
The Journal of Neuroscience, February 1967, 7(2): 369-379 

Ionic Dependence of Glutamate Neurotoxicity 

Dennis W. Choi 

Department of Neurology, Stanford University Medical Center, Stanford, California 94305 

The cellular mechanisms by which excess exposure to the 
excitatory neurotransmitter glutamate can produce neuro- 
nal injury are unknown. More than a decade ago it was hy- 
pothesized that glutamate neurotoxicity (GNT) is a direct 
consequence of excessive neuronal excitation (“excitotox- 
icity” hypothesis); more recently, it has been hypothesized 
that a Ca influx triggered by glutamate exposure might me- 
diate GNT (Ca hypothesis). A basic test to discriminate be- 
tween these hypotheses would be to determine the depen- 
dence of GNT on the extracellular ionic environment. The 
excitotoxicity hypothesis predicts that GNT should depend 
critically on the presence of extracellular Na, since that ion 
appears to mediate glutamate neuroexcitation in the CNS; 
the Ca hypothesis predicts that GNT should depend criti- 
cally on the presence of extracellular Ca. 

The focus of the present experiments was to determine 
the effects of several alterations in the extracellular ionic 
environment upon the serial morphologic changes that oc- 
cur after mouse neocortical neurons in cell culture receive 
toxic exposure to glutamate. The results suggest that GNT 
in cortical neurons can be separated into 2 components dis- 
tinguishable on the basis of differences in time course and 
ionic dependence. The first component, marked by neuronal 
swelling, occurs early, is dependent on extracellular Na and 
Cl, can be mimicked by high K, and is thus possibly “exci- 
totoxic.” The second component, marked by gradual neu- 
ronal disintegration, occurs late, is dependent on extracel- 
lular Ca, can be mimicked by A23187, and is thus possibly 
mediated by a transmembrane influx of Ca. While either 
component alone is ultimately capable of producing irre- 
versible neuronal injury, the Ca-dependent mechanism pre- 
dominates at lower exposures to glutamate. 

Glutamate exposure likely leads to a Ca influx both through 
glutamate-activated cation channels and through voltage- 
dependent Ca channels activated by membrane depolar- 
ization. Addition of 20 mu Mg, however, did not substan- 
tially block GNT; this finding, together with the observation 
that GNT is largely preserved in sodium-free solution, sup- 
ports the notion that the activation of voltage-dependent Ca 
channels may not be required for lethal Ca entry. The pos- 
sibility that Kmethyl-D-aspartate receptors may play a 
dominant role in mediating glutamate-induced lethal Ca in- 
flux is discussed. 
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The preceding paper describes the use of a mouse cortical cell 
system to study the phenomenon of glutamate neurotoxicity 
(GNT), a process that may contribute to the neuronal death seen 
in a variety of acute and chronic neurological diseases (Coyle 
et al., 198 1). Although GNT was first observed nearly 30 years 
ago in the mouse retina (Lucas and Newhouse, 1957), and al- 
though the structurally related compound kainate has been used 
for a decade as a convenient method of producing axon-sparing 
experimental brain lesions (Olney et al., 1974; Coyle, 1983), the 
mechanisms by which excess exposure to glutamate can lead to 
neuronal injury remain unknown. 

One attractive hypothesis, first proposed by Olney and col- 
leagues (Olney et al., 197 l), is that the neurotoxicity ofglutamate 
and related compounds is a direct consequence of the neuroex- 
citation produced; i.e., that the lasting depolarization produced 
by continued exposure to glutamate is lethal per se, perhaps 
because of associated intracellular volume expansion or pro- 
found depletion of cell energy reserves. Since glutamate neu- 
roexcitation is in most cases mediated by an inward movement 
of Na ions through chemically activated membrane conduc- 
tances (Barker and Nicoll, 1973; Hablitz and Langmoen, 1982), 
a basic prediction of this “excitotoxic” model would therefore 
be that GNT should depend upon the presence of extracellular 
Na. 

More recently, attention has been drawn to the possibility 
that Ca entry may serve as a common pathway in the injury of 
a variety of cell types by a variety of toxins. Damage to cultured 
hepatocytes by membrane-active toxins (Schanne et al., 1979), 
to skeletal muscle by sustained action of cholinergic agonists 
(Leonard and Salpeter, 1979), and to locust muscle by sustained 
action of glutamate (Duce et al., 1983), all appear to be atten- 
uated by a reduction in the concentration of extracellular Ca. 
In addition, heavy accumulations of Ca persist selectively in 
vulnerable neurons of the hippocampus following ischemic in- 
sult (Simon et al., 1984a). It has therefore been proposed that 
the toxic effects ofglutamate on central neurons may be similarly 
mediated by an influx of extracellular Ca (Berdichevsky et al., 
1983; Coyle, 1983). 

A logical first step, therefore, in elucidating the cellular mech- 
anism of GNT would be to define the dependence of GNT on 
the extracellular ionic environment, particularly with respect to 
extracellular Na and Ca ions. Such a study is difficult in vivo, 
but manageable in vitro. In an initial series of experiments re- 
ported previously (Choi, 1985), GNT in cortical cell culture was 
found to depend much more heavily on the presence of extra- 
cellular Ca than on the presence of extracellular Na. However, 
other in vitro studies have recently been reported in which GNT 
was demonstrated in the absence of extracellular Ca (Price et 
al., 1985; Rothman, 1985) and a critical role for Cl ions has 
been suggested by these authors. The purpose of this study was 
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Figure 1. Effect of removing Na and/or Ca on GNT. Phase-contrast photomicrographs of an identified field of cortical neurons before (left column), 
immediately after (middle column), and 1 d after (right column) brief pulse exposure to glutamate (0.5 mM for 5 min). Each row (A-D) shows the 
results of exposure under different ionic conditions: A, control salt solution (CSS); B, Na replaced by choline ma-free solution); C, Ca removed 
(Ca-free solution); and D, both Na replaced by choline and Ca removed (Na/Ca-free solution). All 4 exposures were carried out concurrently on 
sister cultures from a single plating. The bar in D, right, corresponds to 50 pm and applies to all parts. 

to examine further the ionic dependence of GNT in an effort to 
reconcile these observations. 

Materials and Methods 

comparisons were made on matched sister cultures derived from a single 
plating. Because of the suggestion (see below) that extracellular Na and 
Ca ions were important for GNT, the washout of glutamate was in all 
experiments initiated with CWNa-free solution, thereby reducing the 
glutamate concentration bv a factor of 36 before anv reintroduction of 

Methods. The preparation of cortical cell cultures, intracellular record- ?Ia or Na ions in the washout procedure. - 
ing, bath exposure to glutamate, and quantitation of neuronal cell sur- 
viva1 have been described in the preceding paper. Only mature (14-24 

Solutions and drugs. The composition of solutions used during ex- 
posure of cortical neurons to glutamate is detailed in Table 1. The 
standard “control salt solution” (CSS) is the same as used in previous d in vitro) cortical cultures were selected for study; whenever possible, 
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Figure 3. Quantitative comparison of glutamate-induced cell loss in 
various experimental solutions. Vertical bars depict mean and SEM of 
cortical neuronal cell loss/injury, expressed as a percentage of the orig- 
inal cell count, observed with glutamate exposure under the specified 
conditions. Bars at far left, The baseline procedural damage observed 
without glutamate (CT’L, n = 6) is compared to the damage produced 
by exposure to 0.5 mM glutamate in CSS (n = 14), Na-free solution 
[(-)Na; n = 61, C&free solution [(-)Ca; n = 61, and Na/Ca-free solu- 
tion [(-)Na/(-)Ca; n = 51. Ears at near left, Results obtained when the 
exposure to 0.5 mM glutamate was extended to 30 min in (-)Na (n = 
4) (-)Ca (n = 6) and (-)Na/( -)Ca (n = 4) solutions. Bars at near 
right, Results obtained with 0.5 mM glutamate for 5 min again, in CSS + 
1 PM TTX (n = 5), CSS + 20 mM MgCl, (n = 5), and (-)Na + 20 mM 
MgCl, (n = 3) solutions. Bars at far right, Results obtained with 5 min 
exposure to a reduced glutamate concentration (60 PM) in CSS (n = 6) 
and CSS + 5 mM CaCl, (n = 3). The asterisk below some of the bars 
indicates a statistically significant difference compared with the same 
exposure to glutamate in CSS (p < 0.05, 2-tailed t test). 

experiments. The calcium ionophore A23187 (Calbiochem) was clis- 
solved in dimethyl sulfoxide (DMSO: 10 mM stock solution) nrior to 
final dilution. - 

, - 

In control experiments, appropriate exposure to any of the salt so- 
lutions alone (in the absence of added glutamate) was well tolerated by 
cortical neurons. 

Results 
Na and Ca dependence of GNT 
The previously reported experiments examining the effects of 
reduced extracellular Na or Ca concentrations on GNT (Choi, 
1985) were extended to include systematic observation of both 
immediate and late sequelae of glutamate exposure. As reported 
in the previous paper, exposure of cortical neurons to 0.5 mM 
glutamate in CSS was followed within minutes by acute swelling, 
darkening, and increased granularity of the cell body; by the 
following morning, most neurons had disintegrated into debris 
(Fig. 1A). 

If the same procedure was carried out in the absence of ex- 
tracellular Na, with choline used in place of Na, the acute 
morphological changes were absent, but late cell death was re- 
duced only by a variable, generally small, amount (Fig. lB, see 
also the greater cell loss in Fig. SC, > 20 experiments). If on the 
other hand, the procedure was carried out in the absence of Ca, 
the acute neuronal swelling was actually intensified, but late cell 
death was always markedly reduced (Fig. 1 C, > 30 experiments). 
In the absence of both Na and Ca, with choline in place of Na, 

Table 1. Composition of solutions 

Solution (mM) 

Additive css 
Na Ca 
free free 

NaKa Cl 
free free 1OOK 

NaCl 120 120 25 

KC1 5.4 5.4 5.4 5.4 100 
MgCl, 0.8 0.8 0.8 0.8 0.8 

CaCl, 1.8 1.8 1.8 

Tris-Cl (pH 7.4) 25 25 25 25 25 

NaHCO, 4.2 

Glucose 15 15 15 15 15 15 

Choline-Cl 120 120 

K,SQ 2.7 

MgSQ 0.8 

Ca gluconate 1.8 

Na isothionate 120 

Sucrosea 35 

* Sucrose was added to the chloride-free solution to maintain osmolarity. 

both the acute swelling and the late cell death were invariably 
prevented (Fig. lD, > 15 experiments). 

Neither the large protective effect of removing Ca nor the 
small protective effect of choline substitution on GNT was ab- 
solute. Increasing the duration of glutamate exposure to 30 min 
produced substantial cell death in both Na-free (Fig. Z4) and 
Ca-free (Fig. 2B) conditions. However, in the absence of both 
Na and Ca, little neuronal death was seen even after such pro- 
longed glutamate exposures (Fig. 2C). Quantitative cell counts 
of identified cortical neurons before and after glutamate expo- 
sure in these (and other-see below) solutions are presented in 
Figure 3. 

These observations suggested that GNT might result from the 
sum of 2 components: one acute and Na dependent, and the 
other late and Ca dependent. Each component was then ex- 
amined in more detail in the following experiments. 

The acute component of GNT 

Serial observation of neurons exposed to glutamate in Ca-free 
solution showed that the resultant acute perikaryal swelling was 
short-lived, within the next hour the majority of these neurons 
recovered normal appearance and survived. Such neurons re- 
mained morphologically stable for at least several days and did 
not stain when challenged with trypan blue dye; furthermore, 
as previously reported (Choi, 1985), electrophysiologic study of 
these neuronal survivors demonstrated normal resting poten- 
tials (58 _+ 7 mV, SD, n = 15) and normal excitability: 15 of 
15 cells exhibited action potentials, and 13 of 15 cells exhibited 
spontaneous synaptic activity. 

Recent reports have indicated that replacement of extracel- 
lular Cl with an impermeant anion blocks GNT in hippocampal 
cultures (Rothman, 1985) and chick retina (Price et al., 1985). 
Replacement of Cl with isothionate similarly attenuated the 
acute swelling and, to a lesser extent, the late cell death following 
exposure of cortical neurons to glutamate (Fig. 4A; 5 experi- 
ments). This protective effect of isothionate substitution against 
late cell death was somewhat variable (mean loss of identified 
neurons in cell counts, 56.2 f 10.3%, SEM, n = 7) and could 
be overcome by simultaneously increasing the extracellular Ca 
concentration by adding 5-10 mM Ca acetate (Fig. 4B, mean 
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Figure 4. Effects of replacing Cl on GNT and of high K alone. Phase-contrast photomicrographs of identified fields of cortical neurons taken 
before (left column), immediately after (middle column), and 1 d after (right column) the following toxic exposures by row: A, 0.5 mM glutamate 
for 5 min, chloride-free solution; B, same as A (sister culture) but 10 nnt4 Ca acetate added to the chloride-free solution; and C, 100 mM K (no 
glutamate) for 5 min. Bar, 50 pm. 

neuronal loss increased to 88.3 rf: 6.2%, SEM, n = 7). Even with 
elevated Ca concentrations, no acute neuronal swelling was seen 
(Fig. 4B). 

Both maneuvers capable of blocking the acute neuronal swell- 
ing produced by glutamate exposure, choline substitution and 
isothionate substitution, would be expected to reduce the influx 
of NaCl and water that would follow the opening of membrane 
glutamate channels permeable to Na. It seemed plausible, there- 
fore, that this acute swelling was a visible concomitant of this 
“excitotoxic” NaCVwater influx. To test this possibility, the 
effect of brief exposure to 100 mM K (without glutamate) was 
determined (100 mM K solution). Exposure to high K levels 
would be expected to produce massive neuronal depolarization 
with an associated influx of Cl, cations, and water. Widespread 
acute neuronal swelling, similar to that seen with glutamate, 
resulted (Fig. 4C); late cell death was variable (6 experiments). 

While the acute neuronal swelling produced by glutamate was 
blocked by Na replacement, it was not blocked by the addition 
of 1 PM TTX, suggesting that Na influx through voltage-depen- 
dent Na channels is not required to produce the swelling. Neu- 

ronal cell loss the next day was also not blocked by TTX (Figs. 
3, 6C, 3 experiments). 

The late, Ca-dependent component of GNT 

Serial observation of identified fields revealed that the neuronal 
disintegration seen after glutamate exposure in Na-free solution 
was quite gradual (Fig. 5). While granularity of some neuronal 
cell bodies and irregularity of processes was apparent within 1 
hr of glutamate exposure, other neurons appeared normal within 
the first few hours only to degenerate over the next several hours. 

The observation that GNT could be attenuated by lowering 
the 1.8 mM Ca present in the standard exposure salt solution 
(CSS) led to investigation of the effect of raising extracellular 
Ca on GNT. Raising the Ca concentration from 1.8 to 6.8 mM 
(by adding 5 mM CaCl, to CSS) augmented the partial cell loss 
produced by low concentrations of glutamate (Figs. 3; 6, A and 
B). 

A plausible explanation for the dependence of GNT on ex- 
tracellular Ca is that glutamate produces a Ca influx that triggers 
lethal intracellular events. Supporting the idea that a Ca influx 
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Figure 5. Time course of the late component of GNT. Serial phase-contrast photomicrographs of an identified field of cortical neurons taken 
before (A), 1 hr after (B), 2 hr after (c), 4 hr after (D), 9 hr after (E), and 24 hr after (F) exposure to 0.5 mM glutamate for 5 min in Na-free 
solution. Bar, 100 pm. 

per se could mediate subsequent cell damage, incubation of 
cortical cultures for 15 min in 20-30 FM concentrations of the 
calcium ionophore A23 187 in CSS was found not to produce 
acute neuronal swelling but did lead to substantial late neuronal 
death (Fig. 7A; mean neuronal loss in cell counts, 46.3 * 15.9%, 
SEM; n = 5); furthermore, the toxicity of A23 187 was enhanced 
somewhat by increasing the extracellular Ca concentration dur- 
ing incubation (Fig. 7B, mean neuronal loss increased to 69.0 + 
9.2%, SEM; n = 5). At higher concentrations of A23187 (70- 
80 PM), 100% glial as well as 100% neuronal cell death occurred 
even in normal (1.8 mM) Ca: The surface of the culture dish 

was bare by the next day. Control experiments showed that 
exposure to the DMSO vehicle alone was not toxic to cortical 
cells. 

Because Mg is known to block voltage-dependent Ca channels 
in excitable membranes (Hagiwara and Byerly, 198 l), one might 
predict from the preceding data that high Mg concentrations 
should protect against GNT. In fact, in 7 experiments, GNT 
was only slightly reduced by the addition of 20 mM MgCl, to 
CSS (Figs. 3; 8, A and B). However, in Na-free solution, a large 
protective effect of 20 mM MgCl, was detected (Figs. 3; 8, C 
and D; 5 experiments), suggesting that Mg was capable of fully 
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antagonizing the effect of Ca on GNT in the absence of Na. 

Discussion 
The present experiments suggest that the neurotoxicity of glu- 
tamate on cortical neurons involves 2 components that can be 
distinguished on the basis of differences in time course and in 
ionic dependence. The first component, marked by neuronal 
swelling, occurs actuely, is dependent on extracellular Na and 
Cl, can be mimicked by high K, and is thus possibly “excito- 
toxic.” A primary effect of glutamate to open membrane Na 
conductances could lead to a large influx of Na, resulting in 
membrane depolarization and a secondary influx of Cl and water. 
The acute morphological swelling seen after glutamate could 
reflect the volume increase associated with this sequence of 
events. One explanation for the augmented neuronal swelling 
seen acutely after glutamate exposure in Ca-free solution would 
then be a change in the physical properties of the cell membrane 
(increased compliance), due to lack of the stabilizing influence 
of Ca on the membrane (a phenomenon well known to electro- 
physiologists, who often choose to record in solutions with in- 
creased Ca). Modest degrees of such excitotoxicity might be 
reversible, but if carried to an extreme point, irreversible changes 
and/or cell lysis would be expected to occur. 

While some contribution to Na influx might occur through 
voltage-dependent Na channels, the lack of effect of TTX on 
acute swelling suggests that the magnitude of the contribution 
of voltage-dependent Na channels to the acute component of 
GNT is small relative to the contribution ofglutamate-activated 
Na channels. 

The second component, marked by gradual neuronal disin- 
tegration, occurs late, is dependent on extracellular Ca, can be 
mimicked by A23 187, and is thus possibly mediated by a trans- 
membrane influx of Ca into neurons. As discussed above, excess 
Ca entry appears to injure cells in general, perhaps in part be- 
cause of activation of neutral proteases and phospholipase A2 
(Siesjo and Wieloch, 1985). It is possible that the late, Ca- 
dependent component of GNT may be responsible for some of 
the delayed neuronal death seen in vivo following certain insults, 
including ischemia (Plum, 1983). 

Glutamate exposure could produce a calcium influx both di- 
rectly, through glutamate-activated membrane channels (Nicoll 
and Alger, 198 l), and indirectly, though voltage-dependent 
channels activated by membrane depolarization (Hagiwara and 
Byerly, 1981). Addition of 20 mM Mg, however, did not sub- 
stantially block GNT in control solution; this finding, together 
with the toxicity of glutamate in Na-free solution, supports the 
notion that the activation of voltage-dependent Ca channels 
may not normally be required for lethal Ca entry. 

The observations described here are consistent with the re- 
ports by Rothman (1985) and Price et al. (1985) that GNT can 
be demonstrated in the absence of extracellular Ca. Those in- 
vestigators employed somewhat longer (30 min) glutamate ex- 
posures than the 5 min exposures generally used here; with such 
exposures, extracellular Ca is also not required for lethal GNT 
in the cortical cell culture system. The present data suggest that 
the acute excitotoxic component of GNT, like the late Ca-de- 
pendent component, can, if intense, act in isolation to produce 
irreversible neuronal injury. However, the greater protective 
effect seen after removing Ca, as compared with that ofremoving 
Na, with brief glutamate exposure suggests that the Ca-depen- 
dent mechanism predominates at lower glutamate exposures. 

The replacement of extracellular Cl with an impermeant anion 
was found to attenuate GNT, in agreement with the results of 
Rothman and Price et al. While it is possible that Cl ions par- 
ticipate specifically in GNT in some yet undefined manner, this 
effect of Cl substitution can be parsimoniously explained in 
terms of secondary alterations in both the acute and the late 
components defined above. As suggested by Rothman (1985), 
Cl ions are probably drawn into cells depolarized by glutamate 
or high K, and thus, as the necessary anionic partner, permit a 
considerable net influx of extracellular cations and water to 
occur, leading to the observed acute “excitotoxic” neuronal 
swelling. Removal of extracellular Cl would limit the occurrence 
of this acute excitotoxic influx, and similarly could attenuate 
the net entry of Ca into neurons, thereby producing some at- 
tenuation of the late component of GNT. Raising extracellular 
Ca could partially restore net Ca influx and thus restore GNT. 

The ability of high Mg concentrations to block GNT in the 
absence of Na is intriguing; it could be accounted for by the 
ability of Mg to attenuate Ca entry through glutamate-activated 
channels. Mg is known to be particularly effective in producing 
a voltage-dependent blockade of the ion channels linked to the 
iV-methyl-D-aspartate (NMDA) subclass of glutamate receptors 
(Nowak et al., 1984; Mayer and Westbrook, 1985), and in the 
absence of Na, the ability of glutamate to relieve this block 
through membrane depolarization (mediated through non- 
NMDA channels) would likely be limited. The hypothesis that 
NMDA channels may play a central role in mediating GNT is 
supported by 2 other recent lines of experiments: First, the 
selective NMDA antagonist 2-amino-7-phosphonoheptanoic 
acid has been shown to attenuate the brain damage produced 
by ischemia (Simon et al., 1984a, b) and hypoglycemia (Wieloch, 
1985) in vivo, suggesting that the NMDA receptor may be crit- 
ically involved in the pathophysiology of neuronal injury in 
certain disease states. Second, recent voltage-clamp studies of 
spinal cord neurons filled with the Ca indicator dye arsenazo 
III (MacDermott et al., 1986) have found evidence that NMDA, 
much more than kainate, evokes an increase in membrane Ca 
conductance. 

Furthermore, in preliminary studies in this laboratory, we 
found that GNT is mimicked (including dependence on extra- 
cellular Ca) by brief exposure to 0.5 mM NMDA and is blocked 
by 0.5-l mM concentrations of the selective NMDA antagonist 
2-amino-5-phosphonovalerate (APV) (Davies et al., 198 l), 
amounts of APV that do not eliminate the neuroexcitatory ac- 
tion of glutamate on cortical neurons (Choi et al., 1986). Since 
glutamate is a mixed agonist acting at both NMDA and non- 
NMDA (kainate and/or quisqualate) type receptors (Davies et 
al., 1982), the ability of a selective antagonist such as APV to 
block GNT is somewhat surprising but might be explained if 
NMDA channels on cortical neurons mediate the majority of 
the Ca current evoked by glutamate exposure. Additional stud- 
ies are warranted to explore the pharmacology of GNT and the 
possibility of a link between NMDA receptor activation and 
lethal Ca influx. Drugs capable of attenuating the Ca influx 
associated with glutamate exposure could potentially provide 
important new approaches to the treatment of a variety of acute 
and chronic neurological diseases. 
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