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There are significant Ca21-independent increases in extracel-
lular glutamate and aspartate during various CNS insults such
as ischemia and anoxia. However, the cellular sources of such
presumed nonvesicular excitatory amino acid (EAA) release
have not been established. To further explore potential mech-
anisms and sites for EAA release, we studied the release of
preloaded [3H]-D-aspartate from primary cultured astrocytes
prepared from the cerebral cortices of rat pups. Two phases of
release were seen in response to raised KCl. The first phase
was small and transient, and the second phase was slower and
increased progressively. The initial phase of [3H]-D-aspartate
release was greatly enhanced by ouabain pretreatment and
was inhibited when astrocytes were preexposed to the EAA
transport inhibitor threo-hydroxy b-aspartic acid (THBA). Nei-
ther of these manipulations affected the second release com-

ponent. The second phase of release was inhibited by an anion
channel blocker, L-644,711, which is known to inhibit hypotonic
swelling-induced release of EAA. Ouabain also resulted in the
first phase of release occurring at lower [K1]o. Omission of
Ca21 had no effect on either phase of [3H]-D-aspartate release.
These results support the hypothesis that the first component
of release in cultured astrocytes is a reversal of the glutamate
transporter, and the second component is a result of high
KCl-induced swelling. Because marked increases in [K1]o are
well established in CNS pathologies such as ischemia, such
release may represent a significant source for the increased
extracellular EAAs seen in such conditions.
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Glutamate and aspartate are the major excitatory neurotransmit-
ters in the mammalian CNS (Fonnum, 1984; Erecinska and Silver,
1990). There is tight regulation of extracellular glutamate levels,
which are normally measured to be ;1-2 mM (Erecinska and
Silver, 1990). High-affinity Na1-dependent glutamate transporters
are thought to be primarily responsible for maintaining this low
extracellular glutamate concentration and are present on both
neurons and astrocytes. There are now known to be at least three
different subtypes of glutamate transporters (GLAST-1, GLT-1
and EAAC1) in the rat, as well as an EAAT4 isoform in human
cerebellum (Pines et al., 1992; Kanai and Hediger, 1992; Storck et
al., 1992; Wadiche et al., 1995). Recent work has suggested that
GLAST-1 and GLT-1 are primarily responsible for maintaining
low [glu2]o (Nicholls and Attwell, 1990; Rothstein et al., 1994).
Glutamate levels have been shown to increase during ischemia
and other CNS insults (Benveniste et al., 1984; Wahl et al., 1994),
and if in vitro extracellular glutamate levels increase $100 mM for
longer than 5 min, neuronal death can occur (Choi et al., 1987).
It has been considered that there are at least three glutamate

pools that can contribute to glutamate release during CNS insults.
One is Ca21-dependent vesicular release from nerve terminals
(Benveniste et al., 1984). The other two are cytosolic and can be
released by Ca21-independent reversal of the glutamate trans-
porter (Nicholls and Attwell, 1990; Szatkowski et al., 1990; Attwell
et al., 1993). Another mechanism seen in primary astrocyte cul-

tures is a swelling-induced, Ca21-independent release (Kimelberg
et al., 1990). It has been proposed that inhibition of uptake and/or
reversal of the glutamate transporter can occur when the electro-
chemical gradients for Na1 and K1 are disrupted during CNS
insults; these effects can contribute significantly to the increased
[glu]o seen during pathological states (Hansen, 1985; Ikeda et al.,
1989; Attwell et al., 1993; Wahl et al., 1994).
This study focuses on showing how astrocytes might contribute

to glutamate release during ischemia by measuring the efflux of
preloaded [3H]-D-aspartate under varying extracellular [K1] and
extracellular and intracellular [Na1], using primary astrocyte cul-
tures. A previous study from this laboratory has shown that when
astrocytes were exposed to 100 mM KCl HEPES buffer not only
was uptake inhibited, but [3H]-D-aspartate was released in a
biphasic manner (Kimelberg et al., 1995). We proposed then that
the initial transient phase of [3H]-D-aspartate release could be a
result of reversal of the glutamate transporter, and the second
phase was a KCl swelling-induced release process. In the present
study, we used manipulations of the ion gradients and pharmaco-
logical treatments to further support this hypothesis. In addition,
when we added ouabain to increase [Na1]i, we found that reversal
of the glutamate transporter was the prominent form of glutamate
release and that its sensitivity to varying [KCl]o was markedly
increased.

MATERIALS AND METHODS
[3H]-D-aspartate was obtained from Amersham (Arlington Heights, IL).
All other chemicals were obtained from Sigma (St. Louis, MO). Culture
media and materials were from Gibco.
Cell culture. Primary astrocyte cultures were prepared from the cere-

bral cortex as described by Frangakis and Kimelberg (1984). In brief, the
cerebral hemispheres of newborn rats (Sprague Dawley) were removed
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and the meninges carefully dissected away. The cortices were turned over
from front to back exposing the hippocampus, which is removed along
with the meninges from the underside of the hemispheres. The tissue was
extracted with three to five 10-min dissociations with Dispase II in Joklik
S-MEM (Boehringer Mannheim Biochemicals, neutral protease, Dispase
Grade II). The first extraction was discarded, and DNase (3 drops of 4
mg/ml for 10 ml of S-MEM) was added for the second extraction. The
dissociated cells were seeded and grown on poly D-lysine-coated 18 3 18
mm coverslips (Bellco Biotechnology, Vineland, NJ). Cultures were used
after approximately 3–4 weeks when the cells reached a confluent mono-
layer. Immunocytochemistry showed .95% of the cells stained positively
for the astrocytic marker glial fibrillary acidic protein.
Efflux measurements. Astrocytes grown on coverslips were incubated

overnight in 2.5 ml of MEM containing 10% horse serum, together with
4 mCi/ml of [3H]-D-aspartate (1 mCi/ml; specific activity, 86.4 mCi/mg
aspartate). In some experiments, 8 mCi/ml Na2

51CrO4 was also added to
the incubation medium (1 mCi/ml; specific activity, 50 mCi/mg Cr). The
appearance of 51Cr in the perfusate during release experiments can be
used to determine whether an increase in [3H]-D-aspartate release is a
result of cell detachment or lysis (Kimelberg et al., 1993). Radiolabeled
D-aspartate is used as a nonmetabolizable marker for the intracellular
glutamate and aspartate pools. Both of these amino acids are transported
on the same carrier protein and label the nonvesicular pool of EAAs
(Erecinska and Silver, 1990; Barbour et al., 1993). D-glutamate is not
taken up by the transporter. The loaded coverslips were inserted into a
Lucite perfusion chamber with a cut out depression in the bottom for the
18 3 18 mm glass coverslips. The chamber has a screw top and when
screwed down leaves a space above the cells of around 100 mm. This
perfusion chamber is well suited for measuring the release of [3H]-D-
aspartate from astrocytes in response to various KCl buffers because the
volume in the chamber is relatively small (18 3 18 3 0.1 mm 5 32.4 ml).
This chamber allows a complete change of the perfusing buffer within 2
min, as determined by removal of a trypan blue solution.
The cells were perfused with HEPES-buffered solution consisting of

140 mM NaCl, 3.3 mM KCl, 0.4 mM MgSO4, 1.3 mM CaCl2, 1.2 mM
KH2PO4, 10 mM (1)D-glucose, 25 mM HEPES. NaOH (10 N) was used
to pH the buffers to 7.4. Increased KCl buffers were made by replacing
NaCl with KCl. The osmolarity of all buffers were measured by a freezing
point osmometer (Advanced Instruments, Needham Heights, MA); the
osmolarities were 285–290 mOsm. Sucrose was added to make any
adjustments in osmolarity to exactly 290.
The lucite chamber and a fraction collector were placed in an incubator

set at 378C, and the perfusate was collected in 1 min intervals. At the end
of the experiment, the cells were digested off the coverslip with 1 N
NaOH. The radioactivity was counted using a Packard Beckman LS 3801
Liquid Scintillation Analyzer (Beckman Instruments, Irvine, CA). Per-
cent fractional release for each time point was calculated by summing the
radioactive counts from the end time point to the beginning of each
minute plus the radioactivity left in the cell digest and dividing the dpms
released in each minute by these summed dpms. The number of release
experiments for each condition ranged from two to four as indicated in
each figure legend.
For Figure 1B, a paired t test was used to compare corresponding times

for the different conditions, and all error bars are SEM. Two separate
components of release were seen, and the initial eight points encompass-
ing the first peak and the last eight points representing the second peak
were used in analysis of the effects of varying [KCl]. The middle four
points were not considered because of uncertainty of contribution of
either component to this [3H]-D-aspartate release. Basal release, which
was the constant release rate before increasing KCl, was then subtracted
from all values.
Intracellular Ca21 measurements. Intracellular [Ca21]i was measured

using a monochromator-based spectrophotofluorimetric system (Model
RF D-4010 Deltascan, PTI, South Brunswick, NJ), with cells loaded with
fura-2. The excitation wavelengths were set at 340 and 380 nm with a 2 nm
bandwidth. The emission was measured at 505 nm. A 1 mM stock of fura-2
was made by dissolving the powder in a DMSO stock solution, which was
then divided into 20 ml aliquots in Eppendorf tubes. The vials were kept
frozen at 2208C until use. Three- to 4-week-old primary astrocyte cul-
tures grown on 25 mm glass coverslips were incubated with 10 mM fura-2
for 30 min in normal HEPES buffer, after which the cells were washed to
remove unloaded fura-2.
The coverslips were placed in a PDMI-2 open perfusion chamber

(Medical Systems, Greenville, NY). Temperature was maintained at
36.58C 6 0.58C by a TC-202 bipolar temperature controller (Medical

Systems, Greenville, NY). Buffers were changed by adding 1 ml of
prewarmed buffers (approximately 368C) by a pipette to 0.5 ml bath
solution in the coverslip dish. The 0.5 ml volume was maintained by
aspiration (LU-ASP, Medical Systems, Greenville, NY). The field being
measured was a portion of a single cell that excluded the nucleus and any
bright dots of fluorescence that might be a result of dye sequestration.

RESULTS
Enhancement of the initial phase of release
with ouabain
Understanding the effects of the varying K1 and Na1 gradients on
the glutamate transporter has been facilitated by recent under-
standing that both of these ions contribute to the activity of the
transporter, as shown in the model in Figure 9. For each gluta-
mate transported inward there is cotransport of one positive
charge, which also makes the transporter dependent on mem-
brane potential (Nicholls and Attwell, 1990; Szatkowski et al.,

Figure 1. [3H]-D-aspartate release from astrocytes exposed to high K1. A,
[3H]-D-aspartate release induced by isotonic 100 mM KCl and isotonic 100
mM K1 3 Cl2 product constant buffer. K1 replaces Na1 in 100 mM KCl,
and in the product constant buffer an impermeant anion, gluconate,
replaces 122 mM Cl2 in addition to substituting Na1 with K1. Arrowsmark
small initial release peaks or their expected positions. Exposures to 100
mM KCl also shows a progressively increasing second phase of release.
Results of two separate experiments are plotted. B, The effect of 1 mM
ouabain on the release of [3H]-D-aspartate. The initial peak is significantly
increased with 1 mM ouabain present for 10 min before and during
exposure to 100 mM KCl [n 5 4 (6SEM) of four experiments]. The
asterisks represent the time points that are significantly different from the
solid bar above data points in the second 100 mM KCl exposure without
ouabain. The hatch marks on the second phase of release indicate a
significantly greater release than the dotted bar under the KCl 1 ouabain
exposure (paired t test, p , 0.05, each pair of points independently
compared).
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1990; Attwell et al., 1993; Wadiche et al., 1995). For reversal, the
gradients are simply switched.
Figure 1A shows the release pattern of [3H]-D-aspartate from

astrocyte cultures when exposed to 100 mM KCl buffer. The initial
release component (first peak or shoulder) is small and transient,
followed by a slower but progressively increasing phase of release.
When the cells were exposed to 100 mM K1 but with reduced Cl2

to keep the K1 3 Cl2 product constant, different release charac-
teristics were observed with only the initial component being
barely detectable (Fig. 1A, middle exposure). In the product
constant buffer Cl2 was replaced with the impermeant anion
gluconate, which cannot enter the cell with K1 to cause swelling
(Boyle and Conway, 1941; Hodgkin and Horowicz, 1959).
If the initial peak of release is reversal of the glutamate trans-

porter, then increasing intracellular Na1 concentration in con-
junction with exposure to high extracellular K1 should increase
the initial phase of release. Therefore, we used ouabain, which has
been shown to increase [Na1]i in primary astrocyte cultures
(Kimelberg et al., 1979; Rose and Ransom, 1996). This increase
was also verified in experiments using the Na1-sensitive dye
SBFI-AM (data not shown), as reported by others (Rose and
Ransom, 1996). Ouabain was used at concentrations of 1 to 1.5
mM, because rat astrocyte cells need;1 mM ouabain for complete
inhibition of the pump (Kimelberg et al., 1979). In rat hippocam-
pal astrocyte cultures, [Na1]i was 42 mM after 10 min of ouabain
exposure (Rose and Ransom, 1996). In Figure 1B, it can be seen
that the initial phase of release is significantly increased with a 10
min, 1 mM ouabain pretreatment, and then exposure to 100 mM
KCl 1 1 mM ouabain, as compared to 100 mM KCl without
ouabain (second exposure). These data are the mean 6 SEM of
four separate experiments.
Because ouabain increased the first peak of release, it enabled

us to more clearly examine the effect of different experimental
manipulations on the first component of release. If the size of the
first component depends on [Na1]i, then increasing ouabain pre-
treatment time from 10 to 40 min should cause an increase in the
initial release component as intracellular Na1 progressively in-
creases (Kimelberg et al., 1979; Rose and Ransom, 1996). This
occurred as shown in Figure 2.
We also reexamined the effect of constant K1 3 Cl2 product

exposure in the presence of 1.5 mM ouabain. In Figure 3A (middle
exposure), there is a sharp increase in release, followed by a rapid
return to baseline while still in 100 mM K1 3 Cl2 buffer. This
shows that keeping the K1 3 Cl2 product constant prevents the
second K1-induced swelling release. The initial component is
thought to be influenced by [K1]o, [Na

1]i, and the membrane
potential, but not by swelling (Nicholls and Attwell, 1990). In our
previous study (Kimelberg et al., 1995), we found also that
L-644,711 inhibited the second component of K1-induced release
while leaving the initial component unaffected in the absence of
ouabain. In Figure 3B, we show this more clearly because the
augmented first component in the presence of ouabain was unaf-
fected by exposure to L-644,711, whereas the second component
was completely inhibited.

Inhibition of initial phase of [3H]-D-aspartate release by
an amino acid transport inhibitor
In Figure 4, we show an example of experiments designed to
determine whether the glutamate/aspartate transport inhibitor
THBA (DL-threo-b-hydroxyaspartate) could inhibit the initial
phase of [3H]-D-aspartate release without affecting the second
component. A 40 min preincubation period was used to load
THBA into astrocytes (Fig. 4B). Because THBA is a competitive
inhibitor, it needs to act from the same side as the intracellularly

Figure 2. Extended ouabain pretreatment enhances the initial phase of
release. The effect of 40 min exposure to 1.5 mM ouabain compared to the
standard exposure of 10 min (n 5 3; error bars show SEM).

Figure 3. Inhibition of the second phase of [3H]-D-aspartate release by
keeping the K1 3 Cl2 product constant or by the anion transport inhib-
itor, L-644,711. A, [3H]-D-aspartate release induced by 100 mM KCl and
100 mM K1 3 Cl2 product constant buffers in the presence of 1.5 mM
ouabain to increase the first phase of release. B, The addition of 1 mM
L-644,711 inhibits the second phase of [3H]-D-aspartate release.
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loaded [3H]-D-aspartate. Experiments where cells preloaded with
[3H]-D-aspartate were simultaneously exposed to high K1 and
THBA did not show inhibition (data not shown). The solid arrows
in Figure 4A indicate the presence of the initial phase of release
caused by 100 mM KCl 1 ouabain before, and its expected
position after, exposure for 40 min to 1 mM THBA. The small
peak seen when THBA is first added (dashed arrow) and the
subsequent elevated [3H]-D-aspartate release is likely a result of
heteroexchange on the EAA transporter (McMahon et al., 1989).
The second phase of [3H]-D-aspartate release was unaffected by
the presence of THBA. The augmentation of this peak upon a
second exposure to 100 mM KCl was seen both with and without
THBA (see Discussion).

Sensitivity of [3H]-D-aspartate release to
increasing [KCl]
To assess the potential relevance of high K1 induced release, it is
important to determine its sensitivity to varying [KCl]. Figure 5, A
and B, shows the dependency of release on KCl concentration in

the absence of ouabain. Figure 5, A and B, represents two differ-
ent cultures. The second component became prominent only
above 70 mM KCl. The small initial release component appears at
lower concentrations of KCl (20–50 mM) when no second phase of
release was apparent. Because pretreatment with ouabain in-
creases the first component of [3H]-D-aspartate release, then the
sensitivity of the first component to increasing [K1] can be better
examined in the presence of ouabain. Figure 6A–E shows the
results with a 10 min, 1.5 mM ouabain pretreatment, followed by
various KCl concentrations in the continued presence of ouabain
(middle or initial exposures as indicated), compared to release
without ouabain pretreatment in the same experiment. Each
panel shows two individual experiments for the KCl concentra-
tions indicated. In Figure 6F, we have plotted the data from
Figures 5 and 6A–E. The initial eight time points of release were
plotted as the first component in the presence of ouabain (solid
circles). The maximum release occurred at ;50 mM KCl and the
half-maximal release at ;25 mM K1. The second release compo-
nent was tested at 100 mM KCl and was not significantly affected
by ouabain (large black square). Clearly, there was an increased
sensitivity to [K1]o, as well as an increase in magnitude of the
initial response, so that the sensitivity to K1 is now greater than in
the absence of ouabain. We attribute this to increased [Na1]i.

Figure 4. Inhibition of the initial phase of [3H]-D-aspartate release by the
glutamate uptake inhibitor THBA. A, Astrocytes exposed to THBA for 40
min to load THBA inside the cell by heteroexchange on the transporter
causes an initial increase of [3H]-D-aspartate release (dashed arrow),
followed by a higher steady-state release. The initial phase of release (solid
arrows) is present in the first exposure to ouabain plus 100 mM KCl but not
after THBA loading (n 5 4). B, Design of experiment using THBA. The
loading of THBA inside the cell leads to competition with internal
[3H]-D-aspartate for the glutamate transporter, thereby inhibiting the
initial phase of [3H]-D-aspartate release seen before THBA pretreatment.

Figure 5. [3H]-D-aspartate release as a function of varying [K1]o con-
centration. A, B (separate experiments), The second component is only
apparent at [KCl] . 50 mM. The initial peak begins to appear at
[KCl] . 20 mM.
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Release not a result of low extracellular Na1

As a control it is important to determine that the reduction in
extracellular [Na1] when replaced with K1 does not by itself
cause [3H]-D-aspartate release. Figure 7A shows that when 100
mM Na1 was replaced by NMDG.Cl the [3H]-D-aspartate re-
lease from the first component was less than when Na1 in the

media was replaced by 100 mM KCl. This experiment was in the
absence of ouabain. In Figure 7B, the lack of any stimulation of
the first component with a reduction in [Na1]o is shown more
clearly when ouabain was present. It can also be seen that the
second phase of [3H]-D-aspartate release (swelling-induced re-
lease) was also not seen during exposure to low Na1-containing

Figure 6. [3H]-D-aspartate release as a function of varying [K1]o in the presence of ouabain. A–E, Similar experiments as in Figure 5, but the initial or
middle trace shows the effect of a 10 min 1.5 mM ouabain pretreatment, followed by various KCl concentrations 1 ouabain on [3H]-D-aspartate release
compared with no ouabain treatment. Two separate experiments are always shown. F is a graph of [3H]-D-aspartate release by the initial phases of release
versus varying [KCl] in the presence (solid circles) and absence (solid squares) of ouabain. Release by the second component without ouabain is shown
as open squares. The effect of ouabain on the second phase of [3H]-D-aspartate release is only for 100 mM KCl (large black square). The data points were
calculated by summing the first and last eight release data points of a KCl exposure, and the basal release was then subtracted as described in Materials
and Methods. The numbers in parentheses represent the number of experiments performed for those data points shown6 SEM. The rest of the data points
represent means of two experiments.
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buffers. This is to be expected because no Donnan swelling
should occur when K1 is not increased (Hodgkin and Horo-
wicz, 1959).

Ca21 dependency
In terms of the potential relevance of these processes to Ca21-
independent release of amino acids in ischemia and other
pathological states, it is important to determine whether any of
these release mechanisms are sensitive to the omission of
extracellular Ca21. Figure 8A shows the results of four efflux
experiments, where exposures to increased K1 was done in the
presence and absence of Ca21, respectively. It can be seen that
there was increased [3H]-D-aspartate release during the first
phase of high K1 exposure when the cells were exposed to a
nominally Ca21-free solution plus 0.1 mM EGTA 1 1 mM
thapsigargin. Thapsigargin was present to eliminate any con-
tribution from Ca21 released from intracellular stores; this was
verified by fura-2 experiments to measure changes in [Ca21]i as
shown in Figure 8B. The cells were first equilibrated for 30
min, and fresh buffer added at t 5 30 min. The increasing
baseline after 30 min was a result of a temperature difference
between the Iso HEPES buffer added and the bath buffer. As
can be seen, there was no Ca21 response to 100 mM KCl in
Ca21-free media also containing EGTA, ouabain, and thapsi-
gargin. Reexposure to Ca21-containing medium caused a sharp
transient increase. When the cells were then exposed to Ca21-

containing media and then to ouabain, followed by 100 mM KCl
1 ouabain, an initial sharp Ca21 transient with subsequent
oscillations was seen. This behavior was representative of three
experiments.

DISCUSSION
Release of EAAs from glial cells
In ischemia and hypoxia, extracellular [K1] has been shown to
increase to 80 mM or higher, and extracellular [Na1] decreases
concomitant with an increased [Na1]i (Somjen, 1979; Hansen,
1985). This is presumed to be mainly a result of the inactivation of
the Na1/K1 ATPase pump caused by the depletion of ATP
(Shimizu et al., 1993). Thus, the manipulation of ion gradients in
our experiments model the ionic changes that occur during these
CNS pathologies. Szatkowski et al. (1990) have shown that rever-
sal of a current due to glutamate transport occurs in Müller cells
when extracellular [K1] was increased. Mammalian astrocytes
have also been shown to release [3H]-D-aspartate when toxins
were used to induce anoxia in primary astrocyte cultures (Gembra

Figure 7. Release is not a result of a reduction in [Na1]o. A, 100 mM Na
1

is replaced by an equal molar NMDG.Cl, thereby reducing extracellular
Na1 concentration but with all other ions kept constant. B, The same
experiment as A, but in the presence of ouabain. Representative of three
experiments.

Figure 8. Release is independent of Ca21. A, The effect of Ca21-free
media 1 0.1 mM EGTA 1 1 mM thapsigargin on [3H]-D-aspartate release
as indicated (n5 4,6SEM). B, Intracellular Ca21 measurements showing
no Ca21 transient during exposure to Ca21-free media and high K1

exposure in the presence of thapsigargin. After 30 min equilibration at t5
31 min, fresh Ca21-containing media was added. The initial slow rise in
signal was a result of temperature differences between the buffers. There
was a drop in [Ca21]i after exposure to Ca

21-free media. After reexposure
to Ca21-containing media, a sharp increase in [Ca21]i occurred. Subse-
quent exposure to ouabain caused no change, whereas 100 mM KCl now
caused a sharp rise in [Ca21]i, followed by oscillations.
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et al., 1994; Longuemare and Swanson, 1995). Our data show that
in rat primary astrocyte cultures preloaded with [3H]-D-aspartate,
there are two phases of release in response to raised extracellular
[K1]. We propose that the first phase of [3H]-D-aspartate release
is through reversal of the glutamate transporter, and the second
phase of [3H]-D-aspartate release is activated by astrocytic swell-
ing (Fig. 9). In support of this model, when the cells were pre-
treated with ouabain to raise [Na1]i, there was a marked increase
in the first without any effect on the second component. Ouabain
pretreatment also increased the sensitivity of release of the first
component to extracellular [K1] exposure compared to without
ouabain pretreatment. A rise to 6.0–10 mM KCl, which is in the
range of [K1]o surrounding epileptic neurons (Somjen, 1979),
caused an increase in basal [3H]-D-aspartate release when cells
were pretreated for 10 min with 1 mM ouabain.
Identification of the first peak as reversal of the EAA trans-

porter was supported by the use of a potent competitive blocker of
glutamate uptake, THBA. THBA was first loaded inside the cell
utilizing the EAA transporter operating in its heteroexchange
mode (McMahon et al., 1989). Once inside the cell, THBA
competes with and reduces the initial phase of [3H]-D-aspartate
release (Fig. 4).

Critical role of [Na1]i
After exposure to high K1, there are three driving forces that can
cause reversal of the glutamate transporter: the reciprocal reduc-
tion in [Na1]o, membrane potential depolarization, and increased
[K1]o. The results in Figure 7, A and B, suggest that K

1 is
absolutely required for release to occur, and there is no effect
from the reduction in [Na1]o per se.
One reason why the initial phase of release is transient may be

because [Na1]o was reciprocally decreased when KCl concentra-
tion is increased to maintain isotonicity. This could result in a
failure to adequately replenish [Na1]i as it is depleted from the
cells because of reversal of the EAA transporter. The modes of
sodium entry into astrocytes could be by the Na1 1 K1 1 2Cl2

cotransporters or neurotransmitter-activated Na1 channels such
as the AMPA/KA or voltage-sensitive Na1 channels, the func-
tions of which have, in part, been proposed to be to maintain
[Na1]i in astrocytes for the continued action of the Na

1/K1

ATPase pump (Walz, 1987; Sontheimer, 1995). However, a recent
study by Rose and Ransom (1996) using cultured hippocampal
astrocytes has shown that TTX had only a small effect on [Na1]i,
and in only 15% of the cells studied.
It will be important to determine which of the two currently

known astrocytic glutamate transporter subtypes, GLAST-1 or
GLT-1, is expressed in primary cultures. Kondo et al. (1995) have
recently shown that primary astrocyte cultures prepared from the
cerebral cortices of rat pups express GLAST-1 and not GLT-1,
which is the primary transporter expressed in astrocytes of the
adult rat cortex (Rothstein et al., 1994). However, there is no
evidence thus far to suggest that there would be any difference in
reversal characteristics between the different isoforms. This would
imply that neurons can also release EAAs by reversal of the
EAAC1 transporter. However, there is no direct evidence for this
as yet, and also no evidence that neurons can release EAAs by a
swelling mechanism.

Swelling-induced release
The second phase of release seems to be independent of the
first. It is likely to be a result of cell swelling because high KCl
causes swelling of astrocytes (Walz, 1987), as it does in other
cells (Hodgkin and Horowicz, 1959). L-644,711, an anion chan-
nel blocker that inhibits hypotonic media-induced swelling
release of EAAs (Kimelberg et al., 1990), completely inhibits
the second phase of [3H]-D-aspartate release during 100 mM
KCl exposure. Keeping the K1 3 Cl2 product constant by
replacing Cl2 with gluconate also inhibited the second phase of
[3H]-D-aspartate release. Also, in complete contrast to the first
component, the magnitude of the second component is not
affected by ouabain. The second phase of release may be
important because astrocytic swelling is prominent and occurs
rapidly after the induction of anoxia, ischemia, hypoglycemia,
and head trauma (Kimelberg, 1992) and seems detrimental to
survival because when swelling was inhibited with L-644,711, an
anion channel inhibitor (Barron et al., 1988), there was de-
creased mortality in an animal head injury model (Kimelberg et
al., 1989). There are at least two mechanisms of action that
might explain the effect of L-644,711 on the second release
component. One is that being a Cl2 channel blocker that
inhibits Cl2 influx, swelling because of Donnan forces is pre-
vented. The second mechanism would be that L-644,711 blocks
the release of [3H]-D-aspartate via a proposed swelling-
activated anion channel that allows passage of amino acids
(Jalonen, 1993). Although the second phase of release seems to
contribute little to overall [3H]-D-aspartate with KCl concen-
trations ,50 mM in vitro, other processes might occur in vivo
that augment astrocytic swelling at relatively low [K1]o con-
centrations (Kimelberg, 1992).

Role of Ca21 and potentiation of [3H]-D-aspartate
release during high K1 exposures
Ca21-free media with and without thapsigargin (see Fig. 8A, data
not shown for latter condition) showed no inhibition of either the
first or second release component. Indeed, the initial phase of
release seems to be potentiated compared to Ca21 containing 100
mM KCl. It supports the view that Ca21-independent release
mechanisms can increase glutamate levels by both reversal of the
EAA transporter and swelling-induced release in pathological
states.

Figure 9. Model of [3H]-D-aspartate release mechanisms from cultured
astrocytes (see Discussion).
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In most experiments, potentiation of both components oc-
curred during identical second or third KCl exposures. The
mechanisms of these are unknown, although the enhanced
initial phase of release could be caused by phosphorylation of
the EAA transporter, which increases the Vmax in glial cells
(Casado et al., 1991).

Conclusions
Since the initial studies of Drejer et al. (1985), it has been
assumed that the increased [EAA]o seen in ischemia and other
pathological studies is mainly a result of release from nerve
terminals. There are two glutamate pools found in neurons.
One is vesicular, located in the nerve terminals and is depen-
dent on Ca21 and ATP for release (Nicholls and Attwell, 1990).
The second is free glutamate in the cytosol, and this can be
released by reversal of the glutamate transporter. Recent stud-
ies have shown that with ischemia .20 min duration EAA
release is independent of Ca21 and even within the first 10 min
about half of the release is independent of Ca21 (Wahl et al.,
1994). Using immunocytochemistry, Aas et al. (1995) and Torp
et al. (1991) have shown that the neuronal cytosolic glutamate
pool, but not the vesicular glutamate pool, decreases in neu-
rons in ischemia supporting the hypothesis that vesicular re-
lease is inhibited because of the lack of ATP. There was a
concomitant increase in glutamate labeling in astrocytes and,
therefore, astrocytes could be acting as a sink for the increased
extracellular glutamate. This increase could be a result of the
fact that glutamine synthetase, which normally breaks down
glutamate to glutamine, is inhibited by the reduction in ATP.
However, these histological studies do not address the question
of flux. If the increased glutamate levels in astrocytes is avail-
able for release, then astrocytes could play a significant role in
increasing [glu2]o by either of the two mechanisms described in
this paper. In addition, our method of measuring preloaded
[3H]-D-aspartate release does not enable a quantitative mea-
surement of EAA release. This is important in terms of func-
tional significance and can best be addressed by studying actual
glutamate release in vivo. In vivo microdialysis studies using
manipulations to alter the relative amounts of terminal versus
astrocytic release and pharmacological manipulations to iden-
tify the different mechanisms should help resolve these impor-
tant issues.

REFERENCES
Aas J, Berg-Johnson J, Hegstad E, Laake JH, Langmoen IA, Ottersen OP
(1995) Redistribution of glutamate and glutamine in slices of human
neocortex exposed to combined hypoxia and glucose deprivation.
J Cereb Blood Flow Metab 13:503–515.

Attwell D, Barbour B, Marek S (1993) Nonvesicular release of neuro-
transmitter. Neuron 11:401–407.

Barbour B, Magnus C, Szatkowski M, Gray P, Attwell D (1993) Changes
in NAD(P)H fluorescence and membrane current produced by gluta-
mate uptake into salamander Müller cells. J Physiol (Lond)
466:573–597.

Barron KD, Dentinger MP, Kimelberg HP, Nelson LR, Bourke RS,
Keegan S, Mankes R, Cragoe EJJ (1988) Ultrastructural feature of a
brain injury model in cat. I. Vascular and neuroglial changes and the
prevention of astroglial swelling by a fluorenyl(aryloxy) aldanoic acid
derivative (L-644,711). Acta Neuropathol 75:295–307.

Benveniste H, Drejer J, Schousboe A, Diemer NH (1984) Elevation of
the extracellular concentrations of glutamate and aspartate in rat hip-
pocampus during transient cerebral ischemia by intracerebral microdi-
alysis. J Neurochem 43:1369–1374.

Boyle PJ, Conway EJ (1941) Potassium accumulation in muscle and
associated changes. J Physiol (Lond) 100:1–63.

Casado M, Zafra F, Aragon C, Gimenez C (1991) Activation of high-
affinity uptake of glutamate by phorbol esters in primary glial cell
cultures. J Neurochem 57:1185–1190.

Choi DW, Maulucci-Gedde M, Kriegstein AR (1987) Glutamate neuro-
toxicity in cortical cell culture. J Neurosci 7:357–368.

Drejer J, Benveniste H, Diemer NH, Schousboe A (1985) Cellular origin
of ischemia-induced glutamate release from brain tissue in vivo and in
vitro. J Neurochem 45:145–151.

Erecinska M, Silver IA (1990) Metabolism and role of glutamate in
mammalian brain. Prog Neurobiol 35:245–296.

Fonnum F (1984) Glutamate: a neurotransmitter in mammalian brain.
J Neurochem 42:1–11.

Frangakis MV, Kimelberg HK (1984) Dissociation of neonatal rat brain
by dispase for preparation of primary astrocyte cultures. Neurochem
Res 9:1689–1698.

Gemba T, Oshima T, Ninomiya M (1994) Glutamate efflux via the re-
versal of the sodium-dependent glutamate transporter caused by glyco-
lytic inhibition in rat cultured astrocytes. Neuroscience 63:789–795.

Hansen A (1985) Effect of anoxia on ion distribution in the brain. Physiol
Rev 65:101–138.

Hodgkin AL, Horowicz P (1959) The influence of potassium and chlo-
ride ions on the membrane potential of single muscle fibres. J Physiol
(Lond) 148:127–160.

Ikeda M, Nakazawa T, Abe K, Kaneko T, Yamatsu K (1989) Extracel-
lular accumulation of glutamate in the hippocampus induced by isch-
emia is not calcium dependent: in vitro and in vivo evidence. Neurosci
Lett 96:202–206.

Jalonen T (1993) Single-channel characteristics of the large conductance
anion channel in rat cortical astrocytes in primary cultures. Glia
9:227–237.

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

Kimelberg HK, Bowman CL, Biddlecome S, Bourke RS (1979) Cation
transport and membrane potential properties of primary astroglial
cultures from neonatal rat brains. Brain Res 177:533–550.

Kimelberg HK, Rose, JW, Barron KD, Waniewski RA, Cragoe EJ (1989)
Astrocytic swelling in traumatic-hypoxic brain injury. Beneficial effects
of an inhibitor of anion exchange transport and glutamate uptake in
glial cells. Mol Chem Neuropathol 11:1–31.

Kimelberg HK, Goderie SK, Higman S, Pang S, Waniewski RA (1990)
Swelling-induced release of glutamate, aspartate, and taurine from
astrocyte cultures. J Neurosci 10:1583–1591.

Kimelberg HK (1992) Astrocytic edema in CNS trauma. J Neurotrauma
9:S71–S81.

Kimelberg HK, Bonville DJ, Goderie SK (1993) Use of 51Cr cell labeling
to distinguish between release of radiolabelled amino acids from pri-
mary astrocyte cultures being due to efflux or cell damage. Brain Res
622:237–242.

Kimelberg HK, Rutledge EM, Goderie S, Charniga C (1995) Astrocytic
swelling due to hypotonic or high K1 medium causes inhibition of
glutamate and aspartate uptake and increases their release. J Cereb
Blood Flow Metab 15:1–8.

Kondo K, Hashimoto H, Kitanaka J, Sawada K, Suzumura A, Marunouchi
T, Baba A (1995) Expression of glutamate transporters in cultured
glial cells. Neurosci Lett 188:140–142.

Longuemare MC, Swanson RA (1995) Excitatory amino acid release
from astrocytes during energy failure by reversal of sodium-dependent
uptake. J Neurosci Res 40:379–386.

McMahon HT, Barrie AP, Lowe M, Nicholls DG (1989) Glutamate
release from ginea-pig synaptosomes: stimulation by reuptake-induced
depolarization. J Neurochem 53:71–79.

Nicholls D, Attwell D (1990) The release and uptake of excitatory amino
acids. Trends Pharmacol Sci 11:462–468.

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

Rose CR, Ransom BR (1996) Intracellular sodium homeostasis in rat
hippocampal astrocytes. J Physiol (Lond) 491:291–305.

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

Shimizu H, Graham SH, Chang LH, Mintorovitch J, James TL, Faden AI,
Weinstein PR (1993) Relationship between extracellular neurotrans-

7810 J. Neurosci., December 15, 1996, 16(24):7803–7811 Rutledge and Kimelberg • K1-Induced [3H]-D-Aspartate Release from Astrocytes



mitter amino acids and energy metabolism during cerebral ischemia in
rats monitored by microdialysis and in vivo magnetic resonance spec-
troscopy. Brain Res 605:33–42.
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