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Volume-sensitive organic anion channels (VSOACs) in astro-
cytes are activated by cell swelling and are permeable to
organic anions, such as glutamate and taurine. We have exam-
ined the release of glutamate through VSOACs during the
propagation of spreading depression (SD). SD was induced by
bath application of ouabain in hippocampal brain slices and
was monitored by imaging intrinsic optical signals, a technique
that provides a measure of cellular swelling. The onset of SD
was associated with increased light transmittance, confirming
previous studies that cellular swelling occurs during SD. NMDA
receptor antagonists, either noncompetitive (MK-801, 10-50
M) or competitive (CGS-17355, 100 um), reduced the rate of
propagation of SD, indicating that glutamate release contrib-
utes to SD onset. SD still occurred in zero Ca®"-EGTA (0-
Ca?*-EGTA) solution, a manipulation that depresses synaptic
transmission. HPLC measurements indicated that, even in this

solution, there was significant glutamate release. Two lines of
experiments indicated that glutamate was released through
VSOACSs during SD. First, 5-nitro-2-(3-phenylpropylamino) ben-
zoic acid (NPPB), a blocker of VSOACs, depressed the rate of
propagation of SD in a manner similar to NMDA antagonists.
Second, NPPB inhibited the release of glutamate during SD in
0-Ca®"-EGTA external solution. These results indicate that
cellular swelling during SD causes the activation of VSOACs
and the release of glutamate by permeation through this chan-
nel. Cellular swelling is a result of neuronal activity and is
observed during excitotoxicity. Therefore, glutamate release
from VSOAC activation could occur under conditions of cell
swelling and contribute to excitotoxic damage.
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Volume-sensitive organic anion channels (VSOACsS:) [also called
volume-sensitive chloride channels (I, ., )] are a potential source
of glutamate efflux in the CNS because they are permeable to
glutamate (Strange et al., 1996). Volume changes in astrocytes
activate VSOAC:ss in a process involving mitogen-activated pro-
tein and tyrosine kinases (Crepel et al., 1998) and the cytoskel-
eton (Lascola et al., 1998). VSOACs have also been described
recently in cerebellar neurons (Patel et al., 1998). Efflux of C1~
and anions, such as glutamate, aspartate, and taurine, through
VSOAC:S helps to restore volume through a process called regu-
latory volume decrease (RVD) that also involves K* channels
(Pasantes-Morales and Schousboe, 1989; Pasantes-Morales et al.,
1990, 1994a,b). We designed these experiments to test the hy-
pothesis that glutamate efflux through volume-activated channels
occurs during spreading depression (SD).

SD is a wave of glial and neuronal depolarization and cellular
swelling that slowly propagates through gray matter of the CNS
(Van Harreveld and Khattab, 1967; Leao, 1944; Somjen et al.,
1992; Jing et al., 1994; Nicholson and Sykova, 1998). Intrinsic
optical signals, which measure the changes in light transmittance
in tissue, provide an indirect measure of cell volume changes
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because increased light transmittance through brain slices is as-
sociated with cellular swelling (MacVicar and Hochman, 1991;
Andrew and MacVicar, 1994; Holthoff and Witte, 1996). We
previously recorded intrinsic optical signals during SD and found
that the propagation of SD could be mapped by a wave of swelling
(Basarsky et al., 1998). Activation of glutamate-permeable
VSOAC:s by swelling of astrocytes and possibly neurons could
contribute to glutamate release during SD.

In our previous study, we mapped SD by imaging intrinsic
optical signals and simultaneously monitored intracellular cal-
cium dynamics by measuring fura-2 fluorescence (Basarsky et al.,
1998). In normal artificial CSF (aCSF) containing calcium, an
intracellular calcium wave was associated with SD. However, SD
still propagated in 0 external Ca with 2 mm EGTA with no
detectable changes in intracellular calcium. Because glutamate
release is thought to contribute to the propagation of SD (Mody
et al., 1987; Lauritzen et al., 1988; Marrannes et al., 1988; Lau-
ritzen and Hansen, 1992), we hypothesized that at least some of
the glutamate efflux during SD could be attributable to VSOAC
activation not involving calcium-dependent release from neurons
and/or astrocytes. If glutamate release through VSOAC was
contributing to SD, then we predict the following. First, NMDA
receptor antagonists should depress the propagation of SD in
isolated brain slices (Marrannes et al., 1988; Lauritzen and Han-
sen, 1992). Second, 5-nitro-2-(3-phenylpropylamino) benzoic acid
(NPPB), an antagonist for VSOACs (Crepel et al., 1998), should
depress the propagation of SD. Third, glutamate should still be
released from brain slices during SD, even after depressing syn-
aptic transmission in solutions containing 0 external calcium and
2 mMm EGTA. Finally, NPPB should depress the Ca-insensitive
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Figure 1.

release of glutamate from brain slices during SD. We have used
intrinsic optical imaging of ouabain-induced SD and HPLC mea-
surement of glutamate efflux to demonstrate that glutamate re-
lease from VSOACSs contributes to the propagation of SD.

MATERIALS AND METHODS

Experiments were performed as described previously (Basarsky et al.,
1998). A brief description of these methods is given below.
Slices. Hippocampal slices (400 wm) were prepared from 16- to 23-d-old
Sprague Dawley rats. Slices were maintained in aCSF aerated with 95%
0,-5% CO, for a minimum of 1 hr after preparation before experiments
were performed. For all experiments, the slices were transferred to a
superfusion chamber mounted to the imaging setup described below.
Slices were maintained at 33-34°C and held in place with platinum wires
during the experiment. Control experiments were always performed
each day on slices obtained from the same animal from which the
experimental slices were prepared. Control experiments were alternated
with experiments in which transmitter antagonists were applied to ensure
that the slices were healthy and that there was no rundown in the quality
of the tissue.

Imaging. The intrinsic optical imaging system was composed of a
COHU 4982 charge-coupled device camera connected to an Axon Image

Time course of ouabain-induced spreading depression in hippocampal slices. A, Spreading depression
in control conditions. SD rapidly initiated in CA1 and propagated throughout the entire CA1 region as a wave
of increased light transmittance followed by a rapid decrease. B, Spreading depression in the presence of 50 um
MK-801, after preincubation for 20 min in MK-801. The waveform of SD was different in that the initial increase
in light transmittance was slow, but this was still followed by a rapidly propagating wave of decreased
transmittance. C, Bright-field image of the slice used in 4. The purple dot denotes a typical region used for
measurements, and the CA1 region has been shown in 4 and B. Ouabain (100 uM) was added at 1 minute 30
seconds. All times are given in minutes:seconds. Scale bar, 100 wm.

Lightning 2000 frame grabber (Axon Instruments, Foster City, CA) that
was driven by Axon Imaging Workbench (version 2.1; Axon Instru-
ments). The illumination source was a standard Zeiss (Oberkochen,
Germany) tungsten bulb whose output was directed through a 750DF20
discriminating filter. Typically, four frames were averaged for each
image. This approach allowed the visualization of SD at a sampling
frequency of 1 Hz, which was sufficiently fast given the relatively slow
propagation rate of SD. The intrinsic optical signals were recorded and
presented as subtracted images, with the first image acquired during
acquisition serving as the reference image, which was then subtracted
from all subsequent images during acquisition. The intrinsic optical
signals were acquired at a frequency of 1 Hz but were saved to disk at a
variable frequency of between 0.008 and 1.0 Hz to reduce data storage
requirements. We described the rate of change of intrinsic optical signals
during spreading depression as the change in the intensity in a specified
zone region of the subtracted image per second (AT/T%). Quantification
of intrinsic optical signals during SD was performed as described by
Basarsky et al. (1998), their Figure 3.

Solutions. Regular aCSF contained (in mm): NaCl, 124; KCI, 5;
MgCl,, 1.3; CaCl,, 2; glucose, 10; and NaHCOs;, 26.2. For the zero
calcium aCSF (0-Ca®" aCSF), calcium was replaced with magnesium,
and 2 mM EGTA was added, yielding a 0-Ca** aCSF that contained (in
mM): NaCl, 114; KCl, 5; MgCl,, 3.3; glucose, 10; NaHCO;, 26.2; and
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Figure 2. Time course of spreading depression in the presence of
NMDA receptor antagonists. Each frace represents the change in trans-
mittance in a single region of interest (as denoted in Fig. 1) recorded in
separate brain slices. The fop trace is a profile of spreading depression in
a control slice. The bottom three traces are profiles of spreading depression
in separate brain slices incubated in the indicated NMDA receptor
antagonist. Both the competitive antagonist (CGS-19755) and the non-
competitive antagonist (MK-801) reduced the onset of SD, and the effects
of MK-801 were dose-dependent. Solid bar represents the time of appli-
cation of ouabain (100 um).
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EGTA, 2. The pH was adjusted to 7.37 for both of these solutions. NPPB
was purchased from Biomol (Plymouth Meeting, PA).

HPLC. The methods described by Saleh et al. (1997) were used to
measure amino acid content in the superfusate, with the following
modifications. One milliliter samples were collected at 1 min intervals.
These samples were lyophilized and reconstituted into 50 ul aliquots for
HPLC analysis. This ensured that the concentration of glutamate was
well within detection limits and also allowed for the perfusion of the slice
at flow rates that minimized slice deterioration. Although taurine is often
measured during cellular swelling experiments, it was not possible to
always discern the taurine peak from the arginine peak in our HPLC
experiments. Consequently, taurine was not analyzed.

Statistics. Unless otherwise stated, all statistics were performed with
the Mann—Whitney U test. GB-STAT version 3.53 (Dynamic Microsys-
tems) was used for all statistical calculations.

RESULTS

Glutamate is involved in the initial phase of

spreading depression

In hippocampal brain slices in normal aCSF, ouabain induced
spreading depression, which propagated throughout the hip-
pocampus, and was measured as a transient increase in tissue
transmittance (Fig. 14). Previous reports (Marrannes et al., 1988;
Gill et al., 1992; McLachlan, 1992; Nellgard and Wieloch, 1992;
Martin et al., 1994; Willette et al., 1994; Obrenovitch and Zilkha,
1996; Tatlisumak et al., 1998) have demonstrated that spreading
depression in vivo is delayed or inhibited by glutamate receptor
antagonists. In hippocampal brain slices, application of the non-
competitive NMDA receptor antagonist MK-801 (50 uM) inhib-
ited the onset of spreading depression (Fig. 1B). In the presence
of MK-801, there was a slow and uniformly distributed increase in
tissue transmittance throughout the CA1 region. This widespread
increase was followed by a propagating decrease in light trans-
mittance (Fig. 1B). In contrast, in control conditions, there was a
rapidly propagating increase in light transmittance that was fol-
lowed by a decrease in transmittance (Fig. 14).

The time course of the light transmittance changes during SD
at a single region in the stratum radiatum of CAl is shown from
single experiments in Figure 2 and is summarized in Figure 3. In
addition to the noncompetitive antagonist MK-801, we also ex-
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Figure 3. Quantification of the effects of NMDA receptor antagonists on spreading depression. A, The amplitude of the peak response was only reduced
significantly by 50 um MK-801 ( p < 0.01) but was not significantly affected by CGS-19755 (100 um) or MK-801 (10 um) (p > 0.05). B, The onset slope
was reduced by both the competitive (CGS-19755) and noncompetitive (MK-801) NMDA receptor antagonists. Note that the scale in B is split to enable

the display of both control and antagonist measurements.
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Figure 4. NPPB, a VSOAC antagonist, inhibited the onset of spreading
depression. 4, Representative traces of the light transmittance changes in
the presence and absence of external calcium and in the presence of the
VSOAC antagonist NPPB (100 uMm). B, Summary data for the effects of
0-Ca?* and NPPB on the onset slope of spreading depression. In the
absence of calcium, NPPB significantly inhibited the onset slope. Solid bar
denotes the time of application of ouabain (100 uMm).

amined the effects of the competitive NMDA receptor antagonist
CGS-19755 (100 pm). Both MK-801 and CGS-197555 inhibit the
onset of spreading depression. Furthermore, the effect of MK-801
was approximately fourfold greater at 50 um than at 10 um.
Quantification of the kinetics of spreading depression revealed
that MK-801 and CGS-19755 greatly inhibited the onset slope of
spreading depression (Fig. 3B) and that MK-801 at the highest
concentration attenuated the peak change in transmittance (Fig.
34). In paired control slices, the onset slope was typically 10
AT/sec. After bath application of antagonist, the onset slope
decreased to 0.4 = 0.02 AT/sec (n = 21) in 10 um MK-801, 0.4 =
0.04 AT/sec (n = 21) in 100 um CGS-19755, and 0.1 = 0.01 AT/sec
(n = 18) in 50 um MK-801. In contrast, CNQX, an antagonist to
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the AMPA receptor, did not alter SD. We preapplied CNQX at
30 uM, which we have observed completely blocks AMPA-
mediated synaptic potentials (data not shown) and found it had
no significant effect on the peak amplitude of SD (65 = 8 AT; n =
5; vs CNQX, 63 = 5 AT; n = 5) or the maximum rate of rise
(control, 2.2 = 0.7; n = 5; vs CNQX, 2.1 = 0.4; n = 5). Together,
these data indicate that glutamate plays an important role the
initial phase of spreading depression; inhibition of NMDA-type
glutamate receptors suppresses the onset of spreading depression.

Inhibition of VSOACSs inhibits the initial phase of
spreading depression

We examined the effects of the VSOAC antagonist NPPB (100
uM) under normal conditions and under conditions in which
synaptic release of neurotransmitter is inhibited. In normal Ca
external solution, the addition of NPPB slowed the decline of the
SD waveform. The decline at 30 sec is reduced from 47 * 6%
(n = 14) in control solution with calcium to 2 * 0.5% (n = 14) in
control with NPPB. This is consistent with the role for Cl
channels in regulatory volume decrease after the swelling during
SD. In external 0-Ca*", spreading depression occurs in a normal
manner, albeit with slower kinetics (Jing et al., 1993; Herreras et
al., 1994) (Figure 4B) as we have shown previously (Basarsky et
al., 1998). Under these conditions, inhibition of VSOACs by
NPPB further reduced the onset slope of spreading depression
(Fig. 44,B). Incubation of slices with 100 um NPPB caused a
significant reduction in the onset slope from 1.43 = 0.4 AT/sec in
paired controls in 0-Ca®* to 0.53 = 0.05 AT/sec in NPPB (p <
0.01; n = 7). The decline of the SD signal in 0-Ca*" was also
slowed from 35 = 2% (n = 21) to 19 = 2% (n = 18) in NPPB. We
also examined the effects of threo-hydroxy-p-aspartate (THBA),
which has been shown to block glutamate release caused by
reverse transport in astrocytes after extracellular application
(Rutledge and Kimelberg, 1996). A 40 min preapplication of 1
mm THBA had no effect on the maximum signal in SD (control,
77 = 5%; vs THBA, 80 = 8%;n = 10) nor on the maximum rate
of rise of the SD signal (control, 4.1 = 0.6%/sec; vs THBA, 4.5 =
0.6%/sec).

Inhibition of VSOACSs inhibits the release of glutamate
during spreading depression

We next determined whether VSOACs are involved in the re-
lease of glutamate during spreading depression when synaptic
transmission was greatly depressed in 0-Ca?"—EGTA solution.
To do this, we used HPLC to measure glutamate levels in the
superfusate and examined the effect of the VSOAC antagonist
NPPB on glutamate release during spreading depression. Not
surprisingly, HPLC measurements showed that, during SD in
control solution with calcium, there was substantial increase in
glutamate efflux to 2668 * 1444% (n = 3) of control levels. When
SD was observed in the brain slice in 0-Ca®>"—EGTA solution,
HPLC measurement showed that there was still a substantial
increase in the release of glutamate, GABA, and glutamine,
although it was approximately eightfold less (Fig. 5). Incubation
of slices with 100 um NPPB resulted in a significant inhibition of
the release of glutamate (Fig. 54,B). However the release of both
GABA and glutamine was not depressed by NPPB, consistent
with previous observations that these amino acids do not signif-
icantly permeate VSOACs. Together, these data are consistent
with the model that activation of VSOACs during spreading
depression results in the calcium-independent release of gluta-
mate, which contributes to the rapid onset of spreading depres-
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Inhibition of VSOACsSs inhibited the calcium-independent release of glutamate. All data were collected from brain slices incubated in

0-Ca>*-EGTA solution for at least 20 min before the start of the experiment. 4, Representative HPLC measurements of glutamate release in the
superfusate before and during SD in two separate brain slices. The initial onset of SD was measured using intrinsic optical signals and is taken as t =
0. SD propagated throughout the brain slice during the collection of superfusate and induced the release of glutamate, even in the 0-Ca**-EGTA
solution. Preincubation with NPPB (100 um) reduced the release of glutamate during spreading depression. B, Effect of NPPB on glutamate, GABA,
and glutamine release during spreading depression. Each point represents the increase in the indicated amino acid 7 min after the initiation of spreading
depression from at least n = 5 separate brain slices. All numbers are expressed normalized to the initial levels before spreading depression. NPPB
significantly depressed the release of only glutamate during SD (*p < 0.01) and had no effect on the release of either GABA or glutamine.

sion. Inhibition of these channels inhibits the release of glutamate
and delays the onset of spreading depression.

DISCUSSION

These results provide the first evidence that glutamate release
through VSOACSs in the hippocampus contributes to the propa-
gation of spreading depression. We confirmed the importance of
glutamate release in spreading depression by describing the inhi-
bition of spreading depression by NMDA receptor antagonists.
Using HPLC, we measured a significant release of glutamate
during spreading depression, even in 0-Ca®* aCSF in which
conventional synaptic release is blocked. NPPB, an antagonist to
VSOAC channels, depressed this calcium-insensitive release of
glutamate and inhibited the rate of propagation of spreading
depression.

This study continues our previous work using intrinsic optical
imaging to map spreading depression in the hippocampal slice
(Basarsky et al., 1998). Intrinsic optical signals arise from the
dynamics of light transmittance. For example, cellular swelling
decreases light scattering, resulting in an increase in light trans-
mittance through the slice, whereas cellular shrinkage does the
reverse (MacVicar and Hochman, 1991; Andrew and MacVicar,
1994; Holthoff and Witte, 1996). The pattern of increased light
transmittance during the onset of spreading depression indicates
that there is substantial cellular swelling during spreading depres-
sion. In our previous study (Basarsky et al., 1998), we simulta-
neously imaged intrinsic optical signals and intracellular calcium
changes using fura-2 fluorescence measurements and found that
a calcium wave was normally associated with spreading depres-
sion. However, we made the surprising discovery that, in 0-Ca?*
aCSF, spreading depression still occurred, and there were no
associated changes in intracellular calcium. These results, com-
bined with the volume changes suggested by the intrinsic optical
signals, indicated that spreading depression is a calcium-
independent phenomenon involving cellular swelling.

In astrocytes and other cell types, swelling activates VSOACs
that are permeant to chloride ions and organic anions, including
glutamate (Jackson and Strange, 1993; Sanchez-Olea et al., 1993;
Pasantes-Morales et al., 1994a,b; Roy, 1994, 1995; Gonzalez et al.,
1995; Lascola and Kraig, 1996; Strange et al., 1996; Crepel et al.,
1998). The efflux of organic anions and Cl~ through VSOACs
can contribute to the active process called RVD to restore the
initial cellular volume (Pasantes-Morales et al., 1994a,b). The
efflux of K" through other channels also contributes to RVD.
VSOACSs have not been widely investigated in neurons but have
recently been described in cerebellar granule cells (Patel et al.,
1998). CLC-3, a cloned Cl-selective ion channel, is a good can-
didate for the VSOAC (Duan et al., 1997) and is highly expressed
in the CNS and the hippocampus (Kawasaki et al., 1994). There-
fore, VSOACs are present in the hippocampus and are likely
found in both astrocytes and neurons.

We used NPPB to block the VSOAC for two reasons. First,
NPPB has been reported to inhibit the VSOAC and the efflux of
amino acids activated by cell swelling in astrocytes and other cell
types (Rutledge et al., 1998). Second, NPPB inhibits the VSOAC
in a nonvoltage-dependent manner (Crepel et al., 1998), which
suggests that NPPB will effectively inhibit the VSOAC in astro-
cytes at both the resting potential and the depolarized levels
reached during SD.

The profile of the amino acid efflux during SD and the selective
inhibition of glutamate release by NPPB are consistent with
release of glutamate through VSOACs. The HPLC data showed
that glutamate and GABA are both released from hippocampal
brain slices during SD in 0-Ca?" aCSF. Glutamine was released
to a lesser extent. Under these conditions, synaptic transmission is
negligible in brain slices (Schweitzer et al., 1992), and we have
shown previously that there are no detectable changes in intra-
cellular calcium during SD (Basarsky et al., 1998). Therefore, we
conclude that both glutamate and GABA can be released in high
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levels by non-Ca?"-dependent mechanisms. The relative contri-
bution of glutamate release during SD through these mechanisms
appears to be less than that caused by calcium-dependent exocy-
tosis judging by the HPLC measurements of glutamate release.
Only the glutamate efflux was depressed by NPPB, which is
consistent with studies that have shown that glutamine does not
permeate the VSOAC (Pasantes-Morales et al., 1994a,b; Rut-
ledge et al., 1998). We have not investigated the mechanisms by
which GABA efflux occurs, but it is presumably because of
another transporter.

The potential roles for reversed glutamate transport are diffi-
cult to unequivocally rule out because most inhibitors are com-
petitive and would not be expected to act on reverse transport
(Kanai et al., 1993). However, the glial transporter is inhibited by
external application of THBA (Rutledge and Kimelberg, 1996).
We have found no effect of THBA on SD.

Previous studies have shown that NMDA receptor antagonists
depress the activation of spreading depression in vivo (Marrannes
et al., 1988; Gill et al.,, 1992; McLachlan, 1992; Nellgard and
Wieloch, 1992; Martin et al., 1994; Willette et al., 1994; Obreno-
vitch and Zilkha, 1996; Tatlisumak et al., 1998). Our results point
to a pivotal role for NMDA receptor activation in the initial onset
of SD. NMDA receptor antagonists decreased the rate of onset of
SD. This was observed with both the competitive antagonist
CGS-197555 and the noncompetitive antagonist MK-801. The
similarity of action of both types of NMDA antagonists is reas-
suring because MK-801 can affect other ion channels at higher
concentrations (>100 um) (ffrench-Mullen and Rogawski, 1989).

The results in this study suggest a new addition to the cellular
mechanisms contributing to SD. The original hypothesis stated
that increased external K™ caused depolarization of both
postsynaptic processes and presynaptic terminals (Leao, 1944;
Kraig and Nicholson, 1978; Van Harreveld, 1978; Nicholson and
Kraig, 1981; Somjen et al., 1992). Presynaptic depolarization of
terminals evoked calcium-dependent synaptic transmission and
the release of glutamate, which in turn further depolarized
postsynaptic elements and caused further increases in external
K ™. This was thought to result in positive feedback between K™
accumulation and glutamate release leading to regenerative de-
polarizations. SD was thought to be a propagating wave of high
K™"-induced glutamate release and depolarization. However,
studies in brain slices in which synaptic transmission could be
blocked demonstrated that SD still occurred in calcium-free so-
lution (Herreras et al., 1994). Our results further illustrate the
dichotomy between the calcium studies and the glutamate hy-
pothesis and provide a partial although incomplete explanation.
We found that spreading depression propagated normally in
external solutions in which synaptic transmission would be
blocked or at least greatly depressed. However, the propagation
of SD under these conditions was still influenced by the activation
of NMDA receptors because the propagation rate of SD was
reduced in the presence of either competitive or noncompetitive
NMDA receptor antagonists. Therefore, this study indicates that
swelling, which has long been known to be associated with SD
(Van Harreveld and Khattab, 1967; Jing et al., 1994), is an
important factor in its generation. Previously, glutamate was
thought to be the factor that caused swelling during SD. However,
we suggest that swelling is a contributing factor in causing the
release of glutamate.

We suggest the following addition to the mechanisms underly-
ing spreading depression. Swelling, perhaps as a result of intense
neuronal activity (Nicholson and Sykova, 1998), opens VSOACs
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that are permeable to glutamate. The efflux of glutamate activates
NMDA receptors on neurons, which increases extracellular K™
leading to further astrocyte swelling. The swelling attributable to
K™ accumulation causes additional activation of VSOACs and
further release of glutamate through this channel. The net result
is positive feedback with a central role for swelling-induced
glutamate release.

Conclusion

Spreading depression may represent an extreme example of a
normal process that occurs regularly on a less dramatic scale. In
normal conditions, cellular swelling is known to occur in conjunc-
tion with neuronal activity (Nicholson and Sykova, 1998). Our
results suggest that activity-induced cellular swelling may activate
VSOAC:Ss and thereby cause glutamate release from these chan-
nels. A similar mechanism may contribute to ischemic-induced
excitotoxicity because of the associated cellular swelling. Interest-
ingly, NPPB has been reported to decrease the efflux of glutamate
from ischemic brain regions (Phillis et al., 1997). Therefore, the
release of glutamate through volume-activated channels could
have widespread implications in the CNS.
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