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Abstract. The expression of a considerable range of neurological diseases is thought 
to involve two pathological states, namely, the production of excessive amounts of 
reactive oxygen species and neuronal hyperactivity. These events may represent an 
outcome of general vulnerable features of nervous tissue. Since they are associated 
with many unrelated diseases, the phenomena may be considered the final common 
pathways of a range of metabolic defects. Superimposed on these general signs of 
cellular impairment are the more specific features of each disorder. This review de- 
scribes some of the evidence for the presence of hyperactivity and oxidative stress in 
various neurological disorders. Mechanisms whereby the states may interact and 
modulate each other are discussed. The manner in which such understanding has 
implications for the development of novel therapeutic approaches is also described. 
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he central nervous system (CNS) has a very 
high metabolic rate and needs for this rate to be T continuously maintained. This requirement can 

only be filled by an uninterrupted supply of both glu- 
cose and oxygen. Transient deficits in such materials 
can rapidly compromise brain function in a profound 
manner. Underlying this unusual energy demand is the 
requirement for the maintenance of appropriate ionic 
gradients across the neuronal plasma membrane (1). 
While all cells have such gradients, nerve tissue is dis- 
tinctive in that these gradients must transiently be al- 
lowed to be attenuated in order to enable normal neu- 
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ronal activity. The temporary relaxation of the normal 
sodium gradient is needed for the passage of the ax- 
onal action potential, and the very steep calcium gra- 
dient must be reduced in order to allow the presynap- 
tic exocytotic release of neurotransmitters into the 
synaptic cleft. It has been proposed that the initial 
response to acute insufficiency of energy may involve 
sodium influx into axons while more delayed neurode- 
generative events may be enabled by the prolonged 
presence of excess levels of cytosolic calcium (2). 

The influx of these cations occurs by the opening 
of ion-selective gates within the external neuronal 
membrane, which increases entropy and this means 
that cation influx requires no energy. However, re- 
moving excess ions from the cytosol by pumping them 
out into the extracellular space or, in the case of cal- 
cium, by sequestering mechanisms, is an energy- 
demanding process. The ability to maintain an ade- 
quate glucose supply to nerve cells is especially criti- 
cal in view of the very limited intraneuronal glycogen 
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stores and the relative inability to use other potential 
sources of energy such as fatty acids. The supply of 
oxygen to the brain is equally vital because of the 
rather low capacity of brain to carry out anaerobic 
glycolysis. 

These features of the CNS, while they may basi- 
cally be only exaggerations of processes common to 
many cells, result in the brain possessing a very dis- 
tinctive set of susceptibilities to impaired energy sup- 
ply or utilization. Many neurological conditions in- 
volve either suboptimal nutrient supply (e.g., stroke) 
or an excessive energy demand (e.g., epilepsy). It is 
for this reason that, in addition to the specific and 
definitive characteristics of each disorder, certain re- 
curring pathological features are found common to a 
wide range of unrelated neurological disorders. 

This review is intended to both highlight two of 
these features and to illustrate their interrelatedness. 
These features are (i) excessive neuronal activity and 
(ii) the production of deleterious amounts of reactive 
oxygen species (ROS), also (less appropriately) 
named, free radicals. 

Evidence for Oxidative and Excitotoxic Events 
Associated with Neurological Disorders 

Epilepsy and Other Seizure Disorders. It is 
widely accepted that seizures alter many chemical and 
biophysical processes in the CNS. While the hallmark 
of these disorders obviously is hyperexcitability , there 
are several reports indicating that ROS may play a role 
in seizure phenomena. The generation of superoxide 
anion in brain increases during seizure activity in new- 
born pigs (3). Accumulation of arachidonate metabo- 
lites (4) and free fatty acids (5) with ROS promoting 
potential has been reported in drug-induced seizures. 
The cyclooxygenase metabolism of arachidonate lead- 
ing to ROS generation may be an integral component 
of seizure activity. 

Increased superoxide dismutase activity has been 
reported in brains isolated from kindled rats, and the 
administration of exogenous superoxide dismutase af- 
fords some protection against these seizures (6, 7). 
Alterations in antioxidant enzyme activities follow 
chemical-induced seizures (8). The induction of such 
enzymes involved in the dispersal of ROS is generally 
taken as indicative of the presence of excess ROS. A 
brief (1 sec) electroconvulsive shock is sufficient to 
cause elevated rates of ROS formation in rat cerebral 
cortex (LeBel and Bondy, unpublished data). 

The attenuation of convulsive activity by phenyt- 
oin or corticosteroids simultaneously reduces cerebral 
levels of lipid peroxidation (9). A reciprocal relation 
between seizures and ROS appears to exist, since free 
radicals induced in the brain by hyperbaric oxygen can 
precede, and may provoke, convulsions (10). 

Huntington’s Disease. The genetic disorder 
known as Huntington’s disease (HD) can be acquired 
as a sporadic mutation, inherited as an autosomal 
dominant, or result from the spontaneous degenera- 
tion of neurons primarily localized in the striatum. 
While the etiology of HD remains unresolved, it is 
generally accepted that the corticostriatal afferents 
that innervate striatal neurons employ glutamate as an 
excitatory transmitter. Excessive glutamate activation 
of excitatory receptors may be involved in the patho- 
genesis of HD. Evidence for the role that excitotoxic 
stress plays in HD has been increasing for three de- 
cades. Glutamate has been shown to destroy striatal 
neurons following direct intracerebral application (1 1). 
Decreased glutamate receptor content in the caudate 
and putamen regions of HD patients have been de- 
scribed (12). This probably reflects the loss of cells in 
the same brain regions that typically occur in HD. 
Bioenergetic defects, involving mitochondrial meta- 
bolic dysfunction, have also been reported in HD brain 
(13-15). It has also been shown that direct injection of 
the mitochondrial energy-impairing agent, amino- 
oxyacetate, into the striatum produced HD type le- 
sions (16). Energy impairment may be a result of ex- 
cess demand arising from excitatory stress in the HD 
brain. 

Reference to a direct association between oxida- 
tive stress and HD has not been reported. Perry and 
Hansen (17) found no statistically significant differ- 
ences between total glutathione content in the caudate 
nucleus isolated from patients with HD compared with 
tissue from neurologic or non-neurologic diseased pa- 
tients. However, accurate assessment of brain gluta- 
thione content in humans is complicated by the arti- 
factual oxidation of glutathione in isolated tissues (18). 

Alzheimer’s Disease. A combination of oxida- 
tive and excitatory stress has been proposed to under- 
lie some of the behavioral deficits associated with ag- 
ing (19). Both normal cerebral aging and Alzheimer’s 
disease (AD) involve a degree of cell loss. The “free 
radical theory of aging” proposes that the accumula- 
tion of free radical-induced damage is a main contrib- 
utor to the aging process. The brain may go through 
intermittent periods of excess oxidative pro-oxidant 
conditions (20). The progressive accumulation of dam- 
age from these transient stressor conditions over a 
long period can contribute to the aging process. It is 
likely that cumulative oxidative stress incurred over 
many years plays a major role in aging. 

For several years, theories on the etiology of Alz- 
heimer’s disease have drawn an association between 
aging and AD. However, it is clear that the pathology 
of AD is complex and involves multiple abnormal fi- 
brous protein deposits. AD is typically characterized 
by the presence of neuritic plaques and neurofibrillary 
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tangles. P-amyloid, the abnormal protein that is widely 
dispersed in AD brain, has been shown not only to 
enhance glutamate toxicity in culture (21) but also to 
exert a degree of neurotoxicity when injected directly 
into rat brain (22). Additionally, and parallel to Hun- 
tington’s disease, AD is associated with bioenergetic 
deficits (1, 14, 23, 24), and this may lead to induction 
of ROS (25). Lipid peroxidation levels are reported 
elevated in the cortex of AD patients (26). 

Superoxide dismutase and catalase levels are ele- 
vated in AD (27, 28). Since these are inducible en- 
zymes, a rise in levels implies a compensatory re- 
sponse to excess levels of ROS. In parallel, potentially 
adaptive changes have been reported in levels of a-to- 
copherol and glutathione in brains from AD patients 
(18). 

Perhaps the most convincing evidence of a role for 
ROS in AD is the finding that those areas of the brain 
most affected by AD, such as the frontal cortex, show 
a significantly greater degree of oxidative damage to 
proteins and to the activity of glutamine synthetase, an 
enzyme especially susceptible to oxidative damage 
(29). In contrast, the corresponding areas that are less 
affected, such as the occipital cortex, show a lesser 
degree of such changes but, nevertheless, are signifi- 
cantly more affected than parallel areas from adult, but 
not aged, humans. 

Parkinson’s Disease. A role for oxidative stress 
in the processes underlying l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP) neurotoxicity has been 
proposed. This compound, a contaminant of an illicitly 
manufactured meperidine analog, has been the subject 
of much interest since the neurological damage that it 
can cause closely resembles Parkinson’s disease. 
MPTP is a very specific dopaminergic neurotoxin. Do- 
paminergic circuitry is especially vulnerable to neuro- 
toxic damage, and this is probably due to the readiness 
with which dopamine is auto-oxidized in the presence 
of trace amounts of metals with multivalence poten- 
tial. In addition, dopamine can be enzymically oxi- 
dized by monoamine oxidases to 3,4-dihydroxyphenyl 
acetaldehyde and H202. 

There is evidence for the “mitochondria1 theory” 
of MPTP toxicity, which postulates that l-methyl-4- 
phenylpyridinium (MPP+), the ultimate oxidation 
product of MPTP, blocks the reoxidation of NADH 
dehydrogenase by coenzyme Qlo and eventually leads 
to ATP depletion in a rotenone-like fashion (30). How- 
ever, there are also several studies that suggest oxygen 
radicals may play a role in the MPTP-induced neuronal 
damage (31-33). These concepts may be reconciled by 
the finding that the metabolic inhibitors rotenone and 
antimycin can increase the generation rate of oxygen 
radicals in crude rat synaptosomes and mitochondria 
(34, 35). Emerging information concerning MPTP has 

led to several new ideas relating to Parkinson’s dis- 
ease. These concepts include both the possibility of an 
environmental agent contributing to the pathogenesis 
of this disease (36) and the potential for antioxidant 
therapy of this disorder (37). Parkinsonism has been 
associated with abnormally high levels of superoxide 
dismutase within the substantia nigra (38), implying an 
induced response to oxidative stress. Abnormally low 
levels of ferritin are associated with Parkinson’s dis- 
ease (39, 40). This diminution of iron-sequestering ca- 
pacity could also enhance ROS generation (41). The 
hypothesis that free radicals might play a role in drug- 
induced toxic effects in dopaminergic neurons is sup- 
ported by the finding that the neurotoxicity of MPTP is 
attenuated in transgenic mice that overexpress super- 
oxide dismutase (42). 

The involvement of excitatory mechanisms in 
MPTP toxicity is suggested by the finding that the cal- 
cium channel antagonist, MK-801, is able to protect 
against MPTP-induced Parkinsonism in primates (43). 
Overall, these data support the concept of a dual in- 
volvement of oxidative and excitotoxic stress in the 
pathogenesis of Parkinson’s disease. 

Stroke and Cerebral Ischemia. Stroke is associ- 
ated with cerebral ischemia, which can be of varying 
duration since the vascular supply has the potential be 
subsequently restored. In addition to hemorrhage 
caused by the extravasating type of stroke, all tran- 
sient interruptions of vascularity including traumatic 
injury to the brain or spinal cord have the potential to 
lead to severe postischemic damage. Acute prenatal 
ischemia is a major component in the pathogenesis of 
cerebral palsy. The presence of free hemoglobin in 
nerve tissue can exacerbate potential for ROS-effected 
damage, and that this is due to the appearance of free 
iron salts is suggested by protection afforded by des- 
ferrioxamine (44,45). Such events have been proposed 
to account for post-traumatic epileptogenesis (46). 

Free radical generation during cerebral ischemia 
may underlie delayed neuronal death (47, 48). Isch- 
emic injury and edema within the CNS have frequently 
been found to involve excessive oxidative activity as 
judged by lipid peroxidation, induction of superoxide 
dismutase, and the protection afforded by antioxidant 
chemicals, such as a-tocopherol, iron chelators, or 21- 
aminosteroids (49-54). The potential for therapy of 
spinal cord injury by use of novel pharmacological an- 
tioxidants is already very promising (55). 

The pathological changes consequent to restora- 
tion of the normal blood supply may be initially related 
to excessively high levels of cytosolic calcium (56), 
and this appears to be the basis for subsequent eleva- 
tions of ROS (57-59). The high metabolic rates asso- 
ciated with reperfusion injury can lead to excessive 
ROS production (60). At the onset of ischemia, there is 
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an accumulation of hypoxanthine due to breakdown of 
adenine nucleotides. Upon reperfusion, a combination 
of oxidative and proteolytic events converts xanthine 
dehydrogenase to the direct oxygen-acceptor, xan- 
thine oxidase. The final combination of elevated en- 
zyme and substrate leads to superoxide production 
and consequent oxidative stress. It is significant that 
focal cerebral ischemic injury is attenuated in trans- 
genic mice constitutively overexpressing superoxide 
dismutase (6 1). 

The complex relation between ROS-induced 
events and anoxia is illustrated by the finding that mor- 
phological damage to the penumbra region around an 
ischemic region is generally more severe than at the 
core (62). The presence of excess oxygen free radicals 
in postischemic tissue has been directly demonstrated 
(63). Even a brief period of ischemia can lead to ROS 
generation and, hence, to delayed neuronal death (47). 
Hypoxia has been directly shown to stimulate ROS 
production by astroglia (64). 

It has been proposed that during ischemia, ROS 
and excitatory amino acids may cooperate in effecting 
neuronal damage (65-67). Transient ischemia elevates 
cerebral levels of both excitatory amino acids and 
rates of hydroxyl radical formation (68). Whether one 
of these events gives rise to the second is not well 
established. Excitatory events may stimulate ROS, 
but there is also evidence that ROS can lead to release 
of excitatory amino acids and thus a bidirectional re- 
lationship is an attractive hypothesis (69). 

The most likely course of events following isch- 
emia may be as follows. The resultant low oxygen sup- 
ply (ischemia) can lead to reduced energy supply. This 
anabolic deficit may then result in diminution of the 
ionic gradients across the plasma membrane. The in- 
flux of extracellular calcium will then stimulate neuro- 
transmitter release. In addition, the capacity of the 
energy-requiring high-affinity reuptake systems will be 
diminished, and thus extracellular levels of glutamate 
will rise. A hyperexcitable state will ensue, resulting 
from both a reduced axonal membrane potential and 
increased calcium-stimulated neurotransmitter re- 
lease. Subsequent reperfusion will lead to an abrupt 
return of glucose and oxygen to neurons, which dis- 
rupts mitochondria1 function. Such uncoupling will 
then increase rates of generation of ROS. Elevated 
intracellular calcium will also exacerbate levels of 
ROS by way of phospholipase activation. This will 
give rise to a cycle leading to increasingly severe neu- 
ronal damage. This may explain why protection is af- 
forded against ischemic states by both ROS scaven- 
gers and calcium channel antagonists. 

The role of nitric oxide (NO) in hypoxic neuronal 
injury is ambiguous. Influx of calcium into the cell can 
activate NO synthetase and increase levels of NO. 

This radical can interact with superoxide radical to 
form the intensely reactive nitroperoxyl radical (70). 
The inhibition of NO synthetase can be protective to 
spinal motor neurons (71). However, nitric oxide has 
also been found to be neuroprotective, perhaps by re- 
ducing the toxicity of hydrogen peroxide (72). Thus, 
under some circumstances, inhibition of NO synthesis 
can potentiate excitotoxicity (73). The dual nature of 
nitric oxide may best be accounted for in terms of its 
ability either to exacerbate the harmfulness of some 
oxidant species such as superoxide or to form less 
reactive compounds with other oxidants such as hy- 
drogen peroxide. The effect of NO may then depend 
on the precise chemical nature of ROS species that are 
coexisting with NO in a tissue. 

Amyotrophic Lateral Sclerosis. Recently, a fa- 
milial type of amyotrophic lateral sclerosis (ALS) has 
been described with a genetic inheritance pattern. An- 
other subset occurs within about 20% of this ALS vari- 
ant in which the disease is associated with abnormal 
relatively inactive forms of cytosolic superoxide dis- 
mutase (74). This implies that ALS may have an asso- 
ciation with inadequate means of detoxifying excess 
ROS. Some symptoms of ALS can be induced in ex- 
perimental animals by injection of antibodies to motor 
neurons, and another variant of ALS is suspected to 
involve an autoimmune attack on calcium gating chan- 
nels (75). Thus, this disorder may also involve excito- 
toxic/oxidotoxic mechanisms. 

Chemically Induced Neurological Disorders. 
Several neurotoxic chemicals have been shown to el- 

evate cerebral rates of ROS production in experimen- 
tal animals. These include methyl mercuric chloride, 
trimethyltin, toluene, and other organic solvents (76, 
77). All of these agents are also capable of increasing 
intracellular levels of calcium ions in isolated systems 
(78, 79). The presence of excess levels of ROS has 
been described both for schizophrenia and for iatro- 
genically induced tardive dyskinesia (80). There are 
several reports from double-blind clinical studies that 
tardive dyskinesia can be ameliorated by treatment 
with a-tocopherol (81). In view of the toxicity of ex- 
citatory amino acids under some circumstances, and 
their potential for facilitating free radical generation, 
the safety of some dietary constituents such as mono- 
sodium glutamate and the synthetic sweetener, aspar- 
tame (which is catabolized to aspartic acid and phe- 
nylalanine) has been questioned. 

Multiple Sclerosis. The iron chelator, desferriox- 
amine, has been reported to be of therapeutic value in 
the treatment of multiple sclerosis, implying an oxi- 
dant component in the etiology of this disease (82). 
The disorder is characterized by bouts of reversible 
demyelination of axons, and, while this process can 
ultimately block axonal transmission, an excitatory 
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phase initially characterizes a partially demyelinated 
axon. The mobilization of lipid during demyelina- 
tion may provide a focus for elevated rates of lipid 
peroxidation. 

Interrelations Between Excitatory and 
Pro-oxidant Events 

Many common neurological diseases are sus- 
pected to involve a combination of interacting excit- 
atory and oxidative processes (44). In addition, several 
neurotoxic agents may trigger both of these events si- 
multaneously (83). This does not, however, illuminate 
the precise relation between, and degree of interde- 
pendence of, these phenomena. 

Several studies provide evidence that the two phe- 
nomena are interrelated. Elevated levels of calcium 
can enhance free radical-induced damage to cerebral 
morphological fractions (84), and antioxidants can pro- 
tect against cytotoxicity induced by high intracellular 
levels of calcium in the CNS (85). Furthermore, reduc- 
tion of cytosolic levels of ionic calcium may reduce 
damage to DNA effected by hydrogen peroxide (86), 
and calcium channel blockers can prevent cyanide- 
induced lipid peroxidation and cell death (87). Activa- 
tion of the NMDA receptor site has been implicated in 
the postischemic elevation of lipid peroxidation in the 
hippocampus (88). There is a report of exacerbation of 
NMDA toxicity in glutathione-deficient cortical cul- 
tures (89). 

Various mechanisms could underlie these interac- 
tions. Glutamate toxicity in a neuronal cell line has 
been attributed to inhibition of cystine transport and 
consequent oxidative stress (57). There are several re- 
ports implicating elevation of cytosolic levels of ionic 
calcium as an important link between oxidative stress 
and excitotoxicity . Increased levels of cytosolic free 
calcium, may result from either breakdown of the 
steep concentration gradient of calcium across the 
plasma membrane consequent to repetitive neuronal 
activity, or by liberation of the large amounts of cal- 
cium bound intracellularly within mitochondria or en- 
doplasmic reticulum. Calcium stimulation of phospho- 
lipase A,, and hence the arachidonic acid cascade, can 
lead to the release of arachidonic acid. The enzymic 
conversion of this compound to prostaglandins, leu- 
kotrienes, and thromboxanes by cyclooxygenases and 
lipoxygenases , which directly utilize molecular oxy- 
gen, leads to considerable ROS generation (9&92). 
This may be a means by which excitatory events pro- 
mote excess generation of ROS (93). Reciprocally, 
phospholipase A*-generated oxidative activity has also 
been shown to inhibit functioning of the GABA recep- 
tor gated channel, the major inhibitory receptor com- 
plex of the cell (94). Calcium can also activate the 
respiratory burst of polymorphonuclear leukocytes 

leading to production of, and extracellular appearance 
of, superoxide anion. Such leukocytes are known to 
accumulate in postischemic cerebral tissues (95). 

NMDA agonists are especially potent in the stim- 
ulation of nitric oxide synthetase (96), and nitric oxide 
can interact with superoxide to form the intensely ox- 
idant nitroperoxyl radical. There is evidence suggest- 
ing that the free radical nitric oxide mediates the neu- 
rotoxicity of glutamate (97). 

Kainate-induced damage to cerebellar neurons 
may also be mediated, at least in part, by induction of 
superoxide (58). In the study of Dykens et al., allopu- 
rinol (a specific inhibitor of the superoxide-forming en- 
zyme), xanthine oxidase, and hydroxyl radical scav- 
engers such as mannitol were protective against kainic 
acid-initiated tissue injury. A possible mechanism un- 
derlying this may be through the induction of nerve 
growth factor (98). However, kainate has been shown 
to directly promote ROS generation in an isolated sub- 
cellular system (99). 

The relation between calcium and free radicals 
seems complex in that extracellular calcium may be an 
important defence against lipid peroxidation (100, 
101). In this context, it may be relevant that the influx 
of calcium into the cell seems less critical that the 
liberation of calcium from intracellular storage sites 
(102). 

Excitatory events may stimulate ROS, but there is 
also evidence for a reciprocal relation between these 
phenomena. Thus, ROS can lead to extracellular re- 
lease of excitatory amino acids (69, 103), or can re- 
lease mitochondria1 calcium into the cytosol (104, 
105). Peroxidative damage can also impair inhibitory 
processes as judged by inhibition of GABA-stimulated 
chloride uptake (94). Glutamine synthetase appears to 
be especially sensitive to ROS-induced damage, and 
this may increase intracellular glutamate concentra- 
tions (106). A bidirectional cooperation between ex- 
cess neuronal activity and excessive ROS formation 
may therefore be relatively common (107). Regardless 
of whether or not they can quantitatively intensify 
each other, ROS and increased levels of calcium 
within the cell can act in concert-for example, by 
bringing about deleterious cross-linking reactions be- 
tween proteins (108). 

There are, however, conflicting data suggesting 
that pro-oxidant conditions reduce the ionic gating of 
the NMDA receptor site (88, 109) and that lipid per- 
oxides act pharmacologically as depressants (1 10). 
Some of these apparent contradictions may be due to 
the key role of iron in ROS production. The presence 
of ionic iron is essential in the promotion of postisch- 
emic lipid peroxidation (1 1 l), and iron liberation from 
sequestration sites within proteins is closely related to 
tissue pH (56). The extent to which free Fe cations are 

FREE RADICALS EXClTOTOXlClTY AND CNS DISEASE 341 



I Metabolic derangement I 

I Imbalance of energy supplyldemand 1 

A T P I  -- Mitochondria1 malfunction 

t + Reactive + oxygen 
Lipid w Arachidonic acid 

mobilization oxidation Nagradient 1 Cytosolic Ca + 
Neuronal hyperactivity Ext racell u lar 

glutamate 

Expression of Neuropathology 

Figure 1. Potential interconnections between hyperexcitation and generation of excessive levels of reactive oxygen species. 

present intracellularly , is likely to strongly influence 
the potency of pro-oxidant agents. 

Conclusion 
Normally, ROS production is maintained at non- 

deleterious levels by a wide range of antioxidants, 
metal chelators, and detoxifying enzymes. Extracellu- 
lar levels of excitatory amino acids are regulated by 
potent high-affinity transmitter reuptake mechanisms 
found in both neurons and glia. Failure of cell energy 
generation processes to keep up with demand can lead 
to both the hyperexcited state and the appearance of 
excessive amounts of ROS. Disease almost invariably 
involves increased cellular entropy, and so it is rea- 
sonable to expect that oxidative stress and excitotox- 
icity can be contributory factors to many superficially 
unrelated neurological diseases. In addition to the de- 
finitive characteristics of a given disease, a less spe- 
cific feature involving anabolic failure is likely to be 
present, and this may account for phenomena under 
discussion being common to several neurodegenera- 
tive diseases. 

There is now evidence that oxidativelexcitatory 
interactions may also play a role in the regulation of 
orderly, programmed neuronal death. Chronic inhibi- 
tion of superoxide dismutase produces apoptic death 
of spinal neurons, and this can be blocked by concur- 
rent administration of glutamate receptor agonists 
(1 12). 

Major surges in intracellular levels of free ionic 
calcium occur normally, while basal rates of ROS pro- 
duction are not known to flux as dramatically. In 

pathological states, abnormally high resting calcium 
levels are thus perhaps more likely to initially precede 
extended changes in ROS. Some of the potential in- 
teractions between excitatory and ROS-enhancing 
events are illustrated in Figure 1. These interactions 
can be described as both convergent and interactive. 

An unequivocal causal relation between these two 
broad classes of events, oxidative and excitatory, re- 
mains to be uncovered. To a degree, the phenomena 
may be regarded as parallel and independent. While 
the general outlines of the co-occurrence and partial 
interdependence of these events is clear, the precise 
cause-and-effect relationships taking place in the living 
brain are unknown. Many correlations have been 
made in isolated systems, but the quantitative role 
played by these events in the intact animal awaits elu- 
cidation. However, the potential therapeutic valida- 
tion of antioxidants and calcium channel blockers, 
need not await final clarification of the interrelation of 
these processes that are initiated by failure of intracel- 
lular generation of energy and by collapse of ion 
gradients. 
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Health Grant AA 8282. 

~ ~~~ 

1. Matta M, Fink DJ, Gainer H, Smith CB, Davidsen L, Sakavi 
H, Schwartz WJ, Sokoloff L. Activity-dependent energy me- 
tabolism in rat pituitary primarily reflects sodium pump activ- 
ity. J Neurochem 34:213-215, 1980. 

2. Coyle JT, Puttfarken P. Oxidative stress, glutamate and neu- 
rodegenerative disorders. Science 262:689-695, 1993. 

342 FREE RADICALS EXClTOTOXlClTY AND CNS DISEASE 



3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

Armstead WM, Mirro R, Leffler CW, Busya DW. Cerebral 
superoxide anion generation during seizures in newborn pigs. J 
Cereb Blood Flow Metab 9:175-179, 1989. 
Bazan NG, Birkle DL, Tang W, Reddy TS. The accumulation 
of free arachidonic acid, diacylglycerols, prostaglandins, and 
lipoxygenase reaction products in the brain during experimen- 
tal epilepsy. Adv Neurol44:879-902, 1986. 
Siesjo BK, Ingvar M, Westerberg E. The influence of bicucul- 
line induced seizures on free fatty acid concentrations in cere- 
bral cortex, hippocampus, and cerebellum. J Neurochem 
39:796-802, 1982. 
Mori N, Wada JA, Watanabe M, Kumashiro H. Increased ac- 
tivity of superoxide dismutase in kindled brain and suppression 
of kindled seizure following intra-amygdaloid injection of su- 
peroxide dismutase in rats. Brain Res 557:313-315, 1991. 
Yokoyama H, Matsumoto S, Ishida S, Mori N, Kumashiro H. 
Anticonvulsant effect of liposome-entrapped superoxide dis- 
mutase on kindled convulsions in rats. Epilepsia 40:674, 1989. 
Singh R, Pathak DN. Lipid peroxidation and glutathione per- 
oxide, glutathione reduction, superoxide dismutase, catalase, 
and glucose-6-phosphate dehydrogenase activities in FeC1,- 
induced epileptogenic foci in the rat brain. Epilepsia 31: 15-26, 
1990. 
Willmore LJ, Triggs WJ. Effect of phenytoin and corticoste- 
roids on seizures and lipid peroxidation in experimental post- 
traumatic epilepsy. J Neurosurg 60:467475, 1984. 
Torbati D, Church DF, Keller JM, Pryor WA. Free radical 
generation in the brain precedes hyperbaric oxygen-induced 
convulsions. Free Rad Biol Med 13:lOl-114, 1992. 
Olney JW, Gubareff T. Glutamate neurotoxicity and Hunting- 
ton’s chorea. Nature 271557-559, 1978. 
Greenamyre JT, Penney JB, Young AB. Alterations in L-glu- 
tamate binding in Alzheimer’s and Huntington’s diseases. Sci- 
ence 227:149&1498, 1985. 
Parker WD Jr., Filley CM, Parks JK. Cytochrome oxidase 
deficiency in Alzheimer’s disease. Neurology 40: 1302-1303, 
1990. 
Sims NR, Finegan JM, Blass JP, Browen DM, Neary D. Mi- 
tochondrial function in brain tissue in primary degenerative 
dementia. Brain Res 436:30-38, 1987. 
Brennan WA, Bird ED, Aprille JR. Regional mitochondria1 
respiratory activity in Huntington’s disease brain. J Neuro- 
chem 44:194&1950, 1985. 
Beal MF. Does impairment of energy metabolism result in ex- 
citotoxic neuronal death in neurodegenerative illnesses? Neu- 
rol Prog 31:119-130, 1992. 
Perry TC, Hansen S. What excitotoxin kills striatal neurons in 
Huntington’s disease? Clues from neurochemical studies. Neu- 
rology 40:20-24, 1990. 
Adams JD, Klaidman LK, Odunze IN, Shin HC, Miller CA. 
Alzheimer’s and Parkinson’s disease. Brain levels of glutathi- 
one, glutathione disulfide and vitamin E. Mole Chem Neuro- 
pathol 14:213-226, 1991. 
Carney JM, Starke-Reed PE, Oliver CN, Landum RW, Cheng 
MS, Wu JF, Floyd RR. Reversal of age-related increase in 
brain protein oxidation, decrease in enzyme activity and loss in 
temporal and spatial memory, by chronic administration of the 
spin trapping compound N-tert-butyl-a-phenylnitrone. Proc 
Nat Acad Sci 88:233-238, 1988. 
LeBel CP, Bondy SC. Oxidative damage and cerebral aging. 
Prog Neurobiol38:601-609, 1992. 
Koh JY, Duffy LK, Kirschner DA. P-Amyloid protein in- 
creases the vulnerability of cultured cortical neurons to exci- 
totoxic damage. Brain Res 533:3 15-320, 1990. 
Frautschy SA, Baird A, Cole GM. Effects of injected Alzhei- 
mer P-amyloid cores in rat brain. Proc Natl Acad Sci 88:8362- 
8366, 1991. 
Sims NR, Bowen DM, Neary D, Davison AM. Metabolic pro- 
cesses in Alzheimer’s Disease: Adenine nucleotide content and 
production of 14C02 from [U-14C] glucose in vitro in human 
neocortex. J Neurochem 41: 1329-1334, 1983. 
Gibson GE, Sheu K-FR, Blass JP. Reduced activities of thia- 
mine-dependent enzymes in the brains and peripheral tissues 

of patients with Alzheimer’s disease. Arch Neurol45:83 1-840, 
1988. 

25. Blass JP, Gibson GE. Oxidative stress as a causal factor in 
differentiation and aging: A unifying hypothesis. Exp Gerontol 

26. Subbarao KV, Richardson JS, Ang LC. Autopsy samples of 
Alzheimer’s cortex show increase peroxidation in vitro. J Neu- 
rochem 55342-345, 1990. 

27. Zemlan FP, Theinhaus OJ, Bosmann HB. Superoxide dismu- 
tase activity in Alzheimer’s disease: Possible mechanism for 
paired helical formation. Brain Res 476: 160-162, 1989. 

28. Pappella MA, Omar RA, Kim KS, Rabakis NK. Immunohis- 
tochemical evidence of antioxidant stress in Alzheimer’s dis- 
ease. Am J Pathol 140:621-628, 1992. 

29. Smith CD, Carney JM, Starke-Reed PE, Oliver CN, Stadtman 
ER, Floyd RA, Markesberry WR. Excess brain protein oxida- 
tion and enzyme dysfunction in normal aging and Alzheimer’s 
disease. Proc Nat Acad Sci 88:10540-10543, 1991. 

30. Heikilla RE, Sieber BA, Mansino L, Sonsalla PK. Some fea- 
tures of the nigrostriatal dopaminergic neurotoxin l-methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine (MPTP) in the mouse. Mol 
Chem Neuropathol 10:171-183, 1989. 

31. Rios C, Tapia R. Changes in lipid peroxidation induced by 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine and l-methyl-4- 
phenyl pyridinium in mouse brain homogenates. Neurosci Lett 

32. Odunze IN, Klaidman LK, Adams JD. MPTP toxicity in the 
mouse brain and vitamin E. Neurosci Lett 108:346-349, 1990. 

33. Klaidman LK, Adams JD, Leung AC, Kim SS, Cadenas E. 
Redox cycling of MPP+: Evidence for a new mechanism in- 
volving hydride transfer with xanthine oxidase, aldehyde de- 
hydrogenase and lipoamide dehydrogenase. Free Rad Biol 
Med 15169-179, 1993. 

34. LeBel CP, Bondy SC. Oxygen radicals: Common mediators of 
neurotoxicity. Neurotoxicol Teratol 13:341-346, 1991. 

35. Cino M, Del Maestro RF. Generation of hydrogen peroxide by 
brain mitochondria: The effect of reoxygenation following 
post-decapitative ischemia. Arch Biochem Biophys 269:623- 
638, 1989. 

36. Tanner CM, Langston JW. Do environmental toxins cause Par- 
kinson’s disease? A critical review. Neurology 4O:(Suppl 2): 

37. Parkinson’s Study Group. DATATOP: A multicenter clinical 
trial in early Parkinson’s disease. Arch Neurol 46: 1052-1060, 
1989. 

38. Saggu H, Cooksey J, Dexter D, Wells FR, Lees A, Jenner P, 
Marsden CD. A selective increase in particulate superoxide 
dismutase activity in Parkinsonian substantia nigra. J Neuro- 
chem 53:692-697, 1989. 

39. Dexter DT, Canayon A, Vidarlhet M, Rudberg M, Agid F, 
Agid T, Lees AJ, Wells FR, Jenner P, Marsden CD. Decreased 
ferritin levels in brain in parkinson’s Disease. J Neurochem 
5516-20, 1990. 

40. Connor JR, Snyder BS, Beard JL, Fine RE, Mufson EJ. Re- 
gional distribution of iron and iron-regulatory proteins in the 
brain in aging and Alzheimer’s disease. J Neurosci Res 31:327- 
335, 1992. 

41. Youdim MBH, Ben-Shachar D, Riederer P. Is Parkinson’s dis- 
ease a progressive siderosis of substantia nigra resulting in iron 
and melanin induced neurodegeneration? Acta Neurol Scand 

42. Przedborski S, Kostic V, Jackson-Lewis V, Naini AB, Simo- 
netti S, Fahn S, Carlson E, Epstein CJ, Cadet JL. Transgenic 
mice with increased Cu/Zn-superoxide dismutase activity are 
resistant to N-methyl-4-phenyl- 1,2,3,65-tetrahydropyridine- 
induced neurotoxicity. J Neurosci 12: 1659-1667, 1992. 

43. Zuddas A, Oberto G, Vaglini F, Fascetti F,  Fornai F,  Corsini 
GU.  MK-801 prevents  l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine-induced parkinsonism in primates. J Neu- 
rochem 59:733-739, 1992. 

44. Halliwell B. Protection against tissue damage in vivo by des- 
ferrioxamine: What is it’s mechanism of action? Free Rad Biol 
Med 7545-65 1, 1989. 

45. Sadrzadeh SM, Anderson DK, Panter SS, Hallaway PE, Eaton 

25:499-522, 1991. 

77:32 1-326, 1987. 

17-30, 1990. 

126:47-54, 1989. 

FREE RADICALS EXClTOTOXlClTY AND CNS DISEASE 343 



JW. Hemoglobin potentiates nervous system damage. J Clin 
Invest 79:662464, 1987. 

46. Willmore LJ, Triggs WJ. Effect of phenytoin and corticoste- 
roids on seizures and lipid peroxidation in experimental post- 
traumatic epilepsy. J Neurosurg 60:467475, 1984. 

47. Kitagawa K, Matsumoto M, Oda T, Ninobe M, Hata R, Handa 
N, Fukunaga R, Isaka Y, Kimura K,  Maeda H, Mikoshiba K, 
Kamado T. Free radical generation during brief period of isch- 
emia may trigger delayed neuronal death. Neuroscience 

48. Sutherland RJ, Hoesing JM, Whishaw IQ. Domoic acid, and 
environmental neurotoxin, produces hippocampal damage and 
severe memory impairment. Neurosci Lett 120:221-223, 1990. 

49. Yoshida S, Buson R, Watson BD, Sanitso M, Ginsberg MD. 
Postischemic lipid peroxidation in vitro: Modification by di- 
etary vitamin E. J Neurochem 44:1593-1600, 1985. 

50. Ikeda Y, Ikeda K, Long DM. Protective effect of the iron 
chelator deferoxamine on cold-induced brain edema. J Neuro- 
surg 71:223-238, 1989. 

51. Miyamoto M, Murphy TH, Schnaar RL, Coyle JT. Antioxi- 
dants protect against glutamate-induced cytotoxicity in a neu- 
ronal cell line. J Pharmacol Exp Therap 250:1132-114, 1989. 

52. Oliver CN, Starke-Reed PE, Stadtman ER, Liu GJ, Carrey 
JM, Floyd RA. Oxidative damage to brain proteins. Loss of 
glutamine synthetase activity and production of free radicals 
during ischemidreperfusion-induced injury to gerbil brain. 
Proc Nat Acad Sci 8751445147, 1990. 

53. Hall DE, Braughler JM, Yonkers PA, Smith SL, Lindeman 
KL, Means ED, Scherch HM, Von Voightlander PF, Lahti 
RA, Jacobsen EJ. U-78517F: A potent inhibitor of lipid perox- 
idation with activity in experimental brain injury and ischemia. 
J Pharmacol Exp Therap 2W688-694, 1991. 

54. Vanella A, Sorrenti V, Castorina C, Campisi A, Di Giacomo C, 
Russo A, Perez-Polo JR. Lipid peroxidation in rat cerebral 
cortex during post-ischemic reperfusion: Effect of exogenous 
antioxidants and Ca2+ agonist drugs. Int J Dev Neurosci 
10:75-80, 1992. 

55. Anderson DK. Antioxidant therapy in experimental spinal 
cord injury. Restorative Neurol Neurosci 2:169-174, 1991. 

56. Siesjo BK. Acidosis and ischemic brain damage. Neurochem 
Pathol 9:31-88, 1988. 

57. Murphy TH, Miyamato M, Sastre A, Schaar RL, Coyle JT. 
Glutamate toxicity in a neuronal cell line involves inhibition of 
cystine transport leading to oxidative stress. Neuron 2: 1547- 
1558, 1989. 

58. Dykens JA, Stem A, Trenkner E. Mechanism of kainate tox- 
icity to cerebellar neurons in v i m  is analogous to reperfusion 
tissue injury. J Neurochem 49: 1222-1228, 1987. 

59. Oleson SP. Rapid increase in blood-brain barrier permeability 
during severe hypoxia and metabolic inhibition. Brain Res 
368:2429, 1986. 

60. Vlessis AA, Widener LL, Bartos D. Effect of peroxide, so- 
dium and calcium on brain mitochondrial respiration: Potential 
role in cerebral ischemia and reperfusion. J Neurochem 

61. Kinouchi H,  Epstein CJ, Mizui T, Carlson E, Chen SF, Chan 
PK. Attenuation of focal cerebral ischemia injury in transgenic 
mice overexpressing CuZn-superoxide dismutase. Proc Nat 
Acad Sci 88: 11 158-1 1162, 1991. 

62. Choi DW. Cerebral hypoxia: New approaches and unanswered 
questions. J Neurosci 10:2493-2501, 1990. 

63. Cao W, Carney JM, Duchon A, Floyd RA, Chevion M. Oxy- 
gen free radical involvement in ischemia and reperfusion injury 
to the brain. Neurosci Lett 88:223-238, 1988. 

64. Copin JC, Ledig M, Tholey G. Free radical scavenging sys- 
tems of rat astroglial cells in primary culture; effects of anoxia 
and drug treatment. Neurochem Res 17:677482, 1992. 

65. White BC, Aust SD, Arfors KE, Aronson LD. Brain injury by 
ischemic anoxia: Hypothesis extension-A tale of two ions? 
Ann Emerg Med 13:862-867, 1984. 

66. Bose R, Schnell CL, Pinsky C. Pharmacological blockade of 
lipid peroxidation produced by kainic acid in mouse brain in 
vitro. Pharmacol Commun 1:79-85, 1985. 

67. Bose R, Schnell CL, Pinsky C, Zitko V. Effects of excitotoxins 

35551-558, 1990. 

54:1412-1418, 1990. 

on free radical indices in mouse brain. Toxicol Lett 60:211- 
219, 1992. 

68. Delbarre G, Delbarre B, Calinon F, Ferger A. Accumulation of 
amino acids and hydroxyl free radicals in brain and retina of 
gerbil after transient ischemia. J Ocular Pharmacol7: 147-155, 
1991. 

69. Pellegrini-Giampeitro DE, Cherici G, Alesiani M, Caria V, Mo- 
roni F. Excitatory amino acid release and free radical forma- 
tion may cooperate in the genesis of ischemia-induced neuro- 
nal damage. J Neurosci 10:1035-1041, 1990. 

70. Cazeveille C, Muller A, Meynier F,  Bonne C. Superoxide and 
nitric oxide cooperation in hypoxidinduced neuronal injury. 
Free Rad Biol Med 14:389-395, 1993. 

71. Wu W, Li L. Inhibition of nitric oxide synthase reduces mo- 
toneuron death due to spinal root avulsion. Neurosci Lett 

72. Wink DA, Hanbauer I, Krishna MC, De Grafi W, Gamson J. 
Nitric oxide protects against the cellular damage and cytotox- 
icity from reactive oxygen species. Proc Nat Acad Sci 90:9813- 
9815, 1993. 

73. Hayberry KA, Pou S, Eccles CU. Potentiation of quinolinate- 
induced hippocampal lesions by inhibition of NO synthesis. 
Neurosci Lett 146:187-190, 1992. 

74. Bowling AC, Schulz JB, Brown RH, Beal MF. Superoxide 
dismutase activity, oxidative damage and mitochondrial en- 
ergy metabolism in familial and sporadic amyotrophic lateral 
sclerosis. J Neurochem 61:222-2325, 1993. 

75. Kimura F, Smith RG, Delbono 0, Nyomoi 0, Schneider T, 
Nastainczyk W, Hofmann F, Stefani E,  Appel SH. Amy- 
totrophic lateral sclerosis patient antibodies label Ca2+ chan- 
nel alpha 1 subunit. Ann Neurol35:164-171, 1994. 

76. LeBel CP, Ali SF, McKee M, Bondy SC. Organometal- 
induced increases in oxygen reactive species: The potential of 
2’, 7’-dichlorofluorescin diacetate as an index of neurotoxic 
damage. Toxicol Appl Pharmacol 104: 17-24, 1990. 

77. Mattia CJ, Adams JD, Bondy SC. Free radical induction in the 
brain and liver by products of toluene catabolism. Biochem 
Pharmacol 46: 103-1 10, 1993. 

78. Von Euler G, Fuxe K, Bondy SC. Ganglioside GM, prevents 
and reverses toluene induced increases in membrane fluidity 
and calcium levels in rat brain synaptosomes. Brain Research 
508:210-214, 1990. 

79. Bondy SC, Komulainen H. Intracellular calcium as an index of 
neurotoxic damage. Toxicology 49:3541, 1988. 

80. Lohr JB, Kuczenski R, Bracha HS, Moir M, Jeste DV. In- 
creased indices of free radical activity in the cerebrospinal fluid 
of patients with tardive dyskinesia. Biol Psychiat 28533-539, 
1990. 

81. Cadet JL. Free radicals and neurodegeneration. TINS 17:192- 
194, 1994. 

82. LeVine SM. The role of reactive oxygen species in the patho- 
genesis of multiple sclerosis. Med Hypoth 39:271-274, 1992. 

83. Maridonneau-Parini I, Mirabelli F,  Richelmi P, Bellomo G.Cy- 
totoxicity of phenazine methosulfate isolated hepatocytes is 
associated with superoxide anion production, thiol oxidation 
and alterations in intracellular calcium homeostasis. Toxicol 
Lett 31:175-181, 1986. 

84. Braughler JM, Duncan LA, Goodman T. Calcium enhances in 
vitro free radical-induced damage to brain synaptosomes, mi- 
tochondria and cultured spinal cord neurons. J Neurochem 
451288-1293, 1985. 

85. Ardelt BK, Borowitz JL, Isom GE. Brain lipid peroxidation 
and antioxidant protectant mechanisms following acute cya- 
nide intoxication. Toxicology 56: 147-154, 1989. 

86. Cantoni 0, Sestile P, Cattabeni F, Bellomo G, Pou S, Cohen 
M, Cerutti P. Calcium chelator quin-2 prevents hydrogen per- 
oxide-induced DNA damage. Eur J Biochem 182:209-212, 
1989. 

87. Maduh EU, Johnson JD, Ardelt BK, Borowitz JL, Isom GE. 
Cyanide-induced neurotoxicity : Mechanisms of attenuation by 
chlorpromazine. Toxicol Appl Pharmacol%:60-67, 1988. 

88. Haba K, Ogawa K,  Mizukawa, Mori A. Time course of 
changes in lipid peroxidation, pre- and postsynaptic cholin- 
ergic indices, NMDA receptor binding and neuronal death in 

153: 12 1-1 24, 1993. 

344 FREE RADICALS EXClTOTOXlClTY AND CNS DISEASE 



the gerbil hippocampus following transient ischemia. Brain Res 
40: 116-122, 1990. 

89. Bridges RJ, Koh J, Hatalski CG, Cotman CW. Increased ex- 
citotoxic vulnerability of cortical cultures with reduced levels 
of glutathione. Eur J Pharmacol 192:199-200, 1990. 

90. Freeman B, Crapo JD. Biology of disease: Free radicals and 
tissue injury. Lab Invest 47:412-426, 1982. 

91. Pazdernik TL, Layton M, Nelson SR, Samson FE. The os- 
moticlcalcium stress theory of brain damage: Are free radicals 
involved? Neurochem Res 17:ll-21, 1992. 

92. Saunders R, Horrocks GP. Eicosanoids, plasma membranes, 
and molecular mechanisms of spinal cord injury. Neurochem 
Patrol 7: 1-22, 1987. 

93. Pellerin L, Wolfe LS. Release of arachidonic acid by NMDA- 
receptor activation in the rat hippocampus. Neurochem Res 

94. Schwartz R, Skolnick R, Paul SM. Regulation of g-aminobu- 
tyric acidbarbiturate receptor-grated chloride channel ion flux 
in brain vesicles by phospholipase A,: Possible role of oxygen 
radicals. J Neurochem 50565-571, 1988. 

95. Zimmerman JJ, Zuk SM, Millaud JJ. In vitro modulation of 
human neutrophil superoxide anion generation by various cal- 
cium channel antagonists used in reperfusion resuscitation. 
Biochem Pharmacol38:3601-3610, 1989. 

96. Kiedrowski L,  Costa E, Wroblewski JT. Glutamate receptor 
agonists stimulate nitric oxide synthase in primary cultures of 
cerebellar granule cells. J Neurochem 58:335-341, 1992. 

97. Dawson VL, Dawson TM, London ED, Bredt DS, Snyder SH. 
Nitric oxide mediates glutamate neurotoxicity in primary cor- 
tical culture. Proc Natl Acad Sci 88:6368-6371, 1991. 

98. Ballarin M, Ernfors P, Linderfors N, Persson H. Hippocampal 
Damage and kainic acid injection induce a rapid increase in 
mRNA for BDNR and NGF in the rat brain. Exp Neurol 
114:3543, 1991. 

99. Bondy SC, Lee DK. Oxidative stress induced by glutamate 
receptor agonists. Brain Res 610:229-233, 1993. 

100. Thomas CE, Reed CJ. Effect of extracellular Ca2+ omission on 
isolated hepatocytes. 1. Induction of oxidative cell injury. J 
Pharmacol Exp Therap 245493-500, 1988. 

101. Dogterom P, Kroese ED, Mulder GJ, Nagelkerke GF. Extra- 

16:983-989, 1991. 

cellular calcium alleviates cell toxicity due to hepatotoxins that 
induce lipid peroxidation, but has no effect on toxins that do 
not cause lipid peroxidation. Biochem Pharmacol 38:4225- 
4230, 1989. 

102. Jewel1 SA, Bellomo G, Thor H, Orrenius S. Bleb formation in 
hepatocytes during drug metabolism is caused by disturbances 
in thiol and calcium homeostasis. Science 217: 1257-1259, 1982. 

103. Gilman SC, Bonner MJ, Pellmar TC. Effect of oxidative stress 
on excitatory amino acid release by cerebral cortical synapto- 
somes. Free Rad Med Biol 156714375, 1993. 

104. Thor H, Harzell P, Svensson SA, Orrenius S, Mirabelli F, 
Marinoni V, Bellomo G. On the role of thiol groups in the 
inhibition of liver microsomal Ca2+ sequestration by toxic 
agents. Biochem Pharmacol34:3717-3723, 1985. 

105. Richter C, Kass GEN. Oxidative stress in mitochondria: Its 
relationship to cellular Ca2+ homeostasis, cell death, prolifer- 
ation and differentiation. Chem-Biol Interact 77: 1-23, 1991. 

106. Schor NF. Inactivation of mammalian brain glutamine synthe- 
tase by oxygen radicals. Brain Res 456:17-21, 1988. 

107. Oh SM, Betz AL. Interaction between free radicals and excit- 
atory amino acids in the formation of ischemic brain edema in 
rats. Stroke 22:915-921, 1991. 

108. Fagian MM, Periera-da-Silva L, Martins IS, Vercesi AE. 
Membrane protein cross thiol linking associated with perme- 
abilization of the inner mitochondria1 membrane by Ca2 + plus 
prooxidants. J Biol Chem 19955-19960, 1990. 

109. Levy DI, Sucher NJ, Lipton SA. Redox mediation of NMDA- 
mediated toxicity in mammalian central nervous system. Neu- 
rosci Lett 110:291-296, 1990. 

110. Hasegawa T. Depressive effects of lipid peroxides mediated 
via a purine receptor. Biochem Pharmacol40:1463-1467, 1990. 

111. Halat G, Chavko M, Lukacova N, Kluchova D, Marsala J. 
Effect of partial ischemia on phospholipids and post-ischemic 
lipid peroxidation in rabbit spinal cord. Neurochem Res 
14:1089-1097, 1989. 

112. Rothstein JD, Bristol LA, Hosler B, Brown RH, Kuncl RW. 
Chronic inhibition of superoxide dismutase produces apoptic 
death of spinal neurons. Proc Nat Acad Sci 91:41554159, 
1994. 

FREE RADICALS EXClTOTOXlClTY AND CNS DISEASE 345 


