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Abstract — In the past decade, our understanding of the biochemistry, molecular biology, 
and neuropathology of glutamate transporters and receptors has exploded. It is becoming 
increasingly evident that the molecular mechanisms which govern transfer of the death 
signal from the neural cell surface to the nucleus depend on lipid mediators and on cross 
talk among excitotoxicity, oxidative stress, and neuroinflammation, and that interactions 
among these three processes play a major role in neuronal cell death during acute neural 
trauma and neurodegenerative disease. These processes may be primary initiating points 
in neurodegeneration or they may be the end result of the neurodegenerative process itself. 
Oxidative stress and excessive activation of glutamate receptors are converging processes 
and represent sequential as well as interacting factors that provide a final common path-
way for cell vulnerability in the brain. While excitotoxic and oxidative injury may occur 
independently, growing evidence indicates that reactive oxygen species formation may also 
be a specific consequence of glutamate receptor-mediated neurotoxicity. The involvement 
of NMDA and AMPA/kainate receptors in the induction of superoxide radical production 
and neuronal nitric oxide release in the rat brain was examined after injection of kainate, a 
non-NMDA receptor agonist; kainate plus 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 
a selective AMPA/kainate receptor antagonist; or kainate plus 2-amino-5-phosphonopen-
tanoic acid (APV), a selective NMDA receptor antagonist. Competitive glutamate receptor 
antagonists were injected with kainate unilaterally into the CA3 region of the rat hippo-
campus. The time course of in vivo oxidative damage in different brain regions was inves-
tigated, as was mitochondrial MnSOD activity, since it is associated with the production 
of reactive oxygen species. The measurements took place at different times (5 min, 15 min, 
2 h, 48 h, and 7 days) in ipsi- and contralateral hippocampus, forebrain cortex, striatum, 
and cerebellum homogenates. We also investigated the effects of 7-nitroindazole (7-NI), 
a selective neuronal nitric oxide synthase inhibitor in vivo, on nitrite concentration after 
kainic-induced neurotoxicity.
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INTRODUCTION

About 40% of central nervous system synapses use glutamate as the neurotransmit-
ter. Over-stimulation of glutamate receptors produces neuronal injury or death by 
excitotoxicity, which is closely associated with neurochemical and neuropathologi-
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cal changes involved in acute neural trauma (stroke, spinal cord trauma, and head 
injury) and neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s 
disease, Huntington’s chorea, amyotrophic lateral sclerosis (ALS), Creutzfeldt-Jakob 
disease, Guam-type amyotrophic lateral sclerosis/Parkinson’s dementia (ALS/PDC), 
and multiple sclerosis (Albin et al., 1992; Lipton et al., 1994).

The physiological effects of glutamate, the most important excitatory neu-
rotransmitter in the brain, are mediated by ionotropic and metabotropic receptors. 
Glutamate receptors are believed to exist as oligomers of ionotropic receptor sub-
units or as dimers of metabotropic receptors. Both receptor types can be divided 
into several families based on sequence identity and pharmacological, electrophysi-
ological and biochemical characteristics (Skaper et al., 2001). Metabotropic recep-
tors have a presynaptic action, with both inhibitory and excitatory effects. They 
are coupled to intracellular second messenger systems. Metabotropic glutamate 
receptors either activate the G protein-phosphoinositide pathway or inhibit the 
cAMP cascade (Kaczmarek et al., 1997). Ionotropic glutamate receptors include 
N-metyl-D-asparate (NMDA), alpha-amino-3-hydroxy-5-methylisoxazole-4-pro-
pionate (AMPA), and kainate (KA) receptors (Varju et al., 2001). Mammals express 
six NMDA receptor subunits, four AMPA receptor subunits, and five KA receptor 
subunits (Janssens et al., 2001). Kainic acid (KA), a pyrrolidine excitotoxin isolated 
from the seaweed Digenea simplex, acts on glutamate receptors, which leads to neu-
rotoxic damage resembling the alterations observed in some neurological disorders 
(Candelario–Jalil et al., 2001).

Glutamate receptors are the primary excitatory neurotransmitter receptors in 
the vertebrate brain and are of critical importance to a wide variety of neurologi-
cal processes. Recent reports suggest that ionotropic glutamate receptors may have 
a unique transmembrane topology not shared by other ligand-gated ion channels 
(Wo et al., 1994). The ionotropic receptors open a cationic channel, which allows the 
passage of Na+, K+ and Ca2+. Neocortical AMPA and KA receptors show little perme-
ability to Ca2+, except for a subpopulation of interneurons. The NMDA receptor, in 
addition to allowing the passage of Na+ and K+, is the major calcium ionophore of 
the cerebral cortex. This receptor differs from other glutamate receptors by being 
both ligand-gated and voltage-sensitive (Kaczmarek et al., 1997).

Oxidative stress in the brain

Excitotoxicity is a process by which overactivation of glutamate receptors induces 
cell death. Excitotoxicity produced by glutamate is initiated by a sustained increase of 
intracellular Ca2+. Influx of Ca2+ serves as a signal for activation of Ca2+-calmodulin 
dependent and protein kinase C-regulated nitric oxide synthase (NOS). Activation 
of NOS generates nitric oxide (NO), which can produce oxidative damage. In addi-
tion, elevated cytosolic free Ca2+ can activate phospholipase A2, leading to the subse-
quent generation of arachidonic acid. The metabolism of arachidonic acid can then 
produce free reactive oxygen species (ROS) and lipid peroxidation. Thus, oxidative 
stress plays a critical role in excitotoxicity (Gunasekar et al., 1995).
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Oxidative stress and excessive activation of glutamate receptors are converging 
processes and represent sequential as well as interacting factors that provide a final 
common pathway for cell vulnerability in the brain (Coyle et al., 1993). While excito-
toxic and oxidative injury may occur independently, growing evidence indicates that 
ROS formation may also be a specific consequence of glutamate receptor-mediated 
neurotoxicity (Dugan et al., 1995). The precise cellular mechanisms that lead to neu-
rotoxicity under these conditions still remain unclear. Although NMDA receptors 
likely contribute critically to neuronal injury in various acute conditions, several 
observations support the hypothesis that AMPA/KA receptors may be of greater 
importance to the neurodegenerative process (Carriedo et al., 1998; 2000). 

Considerable evidence supports a link between Ca2+ influx and glutamate recep-
tor-mediated neurodegeneration. Brief periods of activation of highly Ca2+-perme-
able NMDA channels can result in substantial intracellular Ca2+ accumulation and 
widespread neuronal injury (Lu et al., 1996; Hyrc et al., 1997). Mitochondria can 
buffer these large Ca2+ loads, but they do so at the expense of triggering injurious 
ROS production (Peng et al., 1998). Additionally, the extremely rapid interconversion 
of ROS within the cell can make it difficult to identify the originating species. In 
contrast to NMDA receptors, AMPA/KA receptors are generally Ca2+-impermeable 
and trigger injury more slowly, with prolonged periods of activation needed before 
significant neuronal injury occurs (Koh et al., 1990). Subpopulations of central neu-
rons, however, are highly vulnerable to AMPA/KA receptor-mediated injury, likely 
attributable in part to the expression of large numbers of AMPA/KA channels with 
high Ca2+ permeability (Weiss et al., 1994). 

Superoxide radical production in the brain

Glutamate neurotoxicity is mediated by ROS formed as a consequence of several 
processes, including NO (Alabadi et al., 1999; Nakaki et al., 2000; Radenovic et 
al., 2002, 2003, 2005b), and superoxide production (Li et al., 2001; Radenovic et 
al., 2004a, 2004b, 2005a, 2007). Superoxide radicals react rapidly with NO to form 
highly cytotoxic peroxynitrite, which acts through lipid peroxidation (Lee et al., 
2001). Although there are a number of intracellular sources of free radicals, the 
mitochondria are thought to be the most important (Ciriolo et al., 2001). The bioen-
ergetic properties of in situ mitochondria play a central role in controlling the sus-
ceptibility of neurons to acute or chronic neurodegenerative stress. Mitochondrial 
radical production provides a testable model, based on oxyradical toxicity, oxidative 
enzyme inactivation, and mitochondrial dysfunction, for the final common path-
way of neuronal necrosis during excitotoxicity and in a host of neurodegenerative 
disorders. The mitochondrial membrane potential is the parameter that controls 
three interrelated mitochondrial functions of great relevance to neuronal survival: 
ATP synthesis, Ca2+ accumulation, and superoxide generation (Nicholls et al., 1999). 
Mitochondria from different tissue sources display differential susceptibility to oxi-
dizing species (Cassarino et al., 1999; Heales et al., 1999). However, it is now becom-
ing apparent that, within the brain, there is a differential susceptibility of various 
brain cell types to oxidizing species. In contrast to astrocytes, neurons appear to be 
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particularly vulnerable to the action of free radicals. Such vulnerability may arise 
from an inability to sustain cellular energy demands by glycolysis and an inferior 
capacity to handle oxidizing species (Sengpiel et al., 1998). Regional distribution of 
NMDA and AMPA/KA receptors of the rat brain was found to be highest in deep 
layers (layer 5) of the forebrain cortex, cerebellar granule cell layer, and caudate 
putamen (Bailey et al., 2001), which is why we tested the following particular brain 
regions: hippocampus, forebrain cortex, striatum, and cerebellum.

Mitochondria are the main cellular source of superoxide production, both during 
normal cell respiration and in association with oxidative stress such as ischemia, 
trauma, etc., when uncontrolled release of glutamate occurs. Under physiological 
conditions, a dynamic equilibrium exists in vivo between the oxidative damage 
potential and the antioxidant defense capacity. However, during episodes of oxi-
dative stress, increased free radical production or reduced antioxidant reservoirs 
might upset this balance. Accumulation of free radicals may lead to the generation 
of a more toxic and short-lived hydroxyl radical, which in turn attacks membrane 
phospholipids, proteins, and DNA, causing oxidative damage to these molecules and 
thereby destroying cells. The superoxide radical is much less reactive and can cross 
cell membranes and act at a distance. As the first protective mechanism, superoxide 
dismutase (SOD) reacts with superoxide to produce hydrogen peroxide and molecu-
lar oxygen (Heales et al., 1999). 

Mechanisms of protection against oxidative stress in the brain

The antioxidant enzymes are mostly nuclear-encoded ROS-detoxifying enzymes 
which act to protect the cell from oxidative damage. These enzymes may be essential 
for cellular survival in conditions such as neurodegenerative diseases characterized 
by elevated oxidative stress. SOD is found in all cells in both a cytoplasmic (Cu, 
Zn-SOD) and mitochondrial (MnSOD) form, and there is also a minor extracel-
lular form and an mtSOD form. Tissues with high metabolic demands (and cor-
respondingly increased ROS production) such as the liver, kidney, heart, and brain 
possess higher levels of SOD (Cassarino et al., 1999). The MnSOD isoenzyme is 
predominantly confined to neurons and their processes throughout the brain and 
the spinal cord (Lindenau et al., 2000). It seems reasonable to conclude that differ-
ences in the basal content of SOD-isoenzymes may contribute to different cellular 
susceptibilities in neurodegenerative processes that are accompanied by oxidative 
stress. Mitochondrial MnSOD seems to be a key enzyme in oxygen metabolism 
in the brain and is considered to be a major factor in protection of nervous tissue 
against excitotoxic and ischemic/hypoxic lesion (Budd et al., 1996, 1997). MnSOD 
represents a ROS-inducible enzyme enabling brain cells to adapt to variation in ROS 
concentrations resulting from their oxidative metabolism (Gonzalez–Zulueta et al., 
1999). The importance of mitochondrial MnSOD in mammals is demonstrated by 
gene targeting experiments showing that inactivation of both Sod2 alleles is incom-
patible with life. Sod2-/- mice have impaired mitochondrial function, as evidenced by 
changes in the activity of mitochondrial enzymes and by phenotypic resemblance 
to genetic mitochondrial disorders. The induction of mitochondrial MnSOD under 
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pathological conditions is variable and related mainly to the type of injury (Bidmon 
et al., 1999). 

Nitric oxide production in the brain

Stimulation of glutamate KA receptors induces neuronal NO release, which in turn 
modulates glutamate transmission (Alabadi et al., 1999; Nakaki et al., 2000). NO is 
a highly reactive signal molecule in the CNS. The agent is a gaseous chemical mes-
senger that acts on interneuronal communications, synaptic plasticity, memory 
formation, receptor function, intracellular signal transmission, and mediator release 
(Brown et al., 1999; Heales et al., 1999; Lei et al., 1999). However, pathological condi-
tions may occur when higher fluxes of these mediators are generated, such as during 
the process referred to as excitotoxicity, i.e., the excessive activation of glutamate 
KA receptors. This is a condition common to both acute and chronic neurological 
diseases (Sengpiel et al., 1998; Brorson et al., 1999; Ciriolo et al., 2001).

Three isoforms of NOS have been identified and are the products of three distinct 
genes: neuronal NOS (nNOS), immunological NOS (iNOS), and endothelial NOS 
(eNOS) (Gonzales–Zuluenta et al., 1998). In the nervous system, nNOS is confined to 
discrete populations of neurons in the cerebellum, cortex, striatum, olfactory bulb, 
hippocampus, basal forebrain, and brain stem (Torreilles et al., 1999). Cortical areas 
are known to contain the highest packing densities of nNOS-positive interneurones 
such as the pyriform and entorhinal cortices (Bidmon et al., 1999), indicating that, in 
normal animals, neurotransmission and probably cognitive information processing 
would be affected by the pharmacological modulation of NO production. 

Excess production of NO via nNOS has been implicated in various neurotoxic 
paradigms. Published results implicate neuronal NO generation in the pathogenesis 
of both direct and secondary excitotoxic neuronal injuries in vivo. As such, they sug-
gest that nNOS inhibitors may be useful in the treatment of neurological diseases in 
which excitotoxic mechanisms play a role (Radenovic et al., 2003, 2008). Because NO 
is a reactive free radical, it has many potential targets to initiate neurotoxic cascades. 
It is well known that NO toxicity may be amplified by presence of the superox-
ide radical, the one-electron reduction product of oxygen, since these species react 
at diffusion-limited rate to form peroxynitrite, a potent oxidant. The pathological 
activity of this compound is currently related to its ability to affect nitrate tyrosine 
residues and oxidize proteins, non-protein sulfhydryl membrane phospolipids, low-
density lipoproteins, and NAD(P)H. The oxidant enzyme SOD may therefore play 
a pivotal role in modulating NO toxicity. Indeed, this enzyme - which catalytically 
removes the superoxide radical, leading to oxygen and hydrogen peroxide formation 
- can be an effective antagonist of NO-mediated toxicity under in vivo conditions. 
Furthermore, it has been demonstrated that whereas the balanced and simultaneous 
generation of the NO and superoxide radicals is non-destructive, the unopposed 
generation of either radical induces apoptosis and, at high concentration, necrotic 
cell death. From these observations, it is possible to hypothesize that the milieu of 
intracellular antioxidants may modulate NO toxicity (Ciriolo et al., 2001).
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nNOS neurons are remarkably spared from cell death in NMDA neurotoxicity, 
Huntington's chorea, Alzheimer's disease, and vascular stroke. Thus, nNOS neurons 
must possess protective mechanisms that render them resistant to the toxic NO 
environment they create. However, the molecular mechanisms that account for the 
selective resistance of nNOS neurons to neurotoxic insults remain unknown.

Measurements in the rat brain

In view of the above, the present study was undertaken to examine whether the 
production of NO after unilateral intracerebral injections of KA (0.5 mg/ml, pH 
7.2) into the CA3 region of the rat hippocampus can be modulated by pretreatment 
with 7-nitroindazole (7-NI, 100 µM), a selective nNOS inhibitor. The accumulation 
of nitrite, the stable metabolite of NO, was measured by the Griess reaction at dif-
ferent times (5 min, 15 min, 2 h, 48 h, and 7 days) following intracerebral injection 
in ipsi- and contralateral hippocampus, forebrain cortex, striatum, and cerebellum 
homogenates. Also, in order to investigate the role of NMDA and AMPA/KA recep-
tors in glutamate neurotoxicity, we studied neuroprotective effects of respective 
receptor antagonists by monitoring superoxide radical production and activity of 
mitochondrial MnSOD in the rat brain after intrahippocampal injection of KA, 
a non-NMDA receptor agonist; KA plus 6-cyano-7-nitroquinoxaline-2,3-dione 
(CNQX, 0.5 mg/ml, pH 7.2), a selective AMPA/KA receptor antagonist; or KA plus 
2-amino-5-phosphonopentanoic acid (APV, 0.5 mg/ml, pH 7.2), a selective NMDA 
receptor antagonist.

Recent studies have linked glutamate toxicity and superoxide production to 
mitochondrial dysfunction (Dugan et al., 1995). A number of synthetic glutamate 
receptor antagonists, especially drugs interfering with NMDA receptors, were iden-
tified as promising neuroprotective agents, but they failed in clinical trials because of 
undesirable side effects or lack of efficacy (Urenjak et al., 2000). There is a pharma-
cological difference between glutamate and its receptor agonists. Unlike its receptor 
agonists, glutamate can activate all glutamate receptors and be taken up by many 
different cells, including neurons and glia. The glutamate transport system may play 
a role in the difference between glutamate and its receptor agonists in the observed 
excitotoxic effects (Li et al., 1998). These glutamate transporters can be inhibited by 
peroxynitrite, formed by a combination of superoxide and NO and sensitive to the 
cell’s redox state (Trotti et al., 1997). Reduced glutamate uptake will prolong gluta-
mate receptor activation by extracellular glutamate, which will exacerbate neuronal 
injury (Trotti et al., 1996). 

MnSOD has a neuroprotective role in glutamate excitotoxicity (Keller et al., 
1998). MnSOD has a heterogeneous distribution in the brain (Akai et al., 1990).  In 
the striatum, MnSOD is enriched in cholinergic neurons and somatostatin neu-
rons. It is also highly enriched in cholinergic neurons of the basal forebrain. In the 
hippocampus MnSOD is enriched mainly in parvalbumin-containing neurons. 
MnSOD-positive interneurons were present in the stratum pyramidale, with highest 
packing densities in the subiculum and CA3. The highest packing density within 
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Fig. 1. Effect of intrahippocampal injection of kainate (KA), kainate plus APV (KA+APV), kainate 
plus CNQX (KA+CNQX), and kainate plus 7-NI (KA+7-NI) on superoxide levels (O2’, μM NBT/mg 
prot.), MnSOD activity (x103 IU/mg prot.), and nitrite levels (mM NO-2/mg prot.) in the rat ipsilateral 
hippocampus at different survival times (5 min, 15 min, 2 h, 48 h, and 7 days). Data are means ± S.D. 
of eight animals.
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Fig. 2. Effect of intrahippocampal injection of kainate (KA), kainate plus APV (KA+APV), kainate 
plus CNQX (KA+CNQX), and kainate plus 7-NI (KA+7-NI) on superoxide levels (O2' μM NBT/mg 
prot.), MnSOD activity (x103 IU/mg prot.), and nitrite levels (mM NO-2/mg prot.) in the rat ipsilateral 
forebrain cortex at different survival times (5 min, 15 min, 2 h, 48 h, and 7 days). Data are means ±S.D. 
of eight animals.
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the hippocampal formation occurred in the polymorphic cell layer of the dentate 
gyrus. The immunocytochemical distribution of MnSOD was determined in the 
rat hippocampus (Akai et al., 1990). CA1 pyramidal cells were weakly immunos-
tained, whereas CA3 pyramidal cells were strongly reactive. These differences in 
the intensity of the MnSOD immunostaining reactions may relate to variations in 
the sensitivity of subfields of the hippocampus to ischemia. The hippocampus is 
especially vulnerable to ischemic damage. Neurons in the CA3 region and dentate 
hilus exhibit fast progressive damage, while CA1 pyramidal cells show delayed neu-
ronal damage. The delayed CA1 pyramidal cell loss could be caused by postischemic 
neuronal hyperactivity if hippocampal interactions are lost after ischemia. Because 
CA3 neurons constitute the main input to CA1 pyramidal cells, decreased activity 
of CA3 neurons indicates less excitatory input to CA1 neurons. Also, MnSOD was 
localized in the cerebral cortex and hippocampus of patients with Alzheimer-type 
senile dementia (Maeda et al., 1997). MnSOD may also be involved in limiting the 
damage in remote brain areas that were not ischemic by scavenging radicals formed 
in response to deafferentitation.

An appropriate dose of KA (0.5 mg/ml) was used to cause small brain damage 
in the ipsilateral, but not contralateral, hippocampus; there were no behavioral or 
epileptic effects. We showed that superoxide levels in the rat brain increased imme-
diately after KA-injection and remained increased throughout the experiment (7 
days was the longest survival time examined). This significant increase in superoxide 
production correlated with MnSOD levels and presumably with the degree of neuro-
nal injury. Neuronal cells responded to oxidative stress in KA-induced neurotoxicity 
and induced the protective mechanism to increase of MnSOD levels. 

Induction of mitochondrial MnSOD under pathological conditions is variable 
and related mainly to the type of injury (Liang et al., 2000). Neuronal superoxide 
production varies with metabolic activity and age (Kim et al., 2000). The role of 
oxygen radicals in AMPA/KA receptor-mediated injury is less clear. Developmental 
increase in mitochondrial superoxide production and oxidative DNA damage fol-
lowing KA seizures suggest that mitochondrial oxidative stress may be a key factor 
that renders the developing brain resistant to seizure-induced brain damage (Patel 
et al., 2003).  

Agonist-triggered Ca2+ influx may constitute a key link between glutamate recep-
tor activation and subsequent neurodegeneration. In cortical culture, brief periods of 
activation of NMDA channels, which are highly Ca2+-permeable, are capable of trig-
gering widespread neurodegeneration. In contrast, much more prolonged periods 
of activation of AMPA/KA receptor-gated channels are required before comparable 
neurotoxicity develops. This may reflect the fact that most AMPA/KA channels are 
poorly permeable to Ca2+ and likely cause secondary Ca2+ influx via the depolariza-
tion and activation of voltage-sensitive Ca2+ channels. Multiple factors have been 
hypothesized to contribute to the differences in toxicity that result from NMDA and 
AMPA/KA receptor activation (Carriedo et al., 2000; Nicholls et al., 2000). 

The role of NO in cerebral insult remains controversial. While numerous studies 
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Fig. 3. Effect of intrahippocampal injection of kainate (KA), kainate plus APV (KA+APV), kainate 
plus CNQX (KA+CNQX), and kainate plus 7-NI (KA+7-NI) on superoxide levels (O2' μM NBT/mg 
prot.), MnSOD activity (x103 IU/mg prot.), and nitrite levels (mM NO-2/mg prot.) in the rat ipsilateral 
striatum at different survival times (5 min, 15 min, 2 h, 48 h, and 7 days). Data are means ± S.D. of 
eight animals.
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Fig. 4. Effect of intrahippocampal injection of kainate (KA), kainate plus APV (KA+APV), kainate 
plus CNQX (KA+CNQX), and kainate plus 7-NI (KA+7-NI) on superoxide levels (O2', μM NBT/mg 
prot.), MnSOD activity (x103 IU/mg prot.), and nitrite levels (mM NO-2/mg prot.) in the rat ipsilateral 
cerebellum at different survival times (5 min, 15 min, 2 h, 48 h, and 7 days). Data are means ±S.D. of 
eight animals.
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have used models of ischemia, hypoxia, and status epilepticus, few have examined 
NO in the KA model of excitotoxicity. Animals exposed to KA-induced status epi-
lepticus display a striking pattern of selective neuronal vulnerability in the hippo-
campus. Neurons in the hilus/CA3 and CA1 subfields appear particularly sensitive, 
whereas dentate gyrus granule cells are resistant (Becer et al., 1999; Lere et al., 
2002), which is likely to be due to the high concentration of KA receptors on their 
membranes. The regional distribution of KA receptors of the rat brain was found 
to be highest in deep layers (layer 5) of the forebrain cortex, cerebellar granule cell 
layer, and caudate putamen (Carroll et al., 1998; Bailey et al., 2001), which is why 
we tested the following particular brain regions: hippocampus, forebrain cortex, 
striatum, and cerebellum.

We showed that NO end-product levels in the rat brain increased immediately 
after kainate injection and continued to increase gradually throughout the exper-
iments. Under conditions of normal behavior in the rat, the damage was local-
ized mainly in the CA3 region of hippocampus, where neuronal loss occurred. 
7-Nitroindazole (7-NI), a selective neuronal nitric oxide synthase inhibitor in vivo, at 
any dose used did not affect basal nitrite levels before intracerebral KA injections. 

In addition, pretreatment with 7-NI was effective in modulating the production 
of NO following intrahippocampal KA injection. 7-NI produced a rapid (within 2 h) 
decrease of nitrite levels in all tested brain regions. Previously, it was demonstrated 
that 7-NI can produce designated changes in brain NO content, facilitating the use 
of 7-NI to probe the pharmacological implications of NO in CNS (Bush et al., 2001). 
It was suggested that excessive production of NO is involved in the mechanisms of 
KA triggering of seizures and neurodegeneration (Bagetta et al., 1995). NO is of 
major importance in the neurodestructive process in spite of its roles in maintaining 
both the cerebral blood flow and cerebral oxygenation during KA-induced seizures 
in the brain (Takei et al., 1999; 2001).

Our results revealed that 7-NI had no statistically significant influence on super-
oxide concentrations in the tested brain structures compared to the control values. 
However, superoxide concentrations after kainate-induced neurotoxicity was back to 
the control values after intrahippocampal kainate treatment and pretreatment with 
7-NI in all tested brain structures. Regarding the activity of MnSOD, our results 
demonstrated statistically significant increase 7 days after intrahippocampal KA 
treatment in all tested brain structures after pretreatment with 7-NI. The present 
results suggest that neuronal NO synthase inhibitors may be useful in the treatment 
of neurological diseases in which excitotoxic mechanisms play a role.

We detected differential effects of the NMDA antagonist APV and AMPA/
KA antagonist CNQX on superoxide production and MnSOD activity after intra-
hippocampal injection with KA. The effect of KA on superoxide production was 
completely blocked by glutamate antagonists. Intrahippocampal injection of KA 
with APV resulted in decrease of superoxide production to around control levels 
in all tested brain structures. Thus, significant decrease in superoxide levels was 
found only in comparison to KA-treated animals, i.e., the overall effect of a selec-
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tive NMDA receptor antagonist was a decrease of KA-induced excitotoxicity. The 
accent effect of intrahippocampal injection of KA plus the selective AMPA/KA 
receptor antagonist CNQX resulted in significant decrease of superoxide produc-
tion to below control levels in all tested brain structures, indicating the existence 
of an AMPA/KA receptor-mediated component of basal superoxide production in 
control conditions. The effect of this antagonist is striking at 5 min from injection 
in all tested brain structures. 

Our results showed that there is a clear, transient increase of inducible MnSOD 
in all tested brain regions after intrahippocampal injection with glutamate antago-
nists. Although NMDA-induced superoxide production was blocked selectively with 
APV, still a rapid increase in MnSOD levels was found within 5 min in the ipsilateral 
and the contralateral areas, which possibly receive a few direct connections from the 
lesioned area, after KA+APV injection. It is obvious from the data that at the onset, 
MnSOD upregulation was higher in the hippocampus, suggesting that the hippo-
campus may be intrinsically more protected from toxic effects by MnSOD than other 
areas. The first increase in MnSOD activity occurred between 5 min and 2 h. The 
obtained increase is due to activation of MnSOD by increased levels of superoxide 
(Gonzalez–Zulueta et al., 1999; Li et al., 1998). The delayed increases of MnSOD 
activity at 48 h and 7 days suggest a rapid de novo synthesis, probably involving 
transcription of the gene and translation of its mRNA (Hussain et al., 2004). 

It is obvious from the data that increase in MnSOD activity in KA-induced 
excitotoxicity is not dependent on superoxide production only. We hypothesize that 
by selectively blocking AMPA receptors with CNQX we reduced superoxide produc-
tion, but did not inhibit mitochondrial transport or several other cellular pathways 
for radical generation. A possible explanation is that MnSOD activity can be induced 
by many cytokines, not solely by superoxide itself (Pinteaux et al., 1996). An effect of 
increased MnSOD activity was obtained with KA+CNQX intrahippocampal injec-
tion, but there was a difference between the CNQX and APV effects in regard to time 
dynamics. In all tested brain structures, a significant increase was detected from 2 
h up to 7 days. Previous studies suggested that mitochondrial MnSOD is important 
for resistance to toxic cellular insults and plays a major protective role (Nicholls et 
al., 1999). It seems that the mechanisms and time points of induction of MnSOD 
activity by NMDA and AMPA/KA antagonists may be different. Direct injury prob-
ably leads to instant induction of MnSOD expression, whereas more time is needed 
to transfer the signal to the remote brain regions. The used glutamate antagonists 
APV and CNQX both expressed sufficient neuroprotection in the sense of decreas-
ing superoxide production and increasing MnSOD levels, but with differences in 
mechanisms and time dynamics.

CONCLUSION

The used glutamate antagonists APV and CNQX both expressed sufficient neuro-
protection in the sense of decreasing superoxide production and increasing MnSOD 
levels, but with differences in mechanisms and time dynamics. Our findings sug-
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gest that NMDA and AMPA/kainate receptors are differentially involved in super-
oxide production. Following intrahippocampal injection of antagonists, they also 
interpose different neuroprotection effects on the induction of MnSOD activity 
in distinct brain regions affected by the injury, which are functionally connected 
via afferents and efferents. This implies that MnSOD protects the cells in these 
regions from superoxide-induced damage and therefore may limit the retrograde 
and anterograde spread of neurotoxicity.

The pathophysiological significance of decreased NO activity in selected areas of 
the brain may indicate that treatment with 7-NI leads to protection of brain neurons 
against neuronal injuries by impairment of cellular energy metabolism and oxidative 
stress. These findings help to explain the equally efficient effect of 7-NI in all tested 
brain structures in suppressing nitrite accumulation. Also, the results suggest that 
extremely fine regulation of NO levels in different neural cell types can modulate 
excitotoxicity. The nNOS inhibitory effect of 7-NI following intracerebral injection 
should be taken into account when using this drug to evaluate the central effects 
of nitric oxide.
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