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Abstract 

The pathophysiology of hypoxic neuronal death, which is difficult to study in vivo, was further 
defined in vitro by placing dispersed cultures of rat hippocampal neurons into an anoxic atmosphere. 
Previous experiments had demonstrated that the addition of high concentrations of magnesium, 
which blocks transmitter release, protected anoxic neurons. These more recent experiments have 
shown that y-D-glutamylglycine (DGG), a postsynaptic blocker of excitatory amino acids, was 
highly effective in preventing anoxic neuronal death. DGG also completely protected the cultured 
neurons from the toxicity of exogenous glutamate (GLU) and aspartate (ASP). In parallel physiology 
experiments, DGG blocked the depolarization produced by GLU and ASP, and dramatically reduced 
EPSPs in synaptically coupled pairs of neurons. These results provide convincing evidence that the 
synaptic release of excitatory transmitter, most likely GLU or ASP, mediates the death of anoxic 
neurons. This result has far-reaching implications regarding the interpretation of the existing 
literature on cerebral hypoxia. Furthermore, it suggests new strategies that may be effective in 
preventing the devastating insults produced by cerebral hypoxia and ischemia in man. 

Cerebral hypoxia, either as an isolated event, or as a 
concomitant of occlusive cerebrovascular disease, peri- 
natal asphyxia, or cardiorespiratory failure, is a frequent 
cause of human neurological injury. On occasion, the 
deficits produced by hypoxia are reversible, but irre- 
versible brain damage is a far more common event. 
Despite the importance of the problem, the pathophys- 
iology of hypoxic brain injury has not yet been deter- 
mined, although it appears that altered calcium homeo- 
stasis, elevated free fatty acid concentrations, accumu- 
lation of eicosanoids, and increased extracellular lactic 
acid all contribute to neuronal death (Siesjo, 1981; 
Raichle, 1983). However, resolving all of the factors 
responsible for pure hypoxic brain injury has remained 
difficult because hypoxia in vivo is invariably associated 
with hypotension, hypercarbia, and acidosis, which are 
all potentially damaging. 

Recent in vitro observations have provided new in- 
sights into the pathophysiology of neuronal injury pro- 
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duced by hypoxia, unaccompanied by other complicating 
variables. Experiments with fetal rat hippocampal neu- 
rons maintained in dispersed tissue culture showed that 
synaptic activity mediated neuronal death when the cul- 
tures were exposed to an anoxic environment (Rothman, 
1983). Freshly plated neurons, which had not yet formed 
synapses, were very resistant to prolonged anoxia. Ma- 
ture cultures markedly deteriorated in the absence of 
oxygen, and within a few hours all of the neurons had 
been replaced by debris. However, when synaptic activity 
was blocked by high concentrations of magnesium, the 
cultures tolerated prolonged anoxia and showed virtually 
no morphological changes. 

While these experiments clearly demonstrated that 
synaptic activity was responsible for killing hypoxic neu- 
rons, they failed to indicate the mechanism of activity- 
induced neuronal death. The experiments described in 
the present paper provide convincing evidence that syn- 
aptically released neurotransmitter, most likely gluta- 
mate (GLU) or aspartate (ASP), initiates the cascade of 
reactions that culminates in neuronal death in hypoxia. 

Materials and Methods 

Culture. Hippocampi were dissected from the brains of 
l&day-old rat fetuses under sterile conditions and were 
placed in 0.1% trypsin (Gibco) in calcium-magnesium- 
free Hanks’ Balanced Salt Solution (HBSS) buffered to 
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pH 7.3 with 10 mM HEPES. After a 15min incubation 
at 37”C, the hippocampi were washed three times with 
HBSS, resuspended in approximately 1 ml of HBSS, and 
dissociated by passage through a series of Pasteur pi- 
pettes with flame-narrowed tips. The cells were then 
pipetted into 35mm tissue culture dishes (Falcon) at a 
density of approximately 1.5 to 2.0 X lo4 cells/cm2. Each 
dish contained 1.5 ml of medium. 

The dishes were precoated with poly-L-lysine hydro- 
bromide, molecular weight 3.0 to 7.0 X lo4 (Sigma), as 
previously described (Banker and Cowan, 1977) except 
that a solution of only 0.01% poly-L-lysine in borate 
buffer was used. 

The culture medium contained equal volumes of Ham’s 
F-12 and Dulbecco’s Modified Eagle’s Medium supple- 
mented with an additional 120 mg/lOO ml of glucose, 5 
pg/ml of bovine insulin, 100 pg/ml of human transferrin, 
20 nM progesterone, 100 pM putrescine, and 30 nM sele- 
nium dioxide (all from Sigma). Penicillin and strepto- 
mycin (both from Gibco) were added to final concentra- 
tions of 20 units/ml and 20 pg/ml, respectively. The final 
medium also contained 10% heat-inactivated human 
serum. All recent experiments have employed my own 
serum, to eliminate the variability seen with different 
lots of commercial animal sera. However, fetal calf and 
horse sera have supported adequate neuronal growth and 
survival in the past. This medium is almost identical to 
the previously described N2 (Bottenstein and Sato, 
1979), except that it omits HEPES and contains serum. 

Cultures were maintained in a humidified incubator 
with 5% CO2 at 36°C. After 4 to 6 days, division of non- 
neuronal cells was halted by the addition of 15 pg/ml of 
fluorodeoxyuridine and 35 pg/ml of uridine (Ransom et 
al., 1977). the growth medium was never changed, and 
cultures were not refed. Cultures maintained in this 
manner usually survived 4 to 5 weeks, and this was not 
demonstrably affected by refeeding. 

Ilzductiorz of anoxia. In early experiments, cultures 
were made anoxic by placing them in a home-made 
chamber which was flushed with 95% N2/5% C02, sealed, 
and returned to the incubator. More recently, a commer- 
cially available incubator chamber specifically designed 
for this purpose has been employed (Billups-Rothenberg, 
Del Mar, CA). Dishes filled with water were placed into 
both chambers to maintain humidity as close to 100% as 
possible. 

Individual microscope fields were photographed prior 
to anoxia and then relocated for photography after vary- 
ing periods of anoxia. Just prior to anoxic exposure, 
medium was replaced with Earle’s Minimum Essential 
Medium (MEM) or MEM supplemented with lop2 M y- 

D-glutamylglycine (DGG; Cambridge Research Biochem- 
icals LTD, Atlantic Beach, NY) as the sodium salt. 

Excitatory amino acid toxicity. In these experiments, 
individual microscope fields were photographed. The me- 
dium was then replaced with MEM, to which had been 
added lop4 M ASP or low4 M GLU, either alone or in 
combination with 10e2 M DGG. The same fields were 
then relocated for photography at set intervals. 

Physiology. For intracellular recording, culture me- 
dium was replaced with HBSS modified to contain 3 mM 

potassium, 5 mM calcium, 1 mM magnesium, and 10 mM 

HEPES (pH 7.3). Tetrodotoxin (TTX), 1 pg/ml, was 
added to block action potentials in some experiments. 
The culture was transferred to the stage of an inverted, 
phase contrast microscope, and the temperature was 
maintained at 35°C by a heater insert connected to a 
feedback system. Evaporation was prevented by covering 
the surface of the dish with a layer of surgical mineral 
oil, which allows for adequate gas exchange. Neurons 
were impaled under direct vision at x 500 magnification. 
Microelectrodes were filled with 4 M potassium acetate 
and had impedances between 40 and 80 megohms. A 
standard bridge circuit was used for recording and cur- 
rent passage. 

GLU, ASP, and DGG were delivered by microperfusion 
(Choi and Fischbach, 1981). They were dissolved in 
medium identical to the bath and applied by pressure 
from blunt-tipped pipettes (-5 pm) located approxi- 
mately 30 pm from impaled neurons. A pulse generator 
activating a solenoid valve (General Valve Corp., Fair- 
field, NJ) controlled ejection duration. 

Results 

In five control cultures exposed to 95% N2/5% CG2, 
the neurons had markedly degenerated by 6 to 8 hr (Fig. 
1, Al and A2). After 1 day it was impossible to delineate 
outlines of neurons except for their processes, which 
appeared swollen and vacuolated (Fig. 1, A3). Although 
the figures show only a single microscope field followed 
over time, they are representative of the appearance of 
all five control cultures; no intact neurons were seen 
after 6 to 8 hr. There was a delay of a few hours before 
the effects of anoxia became obvious. This is most likely 
because some oxygen remained dissolved in the medium. 
When aerobic metabolism was blocked by cyanide rather 
than anoxia, the effects were manifest within 1 hr (Roth- 
man, 1983). 

In contrast, glia, which are also present in these hip- 
pocampal cultures (Rothman and Cowan, 1981; Seifert 
et al., 1981), appear relatively resistant to anoxia, at least 
over the period of observation. They are not easy to 
distinguish in the figures because they tend to grow as a 
monolayer beneath the neurons. 

As previous experiments had indicated that blockade 
of transmitter release by magnesium prevented neuronal 
death in these cultures, it seemed possible that released 
transmitter might be responsible for this phenomenon 
(Rothman, 1983). The most likely excitatory transmit- 
ters used by hippocampal neurons in these cultures are 
GLU and ASP (Rothman, 1982), which are well known 
neurotoxins (Olney, 1978). 

To test the hypothesis that released GLU or ASP 
produced the neuronal loss, five cultures were treated 
with lop2 M DGG, a postsynaptic blocker of excitatory 
amino acids (Francis et al., 1980), and were then exposed 
to 95% N2/5% C02. There were dramatic differences 
between all five DGG- treated cultures and control cul- 
tures viewed simultaneously. In the former, almost all 
neurons appeared healthy after 8 hr and 1 day (Fig. 1, 
Bl, B2, and B3), although the cell bodies of a few neurons 
were no longer evident. The contrast between DGG- 
treated cultures and controls was so evident that it was 
not further quantitated. Similar experiments attempted 
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Figure 1. Effects of anoxia on cultured hippocampal neurons. Cultures were removed from the standard 5% CO:! atmosphere, 
and medium was replaced with MEM. They were then placed into a container which was flushed with 95% N2/5% CO, and 
resealed. Representative fields of neurons were photographed under phase contrast optics prior to anoxic exposure and were then 
relocated and photographed after varying intervals of anoxia. Al, Field just prior to exposure to anoxic environment showing 
clusters of neuronal cell bodies and interconnecting neurites. AZ, After 8 hr, neuronal cell bodies are hard to distinguish, although 
process outlines are partially preserved. A3, After 1 day, cells have been totally replaced by debris, although it is still possible to 
see process outlines. B1, Field of neurons treated with lo-* M DGG prior to anoxia. B2, After 8 hr, most of the cell bodies remain 
intact, and processes are little changed. B3, After 1 day, there is little additional change, and neurons appear, at most, slightly 
altered. Scale: 50 pm. 

with cis-2,3-piperidine dicarboxylate, another excitatory and replaced with standard recording HBSS after 18 hr 
amino acid antagonist (Davies et al., 1981), were unsuc- of anoxia. The average resting membrane potential of 12 
cessful because that agent was directly toxic when ap- consecutively impaled neurons was 65.3 + 6.2 mV. This 
plied for long periods. compares favorably with an average resting potential of 

Intracellular recording provided additional evidence 62.5 + 6.8 mV found in a series of 251 cultured hippo- 
that neurons in the DGG-treated cultures were alive and campal neurons previously studied in this laboratory and 
healthy. Media and DGG were removed from one culture also with literature values for pyramidal cells in the 
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hippocampal slice (Schwartzkroin, 1977). Action poten- 
tial amplitude in eight consecutive cells was 70 + 6.8 
mV, which is also in the range seen in the slice prepa- 
ration. It was impossible to perform this experiment in 
anoxic control cultures, because there were no identifia- 
ble neuronal cell bodies after more than a few hours of 
anoxia. 

After the protective effect of DGG was established, the 
neurotoxicity of GLU and ASP was investigated. When 
culture medium was replaced with MEM, to which 10m4 
M GLU or lop4 M ASP had been added (n = 3 in both 
cases), virtually all neurons, but not the glia, were de- 
stroyed within 1 hr (Fig. 2, A and C). There was no 
apparent selectivity in that neuronal death was obvious 
in the entire culture. GLU and ASP were equally effective 
in killing neurons when TTX, 1 pg/ml, and magnesium, 
10 mM, were added to the bath (photographs not shown). 
However, when lo-’ M DGG was added to MEM, along 
with either GLU or ASP (n = 3 in both cases), no changes 
were visible in the neurons, viewed under phase contrast 
optics (Fig. 2, B and D). It was quite clear that DGG was 
capable of dramatically blocking the neurotoxicity of 
exogenous GLU and ASP. 

Intracellular recording provided additional informa- 
tion about the physiological and pharmacological prop- 
erties of DGG. All cells s&died had resting membrane 
potentials of 1 49 mV. 

Direct application of lo-’ M DGG by microperfusion 
had no effect on the resting membrane potential or input 
impedance of five consecutive neurons (Fig. 3, Al and 
A2). Both brief (100 msec) and prolonged (1 set) appli- 
cations were tried. DGG did have a marked effect on the 
depolarization produced by microperfusion of GLU and 
ASP (Fig. 3, B1 and B2). The simultaneous application 
of GLU and DGG, low4 M and lop2 M, respectively, 
resulted in 91.6 + 11.8% reduction in the depolarization 
produced by GLU alone (n = 5). Three cells showed no 
depolarization in the presence of DGG. When DGG and 
ASP were applied together to five consecutive cells, no 
depolarization was seen in four, and in the fifth cell there 
was a 90% reduction in the response. 

Finally, the effect of DGG, lo-’ M, on excitatory trans- 
mission was examined. Pairs of neurons in the same 
microscope field were impaled and separately stimulated 
via the bridge circuit to determine whether they were 
synaptically coupled. When pairs were found, such that 
an action potential in one cell elicited an EPSP of short, 
fixed latency in the second, DGG was applied for ap- 
proximately 20 set, and the EPSP was monitored. In 
seven consecutive pairs of connected cells, the EPSP 
decreased by 86.1 + 18.9% after DGG; in four of these 
pairs the EPSP disappeared completely (Figs. 3, Cl to 
C3, and 4, Al to A3). These effects were reversible in all 
cases. Those cells which were spontaneously active 
showed a marked diminution in the size of EPSPs and 
the frequency of action potentials. While IPSPs were not 
systematically studied, no DGG effect was seen on the 
two IPSPs encountered (Fig. 4). 

Discussion 

The experiments described above show that DGG, a 
postsynaptic blocker of excitatory amino acids, markedly 

decreases the size of EPSPs in coupled neurons and 
prevents the death of anoxic hippocampal neurons in 
vitro. These results provide strong support for the hy- 
pothesis that synaptically released neurotransmitter, 
most likely GLU or ASP, is responsible for the death of 
anoxic neurons, at least in this in vitro system. This 
conclusion is further supported by the prior observation 
that blockade of transmitter release is also effective in 
preventing anoxic neuronal death (Rothman, 1983). 

It is beyond the scope of this paper to summarize all 
of the pertinent data relating to GLU and ASP as poten- 
tial transmitters, especially since this subject has been 
recently reviewed (Roberts et al., 1981). There is abun- 
dant evidence that hippocampal pyramidal cells in vivo 
release GLU and/or ASP as their excitatory transmitters 
(Strom-Mathisen and Opsahl, 1978; Malthe-Sorensson 
et al., 1979, 1980). In addition, EPSPs and GLU and 
ASP depolarizations in cultured hippocampal neurons, 
many of which are derived from pyramidal neurons 
(Banker and Cowan, 1977; Rothman and Cowan, 1981), 
have been blocked by DGG and cis-2,3-piperidine dicar- 
boxylate, another antagonist of excitatory amino acids 
(Rothman, 1982). Further evidence supporting a trans- 
mitter role for GLU or ASP in these cultures is that they 
are the only putative excitatory transmitters which in- 
variably depolarize neurons in this system. No consistent 
depolarizations are produced by acetylcholine, norepi- 
nephrine, serotonin, somatostatin, synthetic enkepha- 
lins, or adenosine (Rothman, 1980, and unpublished 
results). Thus, there is good reason to believe that GLU, 
ASP, or a very closely related chemical is the excitatory 
neurotransmitter utilized by cultured hippocampal neu- 
rons. 

However, there are three other questions which need 
to be considered: (I) Does DGG act other than as an 
excitatory amino acid antagonist? (2) Are excitatory 
amino acids directly toxic to neurons, or are their effects 
mediated by synaptic activity? (3) Why are GLU and 
ASP not damaging to the central nervous system under 
normoxic conditions? 

The experiments described above found no evidence 
that DGG, even at lo-’ M, had any direct, postsynaptic 
effects on these cultured neurons; no changes were ob- 
served in resting potential or input impedance. Although 
not examined systematically, action potentials appeared 
unchanged during DGG microperfusion. Amino acid- 
induced depolarizations and EPSPs were both compa- 
rably antagonized by DGG (approximately 90% reduc- 
tion for both), arguing that DGG functions exclusively 
as a blocker of the postsynaptic effects of excitatory 
amino acids. That two IPSPs in synaptically connected 
neurons were unaffected by DGG argues against DGG 
having a nonspecific effect on synaptic transmission. 
More compelling evidence for an exclusive, postsynaptic 
site of action for DGG comes from recent experiments 
in the hippocampal slice, which showed that DGG was 
capable of antagonizing the perforant path-granule cell 
EPSP and,also the direct postsynaptic effects of GLU 
and ASP (Crunelli et al., 1983). A quanta1 analysis 
showed that the EPSP reduction was caused by a de- 
crease in quanta1 size rather than quanta1 content, a 
result inconsistent with a presynaptic action of DGG. 



1888 Rothman Vol. 4, No. 7, July 1984 

Figure 2 
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Figure 3. Physiological effects of DGG. Al, A IOO-msec 
application (line) of lo-’ M DGG did not alter the resting 
potential of a cultured hippocampal neuron. A2, Longer appli- 
cations of DGG (lines), lasting 1 set, failed to change the resting 
potential or input impedance of the same neuron. Impedance 
was measured by passing 60-msec, 0.5nA current pulses 
through the bridge. Bl, Application of 10m4 M GLU alone for 
100 msec at the first and third time markers produced an 
immediate depolarization. Simultaneous application of GLU 
and lo-’ M DGG at the second time marker produced almost 
no response. B2, This sequence shows that 10m4 M ASP pro- 
duced an immediate depolarization also, when applied at the 
first and third arrows for 200 msec. DGG, lo-’ M, completely 
blocked this effect, when both were simultaneously applied at 
the second time marker. C, This sequence shows the effect of 
lo-* M DGG on the EPSP produced by intracellular stimulation 
of the presynaptic neuron. In Cl to C3, the upper trace is 
postsynaptic voltage, the middle trace is presynaptic voltage, 
and the bottom trace is current injected into the presynaptic 
neuron. Cl, EPSP of approximately 10 mV followed presyn- 
aptic action potential. C2, Immediately after a 20-set applica- 
tion of DGG close to both neurons, the EPSP was almost 
completely blocked. C3, After approximately 20 set, the EPSP 
returned. Membrane potentials: Al and A2, -73 mV; Bl, -66 
mV; B2, -68 mV; C, presynaptic -70 mV, postsynaptic -74 
mV. Voltage calibration is 40 mV for all traces except postsyn- 
aptic trace in C, where it is 20 mV. Current calibration is 5 nA 
in C. Time base is 400 msec for Al; 4 set for A2, Bl, and B2; 
20 msec for C. 

It might be expected that synaptically released GLU 
or ASP would depolarize neurons and increase the fre- 
quency of action potentials and synaptic potentials. This 
could lead to neuronal death in an anoxic atmosphere if 
neurons were unable to keep up with the metabolic 
demands imposed by increased electrical activity. The 
burden of maintaining ionic gradients, as well as anabolic 
functions, might overwhelm a cell that had only anaer- 
obic metabolism available. The observation that GLU 
and ASP are equally toxic in the presence of TTX and 
high magnesium, which should prevent sodium action 
potentials and synaptic potentials, suggests that this is 

-. --~-- -.__ ~. ___~ 
Figure 4. Synaptic physiology of DGG. These sequences show 

control synaptic potentials in pairs of connected neurons (l), 
the effect of a 20-set application of DGG (2), and then the 
return to control levels after 20 set (3). The trace arrangement 
is identical to Figure 3C. A, Presynaptic action potential gen- 
erated a short latency, presumably monosynaptic EPSP, and a 
longer latency polysynaptic IPSP. The EPSP almost com- 
pletely disappeared after DGG, but the IPSP was unaffected. 
The excitatory input to the inhibitory neuron, which then 
produced the IPSP, was probably distant from the site of DGG 
microperfusion. B, In another pair of neurons in which a short 
latency IPSP was always produced by stimulation of the pre- 
synaptic neuron, no change was seen in the IPSP after DGG. 
Membrane potentials: A, presynaptic -74 mV, postsynaptic 
-68 mV; B, presynaptic -49 mV, postsynaptic -69 mV. Cali- 
bration is 40 mV for presynaptic traces, 20 mV for postsynaptic 
traces, and 5 nA for current traces in both A and B. The time 
base is 20 msec for A and 40 msec for B. 

not the case. This finding is more consistent with a 
direct, toxic effect of excitatory transmitter that is in- 
dependent of active membrane properties. 

Excessive calcium influx has recently been implicated 
as the cause of hepatocyte death after toxin exposure 
(Schanne et al., 1979) and agonist-induced muscle injury 
(Leonard and Salpeter, 1979). GLU and other excitatory 
amino acids activate calcium entry into neurons (Berdi- 
chevsky et al., 1983), so abnormal calcium influx is an 
appealing explanation for their neurotoxicity. This may 
be the mechanism by which GLU induces degeneration 
of locust muscle (Donaldson et al., 1983). However, GLU 
and related excitatory amino acids are neurotoxic in 
medium which contains no added calcium (S. Rothman, 
manuscript in preparation). This observation fails to 
support the hypothesis that calcium entry is responsible 
for the neurotoxicity of excitatory amino acids (Berdi- 
chevsky et al., 1983). 

A recent observation, that cultured hippocampal neu- 
rons are protected from GLU if an impermeable anion is 
substituted for external chloride, suggests a more plau- 
sible mechanism of cell death (S. Rothman, manuscript 

Figure 2. Effects of 10e4 M GLU and ASP. Representative fields were photographed prior to addition of GLU or ASP and were 
then relocated and photographed after 1 hr. A, This sequence shows the same field before (Al) and then 1 hr after (A2) GLU 
exposure. The neurons have all been replaced by debris over this period. B, This sequence shows a field in a culture treated with 
lo-* M DGG prior to the addition of GLU. The culture appears identical before (Bl), and 1 hr after (B2) GLU exposure. C, This 
sequence shows the appearance of a typical field prior to (Cl) and 1 hr after (C2) addition of ASP. D, This sequence demonstrates 
the lack of ASP toxicity in a culture pretreated with DGG. The initial appearance of the neurons (Dl) has not changed after 1 
hr (02). Scale: 50 pm. 
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in preparation). Chloride influx, triggered by sustained 
GLU depolarization, produces additional inward cation 
and water fluxes, which eventually result in cell lysis. 
Thus, secondary ion fluxes, and not depolarization per 
se, may be responsible for neuronal death associated with 
GLU. 

If natural neurotransmitters are neurotoxic, how does 
the central nervous system survive? Under most circum- 
stances, a very efficient uptake system in nerve terminals 
(Storm-Mathisen and Iverson, 1979) and glia (Hertz, 
1979) rapidly clears the extracellular space of synapti- 
cally released GLU and ASP, and the concentration of 
these transmitters never reaches toxic levels. The results 
described in this paper could be explained by an uptake 
system which fails to operate under anoxic conditions, 
allowing GLU and ASP to accumulate. Although there 
is no direct experimental evidence supporting this hy- 
pothesis, neurotransmitter uptake is highly energy de- 
pendent, so vulnerability to anoxia would not be unex- 
pected (Hertz, 1979). The fresh N2 culture medium con- 
tains 50 pM GLU and ASP, respectively, which the 
neurons tolerate. After 2 weeks in uitro, the time of most 
of these experiments, the GLU concentration drops to 
30 pM (I. Karl, personal communication). The threshold 
for GLU and ASP toxicity is approximately 100 pM, so 

there is a narrow range of tolerable excitatory amino acid 
concentrations, which could be exceeded if anoxia inter- 
fered with uptake. 

Alternately, anoxia may increase the sensitivity of 
neurons to the toxic effects of GLU and ASP. This is an 
unlikely explanation for two reasons. First, previous 
experiments have shown that neurons survive in an 
anoxic atmosphere when synaptic activity is blocked 
(Rothman, 1983). In this situtation the neurons tolerated 
the GLU and ASP present in the full medium. As men- 
tioned above, the GLU concentration would be 30 pM in 
these cultures. Second, 100 PM GLU or ASP rapidly kills 
neurons under normoxic conditions. Therefore, de- 
creased oxygen tension is not a prerequisite for excitatory 
amino acid neurotoxicity. 

There are at least two other situations in the mam- 
malian central nervous system where excitatory amino 
acids may mediate neuronal death: (1) Repetitive focal 
motor seizures in rats produce cortical and thalamic 
neuronal degeneration resembling that caused by GLU 
and ASP (Collins and Olney, 1982). (2) Decreased sys- 
temic GLU catabolism may result in elevated nervous 
system GLU concentrations and neuronal degeneration 
in patients with olivopontocerebellar atrophy (Plaitakis 
et al., 1982). There is some precedent, then, for suggest- 
ing that excitatory amino acids are responsible for neu- 
ronal damage if their concentrations are elevated due to 
impaired uptake, excessive release, or slow catabolism. 

At least three lines of evidence suggest that the results 
obtained in vitro will be shown to have wide validity. 
First, dentate granule cells in the hippocampal slice 
tolerate prolonged anoxia when bathed in extracellular 
buffer containing a high concentration of magnesium 
and no added calcium, which suppresses synaptic trans- 
mission (Kass and Lipton, 1982). Second, in a number 
of animal models of occlusive cerebrovascular disease 
(Michenfelder et al., 1976), early treatment with barbi- 

turates, which decreases synaptic activity (Macdonald 
and Barker, 1978), reduced the extent of brain infarction. 
Third, the neurons in the brain most sensitive to is- 
chemic and hypoxic damage (CA1 pyramidal cells, Pur- 
kinje cells, striatal neurons, and cortical neurons of layer 
III) are contacted by synaptic terminals containing ex- 
citatory amino acids, implying a role for these transmit- 
ters in triggering neuronal destruction (Jorgensen and 
Diemer, 1982). Therefore, there is reason to believe that 
synaptic activity, and specifically released GLU and 
ASP, mediate hypoxic neuronal injury in viuo. 

These experiments may have far-reaching therapeutic 
implications for clinical neurology. It may prove possible 
to protect the human brain from hypoxic and/or ischemic 
insults by selectively preventing release of specific excit- 
atory amino acids or blocking their postsynaptic actions. 
It is unlikely that DGG will prove useful in this role 
because millimolar concentrations were required to dem- 
onstrate an effect in culture. However, it is reasonable 
to expect that more potent blockers of excitatory amino 
acids will be developed, and these should have widespread 
applications. 
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