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INTRODUCTION 
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TABLE I. ROS Generating Systems that May Catalyze Oxidation of Protein 

Fe+’ + O2 
Fe+’ + H202 
Fe+3 + Ascorbate 0 2  

NO + 0;- 
Xanthine Oxida~e/hypoxanthine/Fe+~/O2 
NAD(P) H 0xidase/WAD(P)H/Fe+~/02 

Cytochrome P450 reductor/cytochrome P45o/NADPH/ 
Fe+”OZ 

SOD/O, 

Modified from Stadtman.2h 

certain pathologic conditions (e.g., Alzheimer’s disease), and in normal aging, this 
level of cellular protein oxidation is increased.I3 Furthermore, changes in the level of 
ROS production may occur in conditions of either insufficient (hypoxia, ischemia) or 
excess (hyperoxia, hyperbaric oxygen) oxygen. 

These findings are highly significant under the supposition that increased ROS 
activity, or the inability to restrain this activity, can result in pathology. The 
accumulation of protein oxidation products then becomes an index to the underlying 
ROS-mediated processes. An intriguing consequence of this line of reasoning is that 
intervention at the level of ROS production could ameliorate pathology. The present 
paper presents evidence that the production of oxygen radicals is involved in the 
early biochemical changes that ultimately result in significant behavioral deficits, and 
that interventions showing measurable decreases in indices of ROS-mediated oxida- 
tions also result in improvement in associated performance deficits. 

MATERIALS AND METHODS 

Glutamine Synthesis and Creatine Kinase Assays 

Gerbil neocortical homogenate was prepared as previously describedI4 from 3 4  
month-old and 18-20 month-old male mongolian gerbils (Tumblebrook Farms, W. 
Brookfield, Mass.). The protein concentration of the supernatant (cytosolic) fraction 
of homogenate was determined by the Pierce BCA method.I5 Protein carbonyl levels 
were determined using the dinitrophenyl hydrazine procedure as previously de- 
scribed.I4 Glutamine synthesis (GS) activity was determined by the method of Rowe 
et al.16 as modified by Miller et a1.,I7 and corrected for nonspecific glutaminase 

TABLE t .  Aminoacid Modification that May Occur During Protein Oxidation 
Argine - glutamylsemialdehyde 
Prolyline - glutamylsemialdehyde 
Lysine + a aminoadipylsemialdehyde 
Histidine + arparagine a aspartate 
Cysteines + 5-protein cross-links 

Tyrosine + dityrosyl cross-links 
mixed disulfides 

Modified from Stadtman.26 
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activity by comparison of activity in the presence and absence of adenosinediphos- 
phate (ADP) and arsenate, creatine kinase (CK) activity was determined by the 
colormetric method (Sigma kit NO. 661). 

Salicylate Hydmqylation 

Generation of ROS was determined by hydroxylation of salicylate to form 
dihydroxybenzoic acid (DHBA). 2,3- and 2,s-DHBA were measured using high- 
pressure liquid chromatography (HPLC) with electrochemical detection as previ- 
ously described.18 Salicylate concentration was simultaneously measured with fluores- 
cence detection (300-nm excitation, 412-nm emission), and DHBA was expressed as 
a ratio to salicylate recovered. 

Behavioral Testing 

Gerbils were tested for temporal and spatial memory using an eight-arm radial 
maze.19 Experimentally naive gerbils were tested for their efficiency in patrolling 
behavior. Gerbils were placed into the central (start) chamber and then allowed to 
explore the maze. Errors were defined as reentry of previously entered arms of the 
maze. Both the time to explore all eight arms of the maze and the number of errors 
prior to exploring all arms of the maze were recorded for each subject. The observer 
was blind to the 
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CEREBEUUM OCCIPITAL HIPPOWPUS PARIETAL FRONTAl 

FIGURE 1. Regional differences in brain cytosolic protein oxidation, glutamine synthase (GS), 
and creatine kinase (CK) activities from selected brain regions of neurologically normal and 
Alzheimer’s disease (AD) subjects. Brains were obtained at autopsy within 8 hr of the time of 
death and rapidly frozen in liquid nitrogen. Solid burs represent the average of two controls and 
the cross-hatched burs represent the average of four AD brains. 
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number of commonly observed aging phenomena. An increasingly secure candidate 
for such a process is the oxidation of normal cellular constituents mediated by ROS, 
for example, superoxide, hydrogen peroxide, hydroxyl free radical, and singlet oxygen. 

Direct detection of these species in vivo has been difficult due to their intrinsically 
low tissue concentrations and the highly localized nature of their reactions. Indirect 
detection of specific reaction products, however, has proved fruitful. There is now 
substantial evidence that products of oxidation, such as protein carbonyl adducts, 
accumulate in the brain with age, and that the rate of oxidation increases similarly. 
Correlated with the increased level of oxidized protein there is a progressive 
decrease in enzyme activity. Among the various enzymes studied, several appear to 
be uniquely sensitive to oxidation (see TABLE 2). 

AGED*** ADULT 

* 

0 10, 

CONTROL o m  COrnOL 0mEN 
Y 

FIGURE 2. Effects of exposure to 100% oxygen for 6 hr on the production of oxy-radical 
species. Gerbils (3-4 months and 18-20 months old) were placed in a plexiglass exposure 
chamber that had been purged of air by pure oxygen. Environmental oxygen levels 
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generates partially reduced oxygen species, some of which are highly reactive. In 
addition, there may be a special role for the brain astrocyte in ameliorating these 
ROS-related reactions. GS, a heme-centered enzyme found exclusively in astrocytes, 
is essential for the production of 

for for 
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both neocortical DHBA/SA and soluble protein fraction carbonyl content. Parallel- 
ing the increased level of oxidized soluble protein, there is a significant loss of 
MAL-6 binding sites on cytoskeletal protein. Similar changes in MAL-6 binding have 
been observed in aged red cells and are interpreted to indicate a loss of or damage to 
the weak binding sites on the surface of cytoskeletal proteins. These changes in ROS 
production and protein oxidation were paralleled by changes in the level of locomo- 
tor activity and radial maze errors. 

We have previously reported that aged gerbils are differentially sensitive to IRI 
with respect to locomotor activity, early gene expression, and metabolic recovery 
from ischemia.25 FIGURE 5 demonstrates the consistent, age-related enhanced 
vulnerability to ROS following IRI. Aged gerbils demonstrated significantly greater 
cortical DHBA/SA and protein carbony 1 hr after reperfusion. Consistent with this, 
there was a significantly greater loss of MAL-6 binding sites in cytoskeletal samples 
from aged, compared to adult, gerbils 60 min after reperfusion. Maze performances 
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