockers of glutamate
transporters. Mennerick et al. (1998) recently showed that GLT-1
transporters are functioning in both glial and neuronal cells at
autaptic synapses of micro-island cultures. These studies, how-
ever, have not examined the question of relative importance of
glial and neuronal transporters at normal CNS synapses.

In the present study, we attempted to directly monitor synap-
tically induced activities of all subtypes of glutamate transporters
by monitoring membrane potential with voltage-sensitive dye and
a photodiode array system in the CA1 area of hippocampal slice
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preparations. Because all of the presently known glutamate trans-
porters are reported to be electrogenic, one can detect the activity
of transporters by monitoring membrane potential. We were able
to isolate a depolarizing response that was caused by the activity
of glutamate transporters. We examined this response to find that
GLT-1 glutamate transporter subtype of astrocytes plays the
dominant role in inactivating glutamate released at hippocampal
CA1 excitatory synapses.

MATERIALS AND METHODS
Voltage-sensitive dye measurement f rom hippocampal slices. Hippocampal
slices (300 mm) were prepared from adult Wistar rats (8–12 weeks old).
Slices were maintained in a holding chamber for at least 20 min and were
then stained with voltage-sensitive dye: RH155 (NK3041) or RH482
(NK3630) (Molecular Probes, Eugene, OR, or Nippon Kankoh-Shikiso,
Okayama, Japan) (0.1 mg/ml for 30 min). For most optical recordings, we
used RH155 because it has been reported to stain preferentially glial cells
over neuronal cells in skate cerebellum (Konnerth et al., 1987). Stained
slices were then placed in an experimental chamber mounted on an
inverted microscope (TMD-300, Nikon, Tokyo, Japan). The changes in
absorption associated with membrane potential changes were measured
with a high-speed (maximum frame rate 2 kHz) 16 3 16 photodiode
array system (Agrus-50/PDA, Hamamatsu Photonics, Hamamatsu, Ja-
pan). Photo currents generated at photodiodes were converted to voltage
with a current-to-voltage converter with 50 MV feed-back resistor,
sample-and-holded, and DC-coupled to an analog-to-digital converter
that has 16 bit resolution. In most of the experiments, 103 objective lens
(NA 0.45) was used. With 103 objective, each diode imaged a slice area
of 52.5 3 52.5 mm. Slices were submerged in artificial CSF containing
(in mM): 124 NaCl, 2.5 KCl, 26 NaHCO3 , 10 glucose, 1.25 NaH2PO4 ,
2 CaCl2 , and 1 MgCl2 , pH 7.4, at a flow rate of 2 ml /min, maintained
at 32 6 1°C, and gassed with 95% O2 /5% CO2. Synaptic responses
were evoked by delivering a short current pulse of 300 msec duration
with a bipolar tungsten electrode to Schaffer collaterals. Stimulations
were given every 5 sec, and the optical responses were averaged over
12–16 trials. In all experiments, an extracellular field potential record-
ing from stratum pyramidale was simultaneously performed to ensure
that the response was consistent. C NQX, APV, MDL72222 (3-
tropanyl-3,5-dichlorobenzoate), LY278584 (1-methyl-N-(8-methyl-8-
azabicyclo[3,2,1]-oct-3-yl)-1H-indazole-3-carboxamide maleate),
MC PG [(6)-a-methyl-4-carboxyphenylglycine], and t-AC PD were
purchased from RBI (Natick, MA). Dihydrokainate (DHK), D,L-threo-
b-hydroxyaspartate (THA), bicuculline, and picrotoxin were pur-
chased from Sigma (Milan, Italy). Hexamethonium, suramin, and d-
tubocurarine were purchased from Wako (Osaka, Japan). CNQX was
dissolved in dimethyl sulfoxide (DMSO) and diluted to the superfu-
sion solution with a final concentration for DMSO of 0.1%.

Organotypic slice culture of wild-type and GLT-1 knockout mice hip-
pocampi. Organotypic slice cultures of the hippocampi were prepared
from wild-type and GLT-1 knockout mice (Tanaka et al., 1996). Geno-
type of the mice was determined by PCR analysis applied to genomic
DNA isolated from tails. The hippocampi were removed from newborn
mice (7 d after birth) and sliced to 300 mm thickness with a tissue
chopper. Each slice was placed on a filter membrane of a cell-culture
insert (Millicel-CM, Millipore, Bedford, MA), and the insert was placed
in a well of a culture plate containing 0.6 ml of culture medium (Eagle’s
minimal essential medium) supplemented with 25% heat-inactivated
horse serum. The slices were cultured for 14–18 d before use.

Gerbil hippocampal slices af ter brief ischemia. Mongolian gerbils (male,
12–14 weeks old) were anesthetized with 2.0% halothane, 30% O2 , and
68% N2O. Common carotid arteries were bilaterally clamped with sur-
gical clips for 5 min. Rectal temperature was maintained at 37.5–38.0°C
throughout the procedure (Kirino, 1993). After recovery from anesthe-
sia, gerbils were housed in cages with free access to water and pellet food.
Seven days after ischemia, slices were made from the left hippocampi. To
confirm that CA1 pyramidal cells had degenerated, the right hemispheres
were fixed by 4% paraformaldehyde/PBS, serially sectioned at 10 mm on
a microtome, and stained with cresyl violet.

RESULTS
Slow depolarizing response
To directly examine the activity of synaptically induced glutamate
transporters at excitatory synapses in mature CNS, we optically

monitored synaptically evoked changes of membrane potential in
the hippocampal CA1 area. Rat hippocampal slices were stained
with voltage-sensitive dye, RH155 (NK3041) or RH482
(NK3630), and the changes in absorption were measured with a
16 3 16 photodiode array at a 2 kHz frame rate. In response to
Schaffer collateral stimulation, depolarizing responses with sev-
eral components were detected from various laminar in the CA1
field (Fig. 1A,B). In stratum radiatum, a sharp depolarizing
response was followed by a large depolarization that decayed in
several tens of milliseconds. In stratum pyramidale, fast depolar-
izing responses were detected in addition to slower depolariza-
tion. Blockage of ionotropic glutamatergic receptors, by applying
CNQX (10 mM) and APV (50 mM) or using kynurenic acid (5
mM), abolished fast responses in the stratum pyramidale and
suppressed a large portion of the slower depolarizing component
in both stratum radiatum and stratum pyramidale. Under these
conditions, optical responses were detected only from the stratum
radiatum: a fast depolarization and a slow depolarizing response
(SDR). The SDR under these conditions (hereafter we call this
component SDR) peaked much later than the response under
normal conditions. In this condition, extracellularly recorded
population spikes and field EPSPs were completely abolished,
leaving only presynaptic fiber volley component in stratum radia-
tum (Fig. 1B).

The SDR was blocked in Ca 21-free medium (Fig. 1A,B) and by
0.1 mM Cd21 (data not shown), suggesting that it was related to
transmitter release. The fast depolarizing response left in Ca 21-
free medium is caused by the activity of presynaptic fiber volleys,
as confirmed by the fact that it was blocked by adding 1 mM TTX
in parallel with the blockade of extracellularly recorded presyn-
aptic fiber volley. In Ca21-free medium, a small residual depo-
larization, which was also blocked with TTX, was detected, but
we made no attempt to characterize this component.

To confirm that SDR was really a membrane depolarization
and not an intrinsic signal such as changes in light scattering, we
monitored the response at two different wavelengths. Because of
the optical properties of the dye, both dyes should show an
increase in absorption at 700 nm and a decrease in absorption at
610 nm (Konnerth et al., 1987) on depolarization. With both
RH155 (Fig. 1C) and RH482 (data not shown), the absorption
increased at 700 nm and decreased at 610 nm, thus indicating that
the SDR was indeed a membrane depolarization.

To characterize SDR, the spatial distribution of SDR was
compared with that of postsynaptic responses and presynaptic
activities. Glutamatergic postsynaptic response (Fig. 2A, iv) was
isolated by subtracting responses in CNQX/APV (Fig. 2A, ii)
from those under normal conditions (Fig. 2A, i). SDR (Fig. 2A, v)
was isolated by subtracting responses in Ca 21-free medium (Fig.
2A, iii) from those in CNQX/APV medium (Fig. 2A, ii). The
amplitude of SDR correlated very well (correlation coefficient 5
0.96) with that of presynaptic fiber volley (Fig. 2B). Postsynaptic
responses were detected from all over the dendritic layer and the
cell body layer and showed poor correlation with presynaptic fiber
volley (Fig. 2B). Strong correlation of SDR with presynaptic
activity despite its Ca21 sensitivity suggests that SDR is related
to transmitter release.

Pharmacological characterization of SDR
This SDR was not significantly suppressed (data not shown) by
the blockers of GABAA (bicuculline 10 mM, picrotoxin 10 mM),
nACh [hexamethonium chloride 100 mM, d-tubocurarine 2 mM),
5-HT3 MDL7222 10 mM, LY278584 10 mM), P2X (suramin 100
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mM), or metabotropic glutamate receptors (MCPG 0.3 mM).
These results indicate that SDR is unlikely to be caused by
activation of postsynaptic receptors. SDR was detected from
cultured slice preparations as well (data not shown), suggesting
that SDR is unlikely to be caused by modulatory inputs such as
cholinergic, aminergic, or peptidergic inputs from other regions of
the brain.

The SDR monitored with RH155 was reversibly suppressed
(Fig. 3B) by 1 mM DHK, a glutamate transporter blocker (51.6 6
3.3% in DHK, n 5 10; all of the statistical values are mean 6 SE),
which demonstrates that SDR is mainly caused by activation of
glutamate transporters. Glutamate transporters are known to be
expressed in both neuronal and glial cells. At a concentration of
,3 mM, DHK is reported to specifically block a GLT-1 subtype of

Figure 1. SDR in stratum radiatum of the hippocampal CA1 region. A, Pseudo-color image sequences of synaptically induced changes of membrane
potentials in three different conditions. Red indicates depolarization; green indicates hyperpolarization. Change in absorption at each pixel was monitored
at 700 nm and normalized to the total light intensity at respective pixels. Voltage-sensitive dye: RH155. Frame rate: 2 kHz. Every fourth frame (2 msec
intervals) is shown. Numbers in the frames indicate elapsed times (milliseconds) from the electrical stimulation delivered at stratum radiatum. Images
were taken from the area (840 3 840 mm) schematically drawn in B. Left, In normal medium; middle, in CNQX (10 mM) and APV (50 mM); right, in
Ca 21-free medium. B, Time course of optical signals recorded from three elements of the photodiode array under the same three conditions as shown
in A plus TTX. Top denotes depolarization. Shown below are the extracellular field potentials recorded from stratum pyramidale ( P) and stratum
radiatum (R) in the same conditions shown on the same time scale. The potentials recorded from stratum radiatum ( R) are expanded three times and
shown at the bottom (Rex). CNQX (10 mM)/APV (50 mM) blocked the optical responses in stratum pyramidale, leaving a fast depolarizing component
corresponding to presynaptic fiber volley and an SDR in stratum radiatum. In this condition, the extracellular recording showed only a presynaptic fiber
volley component. The SDR was abolished in Ca 21-free medium, and all responses were blocked by TTX (1 mM). O, Stratum orience; P, stratum
pyramidale; R, stratum radiatum; DG, dentate gyrus; S, stimulating electrode. C, SDR detected with RH155 dye at two different wavelengths: 700 and
610 nm.
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Figure 2. Spatial profile of SDR. A, Spatial profiles of ( i) control response in normal medium, (ii) response in media containing CNQX (10 mM) and
APV (50 mM), (iii) presynaptic fiber volley, (iv) postsynaptic response, and (v) SDR. Presynaptic fiber volley was recorded in Ca 21-free medium.
Postsynaptic response is a CNQX/APV-sensitive component obtained by subtracting responses in CNQX/APV from the control. SDR was obtained by
subtracting responses in Ca 21-free medium from those in CNQX/APV-containing medium. B, Correlation of the amplitudes of SDR and presynaptic
fiber volley. Abscissa: the amplitude of presynaptic fiber volley. Ordinate: the amplitude of responses. F, SDR; E, postsynaptic response. Dotted line is
the regression line for SDR amplitude and presynaptic fiber volley amplitude (correlation coefficient 5 0.96).
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glutamate transporter that is localized only in astrocytes (Roth-
stein et al., 1994) without suppressing synaptic transmission.
Because agonists of metabotropic glutamate transporters only
slightly suppressed SDR (data not shown), it is not likely that this
suppressive effect of DHK is attributable to presynaptic inhibition
of transmitter release caused by enhanced activation of metabo-
tropic glutamate transporters in the presynaptic terminals.

To measure the time course of SDR, the DHK-sensitive com-
ponent was isolated by subtracting responses in DHK 1 CNQX/
APV medium from the responses in CNQX/APV medium and
smoothed by a fast Fourier transform (FFT) filter with a cutoff
frequency of 333 Hz (Fig. 3C). The mean time-to-peak of SDR
from the onset of presynaptic fiber volley was 16.2 6 1.6 msec
(n 5 8), with a 20–80% rise time of 5.56 6 0.41 msec (n 5 8). The
half-decay time was 27.6 6 4.3 msec (n 5 8).

To estimate the relative contribution of glial and neuronal
glutamate transporters to SDR, we stained slices with RH482,
evoked SDR by delivering five repetitive inputs at 100 Hz, and
compared (Fig. 3D) the effects of DHK and another transporter
blocker, THA, which blocks both neuronal (EAAC) and glial
(GLT-1 and GLAST) transporters with similar potency (Arriza
et al., 1994). When Schaffer collaterals were stimulated repeat-

edly with 10 msec intervals, the amplitude of SDR was constant in
response to each of the first four to five stimuli, after which the
overall depolarization reached a plateau level. Both DHK and
THA have been shown to have a similar Ki value (23 6 6 mM and
19 6 6 mM, respectively) to suppress GLT-1-type transporter with
similar potency (.95% suppression at 1 mM) when tested on
transporters transfected in COS cells (Arriza et al., 1994). We
chose RH482 dye for this particular experiment because RH482
stains both neuronal and glial cells in contrast to RH155, which is
reported to stain glial cells preferentially over neuronal cells
(Konnerth et al., 1987). The relative amplitude of SDR to pre-
synaptic fiber volley was significantly ( p , 0.01) greater with
RH155 (0.78 6 0.10, n 5 12) than with RH482 (0.46 6 0.02, n 5
12). This fact by itself shows that the contribution to SDR of glial
cells is greater than that of neuronal cells.

If neuronal transporter is participating in SDR, then the extent
to which THA blocks SDR should be greater than that of DHK.
The suppression of SDR in 1 mM DHK (58.0 6 3.9%, n 5 6) and
1 mM THA (50.4 6 2.9 %, n 5 5) was similar and not significantly
different at the 5% level. When 1 mM THA was applied in
addition to 1 mM DHK, SDR was greatly suppressed (83.2 6
4.4%, n 5 6). At a higher dose of 3 mM, DHK almost completely

Figure 3. Glutamate transporter activities give rise to
SDR. A, Representative SDRs from RH155- and RH482-
stained slices. The relative amplitude of SDR to the pre-
synaptic fiber volley measured with RH155 (0.78 6 0.10,
n 5 12) was significantly ( p , 0.01) greater than that with
RH482 (0.46 6 0.02, n 5 12). B, SDR in RH155-stained
slices was suppressed by 1 mM DHK (51.6 6 3.3%, n 5 10).
C, The DHK-sensitive component in the RH155-stained
slice was isolated by subtracting responses in DHK 1
CNQX/APV medium from the responses in CNQX/APV-
containing medium. Traces from 24 pixels in stratum radia-
tum were averaged (thin line) and smoothed (thick line) by
an FFT filter with a cutoff frequency of 333 Hz. The mean
time-to-peak of SDR from the onset of presynaptic fiber
volley (dotted line) was 16.2 6 1.6 msec (n 5 8), with a
20–80% rise time of 5.56 6 0.41 msec (n 5 8). The
half-decay time was 27.6 6 4.3 msec (n 5 8). D, SDRs in
RH482-stained slices were suppressed by 1 mM DHK
(58.0 6 3.9%, n 5 6) or 1 mM THA (50.4 6 2.9 %, n 5 5)
and to a similar extent. Five repetitive stimuli were given at
100 Hz.
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suppressed SDR (88.3 6 1.9%, n 5 4). Although it has been
reported that DHK and THA almost completely suppress trans-
porter that was transfected in COS cells (Arriza et al., 1994), it is
conceivable that it takes a higher dose in slice preparations
because of poor penetration of the drugs into the tissue. Because
THA has been reported to have similar potency to suppress
GLT-1, GLAST, and EAAC (Arriza et al., 1994), and both DHK
and THA show similar potency for GLT-1, these results suggest
that the contribution of GLT-1 subtype of the glutamate trans-
porter is greater than that of GLAST or EAAC subtypes.

SDR in organotypic cultured slice prepared from GLT-1
knockout mice
To confirm that the SDR is caused by the activity of GLT-1
glutamate transporter subtype, we prepared hippocampal slices

from newborn GLT-1 knockout mice and organotypically cul-
tured the slices for 2–3 weeks. GLT-1 knockout preparation
showed normal synaptic responses that consisted of presynaptic
fiber volley, CNQX/APV-sensitive EPSP, and small SDR as
shown in Figure 4A. In response to the same intensity of stimu-
lation, presynaptic fiber volley with similar amplitude and time
course was evoked. To compare amplitude of SDR in wild-type
and knockout preparations, from the array covering stratum ra-
diatum we selected four (or eight) pixels that were 200 mm away
from the stimulating electrode and calculated SDR/fiber volley
ratio by dividing the averaged amplitude of SDR by the amplitude
of presynaptic fiber volley. We found that relative amplitude of
synaptically induced DHK/THA-sensitive depolarization was
very small in GLT-1 knockout mice (Fig. 4). This finding implies

Figure 4. Small SDRs in GLT-1
knockout mice. A, Effect of DHK on
SDR in stratum radiatum of organo-
typic hippocampal slice cultures made
from wild-type and GLT-1 knockout
mice. Left traces, Optical responses to
stratum radiatum stimulation. Middle
traces, SDR in medium containing
CNQX (10 mM)/APV (50 mM); 1 mM
DHK blocked most of the SDRs in wild-
type mice. Right traces, SDR for five
repetitive inputs (100 Hz). Relative am-
plitude of SDR was smaller in knock-
out. B, Effect of THA on GLT-1 knock-
out mice. C, Comparison of SDR in
various conditions. The amplitude of
evoked depolarization induced by five
repetitive inputs given at 100 Hz was
normalized to the amplitude of the pre-
synaptic fiber volley component. White
column: In CNQX (10 mM)/APV (50
mM). Relative amplitude of depolariza-
tion was 2.48 6 0.18 (n 5 21) for wild-
type mice and 1.27 6 0.07 (n 5 28) for
GLT-1 knockout mice. Hatched column:
With 1 mM DHK in addition to CNQX/
APV. Shaded column: With 1 mM THA
in addition to CNQX/APV. DHK or
THA suppressed most of the depolariz-
ing response in wild-type mice. In
knockout mice, the extent of suppres-
sion was small. Black column: In 1 mM
Cd 21. A Cd 21-insensitive nonsynaptic
component was detected in both wild-
type (0.99 6 0.17, n 5 3) and knockout
mice (0.87 6 0.09, n 5 5). The large
part of the depolarization of knockout
mice in the presence CNQX/APV was
this Cd 21-insensitive component.
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that the contribution of GLT-1 is dominant among other trans-
porter subtypes in generating SDR.

Repetitive simulation revealed a small but significant slow
depolarizing response in GLT-1 knockout mice (Fig. 4). This
small SDR was sensitive to DHK (Fig. 4A), and the extent of
blockade was similar to that by THA or Cd21 (Fig. 4B,C). This
residual SDR in knockout mice could be attributable to the
activity of novel DHK-sensitive glutamate transporters, which are
overexpressed in knockout animals.

SDR in hippocampi with ischemic damage
To confirm further that SDR is of glial origin, we tested to
determine whether SDR can be measured from preparations with
no postsynaptic neurons (Fig. 5). SDR was evoked in the CA1
dendritic field of gerbil hippocampal slices made 7 d after 5 min
of ischemia (Fig. 5B). In this preparation, glial cells and Shaffer
collaterals are intact but CA1 pyramidal neurons are absent
(Kirino, 1993). In a normal medium, the time course of synapti-
cally evoked response recorded from stratum radiatum of normal
gerbils is similar to that of rats: a sharp depolarizing response
followed by large, slower depolarization (Fig. 5A). Application of
10 mM CNQX and 50 mM APV blocked the fast EPSP component
and revealed DHK-sensitive SDR in normal slices. In hippocam-
pal slices with ischemic damage, synaptically evoked responses in
normal medium recorded from stratum radiatum showed a fast
presynaptic component and SDR, but they lacked the large EPSP
component, as shown by the fact that CNQX/APV application
did not significantly suppress the synaptically induced response
(Fig. 5B). The SDR/fiber volley ratio in ischemic gerbil slices
(0.86 6 0.075, n 5 11) was not significantly different at the 5%
level from that in control slices (0.929 6 0.081, n 5 5). The extent
of suppression by DHK (1 mM) was similar in both normal (68.3 6
4.8%, n 5 7) and ischemic (58.6 6 2.3%, n 5 6) preparations.
These results show that postsynaptic neurons do not contribute
significantly to SDR. We thus concluded that SDR is caused by
activities of glial cells and not neuronal cells.

DISCUSSION

Dominant role of glial GLT-1 transporters in
glutamate uptake
Optical measurement of membrane potential at hippocampal
synapses enabled us to directly monitor synaptically evoked ac-
tivity of glutamate transporters that had been prevented by the
morphological complexity of those synapses. Although whole-cell
recordings from glial cells have recently been used to study glial
transporter activities, it is only with optical measurement that the
relative importance of glial transporters and neuronal transport-
ers can be compared, and the time course of transporter activities
can be tracked without being distorted by electrical filtering in
glial fine processes. We have concluded that the slow depolarizing
response revealed after blockade of ionotropic glutamate trans-
mission is attributable to activity of GLT-1 glutamate transporter
subtype in astrocytes, on the basis of the following findings: (1)
SDR is Ca 21 dependent; (2) SDR correlates well with presyn-
aptic activity; (3) SDR is resistant to blockers of metabotropic
glutamate receptors; (4) SDR is resistant to blockers of GABAA ,
nACh, 5-HT3, and P2X receptors; (5) SDR can be blocked by a
selective blocker of glial glutamate transporter, DHK; (6) SDR
detected with RH155 is larger than that detected with RH482; (7)
SDR detected with RH482 is equally sensitive to 1 mM DHK and
1 mM THA; (8) SDR is very small in knockout of GLT-1, which
is reported to be specifically expressed in astrocytes; and (9) SDR
is maintained in preparation with no postsynaptic neurons.

In fish cerebellar slices, Konnerth et al. (1987) optically de-
tected a synaptically induced delayed depolarization that reached
its peak in 150–200 msec and was blocked by Cd21. They attrib-
uted this depolarization to accumulation of K1 ions that pass
through Ca21-dependent K1 channels. It is possible that this
depolarization was also caused by the activity of transmitter
transporters in glial cells. The slow, 3 sec coupling constant of
their recording system or the lower temperature of 22–25°C may
account for the slower time course of their signal. In rat hip-
pocampal slices, Barish et al. (1996) optically detected a synap-

Figure 5. Comparison of SDR evoked
in the CA1 dendritic field of normal
gerbil hippocampal slices versus slices
made 7 d after 5 min of ischemia. A, In
normal gerbil hippocampus, cresyl vio-
let staining (lef t panel ) revealed intact
CA1 pyramidal cells in stratum pyrami-
dale. Synaptic inputs elicited both SDR
and fast EPSP component. CNQX (10
mM)/APV (50 mM) suppressed the EPSP
leaving SDR. B, In slices made 7 d after
transient ischemia, CA1 pyramidal neu-
rons are damaged (lef t panel ). Although
a CNQX/APV-sensitive EPSP compo-
nent was not detected in the ischemic
preparation, SDR was detected. The ex-
tent of suppression by DHK (1 mM) was
similar in both normal (68.3 6 4.8%,
n 5 7) and ischemic (58.6 6 2.3%, n 5
6) preparations.
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tically evoked delayed depolarization in 4-AP-containing medium
using RH155 dye. Although their conclusion was that this depo-
larization was caused by accumulation of K1 ions, it may be that
they detected the SDR signal we report in this study.

It is of no surprise that the activity of glutamate transporters
gives rise to depolarization of glial cells. It has been reported that
the glutamate transporters are electrogenic (Bouvier et al., 1992;
Arriza et al., 1994; Kanai et al., 1995; Klockner et al., 1995;
Zerangue and Kavanaugh, 1996), with net inward current and
outward K1 current coupled to inward glutamate transport. In-
deed, synaptically induced transporter current was recorded at
autapses in cultured single neuron micro-islands (Mennerick and
Zorumski, 1994) and from Bergmann cells (Clark and Barbour,
1997) and astrocytes in slice preparations (Bergles and Jahr,
1997). Because the input resistance of astrocytes in the hip-
pocampal CA1 area is reported to be fairly high, ;80 MV
(McKhann et al., 1997; D’Ambrosio et al., 1998), it is reasonable
to expect that the net inward current attributable to activation of
glutamate transporters would give rise to substantial depolariza-
tion. Because of the spherical profile of astrocyte processes and
the random and even distribution of astrocytes in the CA1 field,
transporter current generated at various locations of different
astrocytes would be cancelled out and could not be detected as
extracellular field potential. The depolarization could be attrib-
utable in part to accumulation of K1 ions in extracellular space
because GLT-1 transporters pump out K1 ions and change the
reversal potential for K1 ions. The residual depolarization in
Ca21-free medium may also be caused by the accumulation of
K1 ions in extracellular space attributable to the activity of
presynaptic fibers and terminals.

Because all of the known glutamate transporter subtypes are
reported to be electrogenic, our optical measurement of mem-
brane potential should detect activities of all types of glutamate
transporters. Our finding that SDR is caused by the activity of
astrocytic GLT-1 glutamate transporters implies that astrocytes
play the dominant role in sequestering glutamate, which had been
suggested by other experimental evidence. If there are unknown
types of neuronal glutamate transporters that are not electro-
genic, or the electrogeniticity of GLT-1 is much greater than that
of others, it is possible that nonglial uptake makes an important
contribution. The residual DHK-sensitive component of SDR in
GLT-1 knockout mice suggests that there might be novel types of
glutamate transporter that can be overexpressed in knockout
animals.

Although our results directly showed that uptake of synapti-
cally released glutamate is not caused by activity of transporters
in postsynaptic neurons, possible contribution of presynaptic
transporters has not been directly ruled out. Our conclusion of a
dominant role of astrocytes on glutamate uptake relies on immu-
nocytochemical studies (Rothstein et al., 1994; Lehre et al., 1995)
that showed exclusive expression of GLT-1 transporters on glial
cells. If GLT-1 is functioning in presynaptic terminals, it is
possible that glutamates are sequestered by both astrocytes and
presynaptic terminals. It has been reported, however, that immu-
noprecipitations of not only GLT-1 but also of EAAC and
GLAST were not found in presynaptic terminals in hippocampus
(Rothstein et al., 1994).

Implications for synaptic transmission
Because the SDR turned out to be caused by the activities of
glutamate transporters, the time course of SDR should give us
information about the time course of glutamate concentration at

the synaptic cleft. It has been shown that the membrane potentials
of hippocampal astrocytes change with short time constants, a few
milliseconds or less, in response to current injection (Bergles and
Jahr, 1997; D’Ambrosio et al., 1998). Under such conditions, the
transporter current should be mostly resistive, and the time
course of the membrane potential reflects the time course of
transporter currents. Indeed, Bergles and Jahr (1997) reported
that the time course of synaptically induced glial response was the
same whether it was recorded in current-clamp or voltage-clamp
mode. The time course of SDR should then be the same as the
time course of transporter activity.

If transporters are not saturated with glutamate, the time
course of transporter activity reflects the time course of glutamate
molecules available for transporters. The amount of glutamate
available for the transporters, however, depends on many factors,
such as the volume and morphology of the synaptic cleft and the
kinetics and density distribution of the glutamate receptors and
transporters (Hestrin et al., 1990; Lester et al., 1990; Clements et
al., 1992; Sarantis et al., 1993; Mennerick and Zorumski, 1995;
Lester et al., 1996; Barbour and Hausser, 1997; Diamond and
Jahr, 1997). It is very likely that the rise and decay time of
glutamate concentration near the release sites or receptor sites is
much faster than that near the transporters. The time course of
SDR then gives us a slower estimate for the rise and decay time
course of glutamate at the synaptic cleft. To more accurately
estimate the concentration of glutamate available for postsynaptic
receptors, model calculation is necessary (Clements et al., 1992;
Clements, 1996; Diamond and Jahr, 1997). Our findings will
provide important constraints in the understanding of the pro-
cesses taking place at the synaptic cleft.

The rise and decay times of SDR in the present study are
comparable to those reported in previous whole-cell studies that
recorded transporter currents from the cell bodies of astrocytes in
various preparations. Bergles and Jahr (1994) reported that in the
CA1 field of hippocampal slice, the synaptically induced trans-
porter current rises quickly with a 20–80% rise time of 3.7 6 3.1
msec and decays with a half-decay time of 17.8 6 3.1 msec. In
cerebellar Bergmann glia cells, Clark and Barbour (1997) re-
ported a 20–80% rise time of 2.36 6 0.7 msec and a decay time
constant of 25 6 6 msec. Mennerick and Zorumski (1994) have
shown a longer decay time constant (43.1 6 2.3 msec) of glial
response in micro-islands of cultured hippocampi. Although the
half-decay time of SDR (27.6 6 4.3 msec) is similar to those
values, the rise time of SDR (5.56 6 0.41 msec) is longer than
those measured with whole-cell recordings. This is puzzling be-
cause the higher temperature in our condition should make the
transporter activity faster, and the voltage-sensitive dye should
detect membrane potentials directly from fine processes where
uptake is taking place. One possible explanation is that our
method detects transporter activities from different populations
of cells or locations of the cells in addition to those detected with
the whole-cell recording techniques.

Kinetic analysis of EAAT2 (the human counterpart of GLT-1)
has shown that one cycle of transporter action takes ;70 msec
(Wadiche et al., 1995). Despite such a slow turnover rate, it has
been reported that glutamate transporters determine the time
course of synaptic transmission at synapses onto cerebellar Pur-
kinje neurons (Barbour et al., 1994) and also at calyceal synapses
in the nucleus magnocellularis (Otis et al., 1996). At Schaffer
collateral synapses onto hippocampal CA1 pyramidal neurons, it
has been shown that transporters are not involved in terminating
synaptic transmission under normal conditions (Hestrin et al.,
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1990; Isaacson and Nicoll, 1993; Sarantis et al., 1993). A careful
isolation of non-NMDA receptor-mediated and NMDA
receptor-mediated EPSPs would allow us to compare the time
course of EPSPs and that of transporter activities.
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