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There is now convincing evidence that excessive accumu- 
lation of the excitatory amino acid glutamate (GLU) in the 
extracellular space is toxic to central mammalian neurons. 
However, the role of different GLU receptors in producing 
this toxicity has not been adequately ascertained. There is 
also no adequate information about the correlation of free 
intracellular calcium concentration with eventual excitotoxic 
death. We have used cultured rat hippocampal neurons to 
address these issues. Approximately 75% of our neurons 
died after a 20-min GLU exposure. The potent kainatelquis- 
qualate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3- 
dione did not significantly ameliorate the GLU toxicity, while 
the selective noncompetitive Kmethyl-D-aspartate (NMDA) 
antagonist methyl- 10,ll -dihydro-5-H-dibenzocyclohepten- 
5,10-imine (MK-601) blocked the GLU toxicity for periods of 
at least 2 hr. Interestingly, kainate was very toxic to the 
hippocampal neurons, but this toxicity was markedly atten- 
uated by MK-601. These results suggest that the major tox- 
icity of GLU is mediated by NMDA receptors and that under 
some conditions kainate toxicity reflects nonspecific open- 
ing of NMDA channels. The intracellular calcium concentra- 
tions in these neurons at the end of exposure to GLU and 
kainate (in the presence and absence of different antago- 
nists) correlated poorly with eventual survival. Antagonists 
that limited the rise in calcium were still ineffective in pre- 
venting death. These results confirm earlier observations 
that stressed the importance of NMDA receptors in mediat- 
ing GLU toxicity. However, they indicate that the relationship 
between toxicity and neuronal calcium concentration may 
be very complicated. An unexpected finding of these ex- 
periments was that MK-601, unlike competitive antagonists 
of GLU, elevated intracellular calcium. 

Over the past decade interest in the neurobiology of glutamate 
(GLU) has greatly increased. Part of this interest stems from 
the recognition of GLU as the major fast excitatory neurotrans- 
mitter in the mammalian central nervous system (Mayer and 
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Westbrook, 1987). Additional attention is due to recent obser- 
vations that endogenous GLU is toxic to neurons when it ac- 
cumulates in the extracellular space in the brain. This occurs 
under conditions ofhypoxia and ischemia (Rothman and Olney, 
1986) and experimental focal epilepsy (Collins and Olney, 1982). 
Because of this possible connection with naturally occurring 
neurological disease, defining the mechanism(s) of GLU neu- 
rotoxicity has become an important endeavor in neurobiology. 

Early work on excitotoxicity emphasized the importance of 
kainate (KA) and its receptor in producing this type of neuronal 
damage (Coyle, 1983). More recently, Choi and his colleagues 
(1988) and Finkbeiner and Stevens (1988) have shown that 
specific blockade of the N-methyl-D-aspartate (NMDA) receptor 
largely blocks the toxicity ofexogenous GLU in cultured cortical 
neurons. In addition, they and others (Simon et al., 1984; Garth- 
Waite et al., 1986; Choi, 1987) have stressed the role of calcium 
in mediating this type of cell death. 

However, a number of questions still remain unanswered. It 
is not known whether blockade of the NMDA receptor or 
NMDA-gated channel is necessary to prevent GLU toxicity or 
just sufficient. It is possible that blocking the non-NMDA re- 
ceptors that bind GLU [i.e., KA and quisqualate (QUIS) recep- 
tors] might also reduce GLU toxicity. In addition, previous 
studies examined toxicity after a brief (5 min) GLU exposure 
(Choi et al., 1987, 1988). With long GLU exposures NMDA 
blockade might be ineffective in limiting GLU damage. A sur- 
prising result of some studies of excitotoxicity in cortical cultures 
was the inability of KA to kill neurons unless present in culture 
medium for hours (Choi et al., 1988). This observation mark- 
edly contrasted with those of others who found KA very toxic 
in their slice and culture preparations (Hajos et al., 1986; Frand- 
sen and Schousboe, 1987; Rothman et al., 1987) and has not 
been explained. Finally, the role of ionized cytoplasmic calcium 
in producing cell death has not been resolved. Some experiments 
have suggested that the concentration of calcium predicts neu- 
ronal death after GLU exposure (Stodieck and Miller, 1987) 
while others have failed to confirm that this phenomenon gen- 
eralizes to all cells @masters et al., 1987). 

The experiments described below were designed to resolve 
some of these questions. They have employed a recently syn- 
thesized, highly potent competitive antagonist of KA and QUIS 
receptors, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Ho- 
nore et al., 1988), to investigate the role ofnon-NMDA receptors 
in producing GLU toxicity. These experiments also used the 
dye Fura- (Grynkiewicz et al., 1985) to obtain intracellular 
calcium concentrations in cells exposed to paradigms testing 
possible mechanisms of excitotoxicity. 



284 Michaels and Rothman * GLU Neurotoxicity in vitro 

”  loo- 

Z 
5 ao- 
I 
; 60- 

9 40- 
z 

Slope= 1 .Ol 
r=.90 

PC.001 

0 20 40 60 a0 100 
% UNSTAINED NEURONS 

Figure 1. Percentage of unstained neurons provides a valid measure 
of neuronal survival. Fields of neurons were photographed under phase- 
contrast optics prior to incubation with control MEM or MEM + GLU 
+ various excitatory ammo acid antagonists and then relocated and 
photographed again after 18 hr. An additional bright-field photograph 
of the same field was taken after trypan blue staining. The percentage 
of unstained neurons (abscissa) correlates well with the fraction of neu- 
rons still present after the experimental manipulation. The latter figure 
was obtained by counting neurons in the fields before, and 18 hr after, 
GLU exposure. 

Materials and Methods 
Tissue culture. Dispersed hippocampal cultures were prepared using the 
methods of Huettner and Baughman (1986) with very minor modifi- 
cations. Details of our culture protocol have already been published 
(Yamada et al., 1989). Cultures used for the experiments described 
below were between 14 and 18 d in vitro. The calcium determinations 
described below were done with identical cultures grown on glass cover- 
slips glued into 35-mm culture dishes from which the bottoms had been 
removed. 

Electrophysiology. For intracellular recording, growth medium was 
replaced with a balanced salt solution containing (in mM): 140 NaCl; 3 
KCl; 4 CaCl,; 4 MgCl,; 10 HEPES; and 5.5 glucose; pH was 7.3. Te- 
trodotoxin (1 &ml) was added to eliminate regenerative sodium con- 
ductances. In experiments examining NMDA responses, MgCl, was 
removed from the bath and 10 PM glycine added (Johnson and Ascher, 
1987). The cultures were placed on the stage of an inverted microscope 
and studied at room temperature. Cells were voltage clamped with low- 
resistance (- 10 Mn) pipettes using the whole-cell patch clamp technique 
(Hamill et al., 198 lj..dur intracellular solution contained (in mM): 130 
CsAC: 10 CsCl: 10 HEPES: 1.1 EGTA: and 2 Ma-ATP. Current signals 
were hltered at’0.2 kHz, digitized at 0136 kHz, and stored on disk for 
later analysis. 

We examined the effects ofputative excitatory amino acid antagonists 
by comparing inward currents produced by brief application of an ag- 
onist with current seen after equivalent application of agonist in the 
presence of antagonist. Drugs were pressure applied (2-7 x 1 O4 pa) from 
micropipettes with tip diameters approximately l-2 pm, placed within 
50 pm of a voltage-clamped neuron (Choi and Fischbach, 1981). The 
drugs were always dissolved in a buffer identical to that bathing the 
cells. In most experiments, agonist (usually GLU) responses using the 
same pipette were compared before and immediately after a 4-lo-set 
local application of antagonist from a second pipette. At other times 
the current produced by agonist delivered from 1 pipette was compared 
with current produced by the simultaneous application of agonist and 
antagonist delivered from a second pipette. These methods have pre- 
viously provided us with reliable, quantitative results (Yamada et al., 
1989). 

Toxicity. Growth medium was replaced with MEM without phenol 
(Earle’s salts) modified to contain (in mM): 1 NaHCO,, 0.1 glutamine, 
0.01 glycine, 33 glucose, 35 sucrose, and 10 HEPES; pH was 7.3. The 
sucrose was added to increase the osmolarity to 350 mOSM to resemble 
our bicarbonate-buffered standard growth medium. In experiments ex- 
amining potential protective effects ofexcitatory amino acid antagonists, 
the drugs were added to the dishes from stock solutions and allowed to 

equilibrate for 2 min. At that time different excitatory amino acids were 
added and the cultures returned to a 37°C incubator for either 20 min 
or 2 hr. Cultures were then washed 3 times with Earle’s balanced salt 
solution supplemented with 33 mM glucose and returned to a 37°C 
incubator containing 5% carbon dioxide. They remained in the EBSS 
for 18 hr, when cell survival was assessed by dye exclusion. For this 
period the cells survived as well in EBSS as in MEM or in full media. 

Trypan blue (4% final concentration) was added to cultures for 5 min 
and then removed by 2 washes with EBSS. Two l-mm2 areas of each 
dish, which had been scored prior to any experimental manipulation, 
were then counted under bright-field optics to give the number of dye- 
stained neurons and total number of neurons in each field. Each ex- 
periment was replicated with at least 6 dishes (12 fields). We were 
concerned that this method might underestimate cell death if dead 
neurons disintegrated without leaving a dye-stained remnant. Therefore, 
in 24 dishes fields of neurons were photographed before an experiment 
and then relocated and photographed after 18 hr. They were then stained 
with trypan blue. The fraction of clearly identifiable, phase bright neu- 
rons that was initially present and remained at 18 h was compared with 
the fraction of unstained neurons determined with dye. Although there 
was some variability between the two measures, correlation was quite 
good (Fig. 1). 

In 1 set of experiments we examined the potential toxicity of elevated 
extracellular potassium. The solution used in these experiments was 
identical to standard MEM except that 122 mM KC1 and 1 mM KH,PO, 
were substituted equimolar for NaCl and NaH,PO,, respectively. The 
same additions made to our MEM listed above were also used in this 
solution. 

Calcium measurements. Hippocampal neurons were loaded with 1.5 
PM Fura-Z/AM (Molecular Probes, Eugene, OR) added to the medium 
for l-2 hr at 37°C. This medium was then removed with at least 3 
washes of MEM without phenol, exactly like the medium used for the 
toxicity experiments. This solution was then left in the dishes for 15- 
30 min before any measurements were undertaken. Drugs and amino 
acids were added to the cultures from 100x stock solutions during 
calcium measurements. Small groups of cells (rarely individual cells) 
were examined on a Zeiss IM-35 microscope equipped for epifluores- 
cence, using a Zeiss Plan 40 (NA = 0.65, air) objective (Fig. 2, A, B). 
During experiments, cells were maintained at 36-37°C on a thermo- 
statically controlled heating stage. During excitation, 2 bandpass inter- 
ference filters were alternated manually: one 340 nm (Ditric Optics, 
Hudson, MA) in series with an Inconel-coated neutral-density filter 
(density = 0.6) (Harvard Apparatus, South Natick, MA), and the other, 
380 nm (Corion Corp., Holliston, MA) in series with 2 Schott 0.6 
neutral-density filters to minimize bleaching. Emitted light was collected 
at 480-530 nm (Schott colored glass, GG495) and focused on an in- 
tensified silicon intensifier target-tube camera (DAGE, MTI, model 66). 
The output was digitized by a Grinnell GMR 274 video frame buffer 
then transferred to a VAX 1 l/780 computer. Ratio images were pro- 
duced by dividing 340-nm images by 380-nm images, after the sub- 
stration of background (neuron-free region) and autofluorescence (Fig. 
2, C, D). An intensity threshold was also set before the ratio was made 
in order to exclude noncellular regions from the determination of the 
ratio image. Images were stored on compact tapes (Digital TK50, Digital 
Equipment Corp.; 90-megabyte capacity). Fluorescence intensitjr was 
analyzed in multiple regions throughout a neuron, with each regional 
intensity value representing an average from 12 1 pixels of an 11 x 11 
matrix (4.2 pm*). Ratios from 2 to 5 regions were averaged to obtain a 
single ratio for each neuron. 

We used the formula Ca = K&R - &,,)I(&,, - R)](F,IF,) (Gryn- 
kiewicz et al., 1985) to convert our ratio images to free intracellular 
calcium concentrations (Ca,2+). The values for R,,,, R,,,, and FdFS 
were obtained by measuring the fluorescence of 20 KM Fura- (potassium 
salt, Molecular Probes) in a solution of (in mM): 150 KCl, 10 HEPES, 
2 MgSO,, 10 EGTA, and NaOH to pH 7.1. R,,, was the 340/380 ratio 
without added calcium; R,,, was the ratio when saturating calcium, 15 
mM, was added; and FJF, was the 380-nm intensity in saturating 
calcium. For our microscope and camera, R,,, = 0.2, k,,,,, = 4.6; and 
FdF, = 3.4 1. We used the previously published K, for Fura-2,224 nM 
(Grynkiewicz et al., 1985). 

Amino acid antagonists. Dr. Tage Honor6 of Ferrosan provided our 
initial sample of CNQX. Subsequent batches of CNQX were purchased 
from Tocris Neuramin. The methyl- 10,ll -dihydro-5-H-dibenzocyclo- 
hepten-5,10-imine (MK-801) was a gift of Merck Sharp, and Dohme. 
We obtained D-2-amino-5-phosphonovalerate (APV) from either Cam- 
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Figure 2. Sample Fura- ratio images. A, Phase image of 2 hippocampal neurons that were loaded with Fura-2. B, Epifluorescence image (380 
nm) of the same 2 neurons, showing the much greater fluorescence within the neurons than surrounding glia. C, Ratio image of same 2 cells created 
by image processor using 340- and 380-nm images. D, 340/380 ratios for individual cells were obtained by averaging 11 x 11 matrices containing 
12 1 pixels from several portions of the soma and/or proximal dendrites. These values were then averaged to provide an overall ratio for individual 
neurons within a field. The line drawing shows the 5 regions used in the larger neuron in this figure. Scale bar, A-D, 7 pm. 

bridge Research Biochemicals or To& Neuramin. The excitatory ami- 
no acids were purchased from Sigma. 

Results 
Electrophysiology 
Although other investigators have shown that CNQX is a potent 
antagonist of non-NMDA excitatory amino acid receptors (Ho- 
nor6 et al., 1988; Neuman et al., 1988; Yamada et al., 1989) 
we wanted to establish that CNQX could significantly inhibit 
inward currents produced by the application of toxic concen- 
trations of GLU. For short-term exposures this GLU concen- 
tration is 500 PM to 1 mM (Choi et al., 1987; Rothman et al., 
1987). This required a CNQX concentration high enough to 
antagonize 500 PM GLU acting at non-NMDA receptors. How- 
ever, at high concentrations, CNQX is a noncompetitive inhib- 
itor of the NMDA receptor at the glycine site (Yamada et al., 
1989). Therefore, an excessive CNQX concentration would block 
all excitatory amino acid responses. We found that 200 PM 

CNQX very strongly blocked GLU currents without totally 
eliminating responses to NMDA itself. 

Brief (100 msec) applications of 500 MM GLU to voltage- 
clamped neurons produced an inward current that was almost 
completely eliminated by 200 PM CNQX (Fig. 3A). In 5 con- 
secutive neurons the reduction in GLU current was 85.6 + 3.3% 
(SEM). 

In our neurons, inward currents produced by 500 MM NMDA 
were diminished by 75.7 f 3.3% (n = 6; Fig. 3B). However, 
the absolute magnitude of the inward current produced by 500 
MM GLU acting at the NMDA receptor will be larger than that 
elicited by 500 PM NMDA itself, owing to the higher affinity of 
the former for the NMDA receptor (Olverman et al., 1984). 
APV, 1 mM, diminished GLU currents by 21.3 + 4.2% (n = 7; 
not shown). This probably reflects the small NMDA component 
of GLU currents produced by high GLU concentrations. MK- 
801, 20 PM, had little effect on GLU currents (Fig. 3C9, as 
expected from other reports showing virtually no effect of MK- 
80 1 on KA/QUIS responses (Huettner and Bean, 1988). Repeat 
applications of MK-801 might have made the NMDA com- 
ponent of the GLU currents more evident. 

Neurotoxicity 
A 20-min exposure to 500 PM GLU killed 75% of our cultured 
hippocampal neurons (Figs. 4B, 5A). In the presence of 200 PM 

CNQX, added prior to the GLU, the toxicity of GLU was only 
minimally attenuated, to 64% (Figs. 4C, 5A). Thus, concentra- 
tions of CNQX capable of attenuating 85% of the inward current 

c3 “‘;_“‘;_. -i-- 
Figure 3. CNQX blocks GLU- and NMDA-induced inward currents 
in voltage-clamped hippocampal neurons. A, The current produced by 
a lOO-msec application of 500 PM GLU (arrowhead, Al) was almost 
completely eliminated when 200 PM CNQX was locally perfused for 5 
set before the GLU application (A2). After 30 set the GLU response 
almost completely recovered (A3). The neuron was clamped at -60 
mV and the current filtered at 0.2 kHz. B, Current elicited by a 500- 
msec exposure to 500 PM NMDA (BI) was also reduced by prior ap- 
plication of 200 GM CNQX (BZ). This was completely reversible (B3). 
NMDA experiments were done in the absence of added magnesium and 
in the presence of 10 PM glycine; cells were held at - 50 mV. C, Inward 
current after a 200-msec GLU pulse (Cl) was not reduced when GLU 
was simultaneously applied with 20 PM MK-801 (C2). Reexposure to 
GLU alone (C3) shows no residual effects of MK-801. Cell clamped at 
-60 mV. 
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Figure 4. CNQX does not block GLU neurotoxicity. A, Three photographs showing neurons in a single microscope field before (Al) and 18 hr 
after a 20-min medium change to MEM without GLU (42, A3). A I and A2 are phase-contrast photographs showing the cell bodies of typical phase- 
bright neurons. A3 is a bright-field photograph showing that very few neurons have taken up the trypan blue vital stain. B, Field in a sister culture 
shown before (B1) and 18 hr after a 20-min incubation with 500 WM GLU (B2, B3). Under bright field most neurons are stained with trypan blue 
(B3). C, Sequence identical to A and B showing field from another culture pretreated with CNQX prior to GLU addition. The trypan blue staining 
(C3) shows that most neurons are no longer viable. D, Pretreatment with APV leads to some decrease in GLU toxicity, but a number of neurons 
are still trypan blue stained after the GLU + APV exposure (03). Scale, A-D, 200 firn. 

produced by GLU had an insignificant influence on GLU tox- 
icity. CNQX was not toxic on its own. High concentrations of 
APV, 1 mM, were more protective than CNQX, but still allowed 
over 50% of the neurons to die after GLU exposure (Figs. 40, 
54). MK-801, which did not alter GLU currents at 20 FM, 

preserved almost all the neurons after a 20-min GLU exposure 
(Figs. 5A, 6A). In fact, cell death after the combination of GLU 
+ MK-80 1 (14%) was about half of control cell loss (27%). This 

likely represents a small amount of cell death in controls from 
stimulation of endogenous GLU release, which has been de- 
scribed in other culture preparations (Hahn et al., 1988). 

The inability of CNQX to protect these cultured neurons from 
GLU toxicity indicated that KA/QUIS receptors were relatively 
unimportant for this type of toxicity, as has been suggested 
previously (Choi et al., 1988). However, as other investigators 
and ourselves have found substantial KA toxicity in dispersed 
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neuronal cultures (Frandsen and Schoushoe, 1987; Rothman et 
al., 1987), we also examined the effects of high concentrations 
of KA in our preparation. A 20-min incubation in 1 mM KA 
killed 60% of our neurons, indicating that, at least at high con- 
centrations, KA was very toxic (Figs. 5B, 6B). Unexpectedly, 
we found that this toxicity was markedly attenuated by adding 
20 PM MK-801 prior to KA exposure (Figs. 5B, 60. Release 
of endogenous GLU does not play a major role in this KA 
toxicity, as incubating the cells in 123 mM KC1 for 20 min did 
not produce much cell death (Fig. 5C). The cell death seen with 
the potassium exposure was also not reduced by MK-801 (Fig. 
5C). We suspect that much of the KA toxicity results from 
nonspecific activation of NMDA channels by KA (Jahr and 
Stevens, 1987; Cull-Candy and Usowicz, 1987). 

We were concerned that the MK-801 protection from GLU 
toxicity might be only short lived, and that the dramatic swelling 
seen in our neurons exposed to GLU, even in the presence of 
MK-80 1, would eventually prove deleterious if maintained for 
more than 20 min. However, even when the exposure was pro- 
longed to 2 hr, MK-801 was still protective. Glutamate alone 
now killed 89.9 + 2.1% (SEM; n = 14 fields) of the neurons, 
but when MK-80 1 was present, mortality dropped to 29 -+ 3%. 
Control cell death in this case was 26.3 + 2.6%. 

Intracellular calcium and neurotoxicity correlation 
Hippocampal cultures grown on glass coverslips were preloaded 
with Fura-2/AM and placed on the heated stage of an inverted 
microscope, but otherwise treated identically to cultures used 
in the neurotoxicity experiments. Neurons, typically in clusters 
of 4-6 cells, were imaged with 340 nm and 380 nm fluorescence 
to provide an intensity ratio. Prior to the addition of any amino 
acid agonist or antagonist, we obtained control ratios on up to 
10 neurons in a culture. The imaging was repeated after 15-20 
min, the time interval in the toxicity experiments, on the same 
or occasionally nearby neurons. In preliminary experiments, we 
saw no change in the 340/380 ratio in clusters of neurons mon- 
itored over 45 min without any drug additions (Fig. 8A). The 
340/380 ratio in these neurons prior to any drug addition was 
0.45; addition of 500 I.LM GLU elevated this ratio to 1.64. In 
the presence of CNQX, APV, or MK-801, GLU did not sig- 
nificantly increase the ratio over control (Fig. 7A). KA also 
produced a substantial elevation of the 340/380 ratio which was 
partially reduced by pretreatment with MK-801. Elevated ex- 
tracellular potassium also increased the ratio (Fig. 7A). 

While there was a tendency for paradigms associated with a 
large degree of neuronal death to produce significant elevations 
of the 340/380 image after 20 min, the correlation was weak 
(Fig. 7B). Plotting the ratio against the percent neuronal loss 
(taken from Fig. 5) produced a correlation coefficient of 0.41, 
which was not significantly greater than zero. 

As the 20-min 340/380 ratio correlated poorly with cell sur- 
vival, we examined the ratio over shorter time periods in some 
cells monitored serially for up to 45 min. Not unexpectedly, 
ratios in neurons treated with GLU alone remained elevated 
during the entire exposure (Fig. 8A). Neurons treated with APV 
prior to GLU showed a transient peak at 5 min, which decayed 
back to near control values at 15 min. CNQX pretreatment 
even prevented this early peak despite being ineffective in pro- 
tecting neurons from GLU toxicity. 

We also investigated the effects of the amino acid antagonists 
on Cac2+ to make sure that the ratios were not influenced by 
drug treatment alone. Neurons were imaged prior to drug ad- 
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dition and after 15 min of incubation in drug but before exposure 
to GLU or KA. Both CNQX and APV decreased intracellular 
calcium (Fig. 8B). Interestingly, MK-80 1 significantly elevated 
the 3401380 ratio. 

In view of evidence linking hypoxic neuronal injury to in- 
creases in extracellular GLU (Rothman and Olney, 1986), we 
also did 1 set of experiments to determine whether hypoxia in 
our cultures increased Caiz+ and whether this increase could be 
prevented by GLU antagonists. Hypoxia was produced chem- 
ically by adding 4 mM NaCN to cultures treated identically to 
those described above. NaCN treatment alone elevated the 3401 
380 ratio to levels comparable to those seen with 500 PM GLU 
incubation (Fig. 9). Both APV and CNQX pretreatment sub- 
stantially attenuated this increase in intracellular calcium. In 
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neurons prior to any drug additions. Numbers above the bars are sample 
size. Asterisks signify no difference from control (p > 0.05 by Student- 
Newman-Keuls test). Error bars are SEM. B, The 340/380 ratios in A 
plotted against the neuronal loss shown in Figure 5. There are only 7 
points because control is not included in the regression. While there is 
a correlation between calcium and neuronal loss, it is weak and not 
significantly greater than zero (t test). 

the presence of combined APV and CNQX, there was virtually 
no increase in the calcium measurements. 

Discussion 
The experiments described above clarify some issues related to 
the neurotoxicity of GLU and identify others that still require 
elucidation. In agreement with Choi and his colleagues (1988) 
GLU neurotoxicity in cultured central neurons depends largely 
on activation of the NMDA receptor. We were concerned that 
the non-NMDA antagonists used in their previous studies were 
too weak to adequately block KA and QUIS receptors and, 
therefore, did not show much of a KA/QUIS component to 
GLU toxicity. However, in the present study, CNQX was not 
able to significantly block GLU toxicity even though it elimi- 
nated almost 90% of the inward current produced by a neuro- 
toxic GLU concentration. It is possible that even higher CNQX 
concentrations would increase survival, but these would also 
antagonize the NMDA component of GLU neurotoxicity. APV 
was not particularly successful in blocking GLU toxicity in our 
experiments, most likely because even 1 mM of the active D 
isomer was still an inadequate concentration to block 500 PM 

GLU acting at NMDA receptors for 20 min (Olverman et al., 
1984). MK-80 1 was more successful because its block ofNMDA 
currents is noncompetitive (Wong et al., 1986; Huettner and 
Bean, 1988). 

We were also concerned that the NMDA component of GLU 
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Sequential intracellular calcium changes after exposure to GLU f  an- 
tagonists. The “- 15 to 0” interval represents equilibration with APV 
or CNQX prior to GLU. Interestingly, the 340/380 ratio remains low 
for the entire 45min exposure to GLU + CNQX and most of the 
exposure to GLU + APV despite the eventual loss of neurons. Control 
represents the 340/380 ratio for neurons observed over 45 min but not 
exposed to GLU or antagonists. Bars are SEM. B, Effects of amino acid 
antagonists on intracellular calcium. Both CNQX and APV reduce the 
340/380 ratio (p < 0.01 compared with control by Student-Newman- 
Keuls test), while MK-80 1 elevates it (p < 0.0 1). Numbers above bars 
are sample size. 

toxicity might become relatively unimportant if the GLU ex- 
posure was prolonged. However, even lengthening the GLU 
incubation to 2 hr did not diminish the ability of MK-801 to 
protect these neurons. Under these conditions the neurons no- 
ticeably swelled, but this was reversible with removal of the 
GLU. Thus, even in monolayer culture, neurons can undergo 
prolonged swelling and still survive, as has been shown for 
shorter periods (Choi et al., 1988). We did not previously ap- 
preciate the reversibility of neuronal swelling and, therefore, 
overemphasized an osmotic component of excitotoxicity in an 
earlier paper (Rothman, 1985). 

There are likely situations in which non-NMDA receptors do 
play an important role in GLU toxicity. A population of cortical 
neurons that stains for NADPH-diaphorase is very sensitive to 
KA and QUIS toxicity and might be more vulnerable to GLU 
acting at non-NMDA receptors (Koh and Choi, 1988). The 
developing rat cerebellum has subpopulations of neurons with 
low NMDA and high KA sensitivity (Garthwaite and Garth- 
Waite, 1986). There are also neurons in the retina that are ex- 
tremely susceptible to both NMDA- and non-NMDA-mediated 
excitotoxicity (Price et al., 1988). Recognizing all this, it is still 
significant that KA toxicity in our cultured hippocampal neu- 
rons was reduced by MK-80 1. This implies that at least in some 
cases KA toxicity is due to nonspecific activation of NMDA 
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Figure 9. Amino acid antagonists block intracellular calcium eleva- 
tions produced by “chemical hypoxia.” Both APV and CNQX indi- 
vidually suppress the 340/380 ratio increase produced by 4 mM NaCN. 
The 2 combined entirely prevent any rise. In the “- 15 to 0” interval 
the decrease due to drug addition is apparent. Error bars are SEM. 

receptors, as supported by single channel records (Cull-Candy 
and Usowicz, 1987; Jahr and Stevens, 1987). Alternative hy- 
potheses, KA inhibition ofendogenous GLU reuptake or a unique 
enhancement of GLU release, still cannot be completely elim- 
inated (Pocock et al., 1988). The blockade of KA toxicity by 
MK-80 1, which has little effect on KA-induced depolarizations, 
and the failure of depolarizing concentrations of potassium to 
kill our neurons again point out the small role of voltage-gated 
calcium channels in this type of neurotoxicity. However, Matt- 
son and his colleagues (1989) have come to a different conclusion 
about the pathophysiology of GLU neurotoxicity in hippocam- 
pal neurons less than 1 week in vitro. GLU likely kills these 
neurons via depolarization mediated by KA/QUIS receptors 
and subsequent calcium entry. NMDA receptors do not play 
much of a role in cell death in these younger cultures. Thus, 
neuronal maturity can play a major role in determining the 
mechanism(s) by which GLU kills cells. 

The results of the calcium determinations were not exactly 
as anticipated. We agree with others (Connor et al., 1987; Mayer 
et al., 1987; Murphy et al., 1987; Stodieck and Miller, 1987; 
Baimbridge and Kao, 1988) that GLU is clearly capable of 
elevating Ca,2+. However, we failed to find the excellent corre- 
lation between Ca,*+ increase and cell death reported by different 
laboratories (Stodieck and Miller, 1987; Ogura et al., 1988; 
Mattson et al., 1989). Some treatments (CNQX, APV) that 
blocked Ca12+ elevations failed to protect from GLU. Other 
paradigms that led to Ca,2+ elevations (KA + MK-801, 123 mM 
K+) were relatively nontoxic. Sampling bias is an unlikely ex- 
planation for these Ca,Z+ results. We almost always selected 
neurons in clusters for imaging and these are the cells most 
likely to die after toxic GLU exposure. There was insignificant 
variability among the cells in baseline Ca12+ values. 

A review of other recent reports suggests that Ca,2+ measure- 
ments may not necessarily predict neuronal death. Murphy and 
Miller (1987, 1988) have described Ca,*+ elevations produced 
in cultured striatal neurons by KA that are as large as those 
produced by NMDA. These KA-induced Ca,2+ increases were 
seen in the presence of MK-801, as were the Ca,Z+ changes in 
our hippocampal neurons. If Cai2+ elevations are the main de- 
terminant of neuronal death, KA should have been a potent 
toxin in vitro even in the presence of MK-80 1. An elegant study 

of hepatocytes dying from inhibition of metabolism also failed 
to show a rise in free Ca,*+ until membrane rupture (Lemasters 
et al., 1987). Experiments attempting to correlate neuronal death 
and the uptake of radioactive calcium, “Ca2+, have thus far 
provided conflicting results. Two recent studies of hypoxia 
(Goldberg et al., 1989) and GLU toxicity (Kurth et al., 1989) 
in cultured neocortex demonstrated an excellent correlation be- 
tween number of neurons dying and uptake of “Ca2+. However, 
others have found that drugs (phenytoin, verapamil, diltiazem) 
that block 45Caz+ sequestration in similar hypoxic cultures still 
fail to prevent neuronal death (Weber et al., 1988). 

The most reasonable interpretation of these and previous re- 
sults (Choi, 1987; Rothman et al., 1987) is that calcium is im- 
portant for excitotoxic cell death. This has been postulated as 
a general mechanism of “toxic cell death” for over 10 years 
(Schanne et al., 1979) and emphasized as an important factor 
in the death of neurons damaged by a variety of insults (Simon 
et al., 1984; Kass and Lipton, 1986; Siesjo, 1988). However, 
this toxic calcium overload may not be accurately reflected by 
a sustained elevation of Ca12+. Calcium may quickly enter other 
cellular compartments or bind to structures without necessarily 
remaining in solution in the cytosol. This could be the mech- 
anism by which calcium damages cells. The in vivo observation 
that NMDA agonists, including GLU, produce a much greater 
drop of extracellular calcium in cerebral cortex than KA or 
QUIS (Pumain et al., 1987) supports the hypothesis that there 
are very significant differences in calcium fluxes caused by dif- 
ferent excitatory amino acids which may not be accurately mon- 
itored by Ca,2+ measurements. 

Other interpretations of our data and those of Murphy and 
Miller (1987, 1988) are also possible. Both of us visualized Fura 
signals only in the neuronal cell body and most proximal den- 
drites. If Ca12+ rose to much higher levels in distal dendrites 
than within the cell body, neither of us would have detected it. 
It is possible that this explains our failure to see a significant 
rise in Ca,*+ in neurons treated with GLU + CNQX or GLU 
+ APV. In addition, in our experiments Ca12+ was monitored 
on an extremely slow time scale. We could easily have missed 
earlier transient Ca12+ elevations, which may be important for 
cell damage. These questions require further investigation. We 
also did not monitor Ca,*+ over many hours after GLU exposure. 
It is likely that Cai2+ does rise immediately prior to cell death. 

Two other findings require comment. First, APV and CNQX 
both produced small but statistically significant reductions in 
intracellular calcium. This may reflect antagonism of endoge- 
nous GLU always present in our medium although other in- 
vestigations have seen unexplained increases in Ca12+ after ex- 
posure to competitive excitatory amino acid antagonists (Kudo 
and Ogura, 1986; Murphy et al., 1987). Even more interesting 
was the increase in Ca,2+ seen after exposure to 20 PM MK-80 1. 
While the mechanism for this is undetermined, it may be related 
to the cerebral metabolic changes seen in whole animals after 
systemic MK-80 1 administration (Nehls et al., 1988). This clearly 
requires further investigation. 

Second, APV, CNQX, or the combination of both dramati- 
cally reduced the Ca,2+ elevations seen in our neurons after CN 
exposure. This implies that a major component of the Ca,*+ 
increase seen in neurons after hypoxia and even ischemia is 
caused by accumulation of endogenous GLU or ASP and will 
be reduced by antagonists of these excitatory amino acids. This 
observation further supports the link between excitatory amino 
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acids and some types of hypoxiclischemic brain injury first sug- 
gested 30 years ago (Van Harreveld, 1959). 
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