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ABSTRACT 

Decrements in motor and cognitive function occur 
in aging, possibly due to oxidative stress-induced 
damagetothe brain. Declines in antioxidant defense 
mechanisms have been postulated as a causative 
factor in these age-related decrements, however a 
clear link between oxidative stress (OS) and behav- 
ioral changes in aging has yet to be established. 
This review shows that age-validated psychomotor 
and cognitive tests are sensitive to behavioral defi- 
cits under different models of OS, including: 1) de- 
creasing OS protection by depleting glutathione 
and then increasing the OS with dopamine; 2) 100% 
oxygen exposure; and 3) radiation. Furthermore, 
interventions that reduce OS result in concurrent 
improvements in age-associated behavioral defi- 
cits. Therefore, age-related changes in behavior 
may result from an inability to cope with OS that 
occurs throughout the life-span. 

INTRODUCTION 

Decrements in motor function and decrements in memory 
are two main behavioral parameters that are altered in 
senescence in both humans and animals. These changes 
occur even in the absence of specific age-related 
neurodegenerative diseases but these could contribute 
to the changes. Specifically, aged rats show decre- 
ments in performance of behavioral tasks requiring 
coordinated control of motor and reflexive responses, 
such as suspension time on a horizontal wire or inclined 
wire mesh screen and the length of time it takes for the 
animal to traverse a wooden rod or plank (Dean et al. 
1981; Ingram et al. 1994; Joseph et al. 1983; Joseph & 
Lippa 1986), and on cognitive tasks that require the use 
of spatial learning and memory, i.e., the ability to acquire 
a cognitive representation of location in space and the 
ability to effectively navigate the environment (for re- 
views see, Barnes 1988; Brandeis et al. 1989; Gallagher 
& Pelleymounter 1988; Ingram et al. 1994). Age-related 
deficits in motor performance are thought to be the result 
of alterations in the striatal dopamine (DA) system as the 
striatum shows marked neurodegenerative changes 
with age (Joseph 1992) or in the cerebellum which also 
shows age-related alterations (Bickford et al. 1992; 
Bickford 1993). Memory alterations appear to occur 
primarily in secondary memory systems and are re- 

flected in the storage of newly acquired information 
(Bartus et al. 1982; Joseph 1992). It is thought that the 
hippocampus mediates allocentric spatial navigation 
(i.e., place learning) while the dorsomedial striatum 
mediates egocentric spatial orientation (i.e., response 
and cue learning) (Devan et al. 1996; McDonald & 
White, 1994; Oliveira et al. 1997). 

Oxidative stress (OS) is thought to be a contributing 
factor to the decrements in cognitive and/or motor per- 
formance seen in aging. The 'free radical hypothesis of 
aging' maintains that with age the generation and accu- 
mulation of reactive oxygen species (ROS) (such as 
superoxide and hydroxyl radicals) result in oxidative 
damage to critical biological molecules, which coupled 
with the insufficiency of endogenous antioxidant de- 
fense mechanisms, contributes to the detrimental ef- 
fects of aging (Ames et al. 1993; Harman 1992). The 
brain may be particularly vulnerable to the deleterious 
effects of oxidative damage because it is relatively 
deficient in free radical protective antioxidant compounds, 
utilizes high amounts of oxygen, contains high concen- 
trations of iron and easily peroxidizable fatty acids, and 
the essentially nonregenerative nature of nervous tissue 
(Carney et al. 1991; Olanow 1992; Olanow 1993). 

The decline in the capacity of normal antioxidant 
defense mechanisms has been postulated as a caus- 
ative factor in age-related decrements in the function of 
b!ological systems (Halliwell 1994; Harman 1981; Yu 
1994; Zhang et al. 1993). However, a clear causative link 
between oxidative stress and aging has yet to be estab- 
lished. One method to assist in establishing this link is 
to determine the functional effects of free radical damage, 
as assessed in different models of OS, on age-sensitive 
tests. 

DISCUSSION 

Test Battery Used to Measure Age-Related 
Behavioral Changes 

Psychomotor Testing 

There is a battery of tests of psychomotor behavior, and 
performance on all these tasks has been shown to 
deteriorate with age (Dean et al. 1981; Ingrain 1983; 
Ingrain et al. 1993; Ingram et al. 1994; Joseph 1992; 
Joseph et al. 1983; Joseph & Lippa 1986). These tests 
include: 1) Rod walking, which measures psychomotor 
coordination and the integrity of the vestibular system by 



requiring the animal to balance on a stationary, horizon- 
tal rod; 2) Wire suspension/wire hanging, which mea- 
sures muscle strength and the prehensile reflex, an 
animal's ability to grasp a horizontal wire with its fore- 
paws and to remain suspended; 3) Plank walking, which 
measures balance and coordination by exposing the 
rats to different sizes of horizontal planks; 4) Inclined 
screen, which measures muscle tone, strength, stamina, 
and balance by placing the animal on a wire mesh 
screen that is tilted 60o-90 ~ to the horizontal plane of the 
floor; and 5) Accelerating rotarod, which measures fine 
motor coordination, balance, and resistance to fatigue 
by measuring the amount of time that a rat can remain 
standing/walking on a rotating, slowly accelerating rod. 
With age, performance on all these tests deteriorates, so 
that old animals cannot remain on the rods, wire, planks, 
or screen for as long as young animals. 

Cognitive testing 

The Morris water maze (MWM) is a known, conventional 
cognitive test that requires an animal to use spatial 
learning and memory to find a hidden platform just below 
the surface of a circular pool of water, and to remember 
its location from the previous trial (Morris 1981 ; Morris 
1984). Spatial memory performance is the ability to 
acquire a cognitive representation of location in space 
and the ability to effectively navigate the environment; 
therefore, the animal must use distal cues to effectively 
locate the hidden platform. Accurate navigation is 
rewarded by escape from the pool. Performance on the 
maze has been shown to deteriorate with aging (Barnes 
1988; Brandeis et al. 1989; Brandeis et al. 1990; Gage 
et al. 1984; Gallagher & Pelleymounter 1988; Ingram et 
al. 1994; Rapp et al. 1987; Van der Staay & de Jonge 
1993), due to a specific deficit in the ability of aged 
animals to utilize spatial information (Rapp et al. 1987). 

Performance in the MWM can be videotaped and 
analyzed with image tracking software. Several depen- 
dent measures are used to estimate the efficiency of the 
rat's performance: directionality, latency of finding the 
hidden platform on each trial, length of swim path as well 
as the distribution of swimming time and swim path in the 
four quadrants of the pool during transfer or probe trials 
(in which the platform is removed from the pool) or during 
reversal trials (in which the platform is moved to another 
quadrant of the pool), number of crossings and latency 
to cross a previous platform location, and swim speed 
(Brandeis et al. 1989; Morris 1984). Several experimen- 
tal procedures have been developed to measure differ- 
ent aspects of cognitive performance, including refer- 
ence (long-term) and working (short-term) memory; 
these procedures include: on demand; acquisition and 
extinction; working memory and matching-to-sample; 
discrimination; non-mapping strategies; and measure- 
ment of sensory variables (Brandeis et al. 1989). 

Aging Studies with Fischer 344 Rats 

Our laboratory has validated the age sensitivity of these 
motor and cognitive tasks; we conducted studies to 

assess complex motor behavior and spatial learning and 
memory as a function of age in male Fischer 344 rats 
(Shukitt-Hale et al. 1998). In one of our studies, a cross- 
sectional age analysis was performed using rats that 
were 6, 12, 15, 18, and 22 months of age, to determine 
at what age these behaviors begin to deteriorate. It was 
found that complex motor behaviors, as measured by 
rod walk, wire suspension, plank walk, inclined screen, 
and accelerating rotarod performance, declined steadily 
with age, with most tests being adversely affected as 
early as 12 to 15 months of age, as shown in Figure 1. 

Spatial learning and memory performance was mea- 
sured by the working memory version of the Morris water 
maze (MWM), in which each session consisted of two 
trial swims, with a 10 minute intertrial interval between 
the two trials. At the beginning of each trial, the rat was 
gently immersed in the water at one of four randomized 
start locations (located 90 ~ apart on the perimeter of the 
pool). Each rat was allowed 120 seconds to escape onto 
the platform, which was submerged 2 cm below the 
surface of the water in the center of one of the quadrants. 
The platform location was changed to a different quad- 
rant for each session of testing, but it was always located 
the same distance away from the wall of the pool. Once 
the rat reached the platform, it remained there for 15 s 
(Trial 1; reference memory or acquisition trial), was 
returned to its home cage, and 10 minutes elapsed 
before the next trial (Trial 2; working memory or retrieval 
trial), which used the same platform location and start 
position as Trial 1. MWM testing was performed daily for 
four consecutive days, with a morning and an afternoon 
session and two trials each session. As shown in Figure 
2, spatial memory showed decrements at 18 and 22 
months of age (higher latencies on the working memory 
trial), with some change noticeable as early as 12-15 
months of age (no improvement on the second trial 
following a 10 min retention interval); these differences 
were not due to swim speed. Therefore, complex motor 
and spatial memory behaviors show noticeable declines 
early in the lifespan of the male Fisher 344 rat. 

For the five motor tests examined in this study, perfor- 
mance decrements were seen on 100% of them for both 
the 18 and 22 month old rats, 80% for the 15 month old 
group, and 60% for the 12 month old group. Therefore, 
these tests are sensitive enough to measure age-related 
deficits in motor behavior, which are evident as early as 
middle-age (12 to 15 months) in male, F344 rats. For the 
MWM, decrements in spatial working memory were 
visible at 18 and 22 months of age, with some change 
noticeable as early as 12-15 months of age (i.e., no 
difference in latency between Trials 1 and 2); therefore, 
the MWM paradigm used in this study is sensitive 
enough to test the nature of cognitive dysfunction in 
senescence. These results are in agreement with those 
from other cross-sectional studies that determined age- 
related changes in motor (Spangler et al. 1994; Wallace 
et al. 1980b) and spatial learning and memory perfor- 
mance (Frick et al. 1995; Wallace etal. 1980a; Walovitch 
et al. 1987). 
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F i g u r e  1. Latency (mean + SEM: secs) to fall in the rod walk, wire suspension,  plank walk, inclined screen, and rotarod tests for five 
different age groups (6, 12, 15, 18, and 22 months). Means not sharing a common letter are signif icantly dif ferent from each other 
(p < .05, Fischer's LSD). 

Oxidative Stress Models to Study Age-Related 
Changes in Behavior 

Given that the test battery described above is sensitive 
to age-related changes in motor and cognitive function, 
it is possible to employ this same test battery to deter- 
mine behavioral deficits under different models of OS. If 
there is a similarity in behavioral deficits between aged 
rats and animals in an OS model, then it could be that 
age-related changes in behavior result from an inability 
to cope with OS that occurs throughout the life-span. If 

an appropriate model of OS is found that mimics the 
effects of aging, this model can then be used with young 
animals, which would eliminate the potentially serious 
confounding effects of deteriorating visual ability on the 
attempts to assess cognitive functioning of aged rats on 
tasks requiring utilization of visual cues, such as the 
Morris water maze (Spencer et al. 1995). 

Buthionine Sulfoximine Plus Dopamine Studies 

One simple and effective method that our laboratory 
developed to produce OS similar to that seen in aged 

11 



MORRIS WATER MAZE 

"~ 85 

:~ 68 n- 
O ii 
I- 51 
Q.. 0 34 I-- 
Z 17 I.U 
F- 

5 o 

TRIAL I T ~- b 
TRIAL 2 [ 

,~ a,b~ 

6 12 15 18 22 

AGE (months) 

Figure 2. Latency (mean + SEM: secs) to find the hidden 
platform in the Morris Water Maze for five different age groups 
(6, 12, 15, 18, and 22 months). Trial 1 (solid bars) and Trial 2 
(hatched bars) were separated by a 10 minute intertrial interval; 
bars represent an average of 8 different trials (two sessions per 
day for four days). Means not sharing a common letter for Trial 
2 are significantly different from each other (p < .05, Fischer's 
LSD). An asterisk (*) denotes a significant (p < .05) difference 
between Trial 1 and Trial 2 within an age group. 

rats involves decreasing OS protection by administering 
a glutathione-depleting drug, buthionine sulfoximine 
(BSO), and then increasing the OS with an injection of 
dopamine (DA). The rationale behind this model was as 
follows: in aging there are indications that ROS accumu- 
late (Ames et al. 1993; Harman 1992), which coupled 
with declines in antioxidant defenses (Mo et al. 1995), 
result in oxidative damage to critical biological mol- 
ecules. 

Glutathione (GSH) is an endogenous protective agent 
found in the brain and other tissues that plays a critical 
role in intracellular antioxidant defense by scavenging 
and neutralizing free radicals generated by OS (Pileblad 
& Magnusson 1990; Vanella et al. 1993). Depletion of 
GSH in the brain may result in less OS protection and 
subsequent free-radical induced neuronal damage by 
causing an excess of H202 and alkyl peroxides, which 
can cause oxidative damage to DNA, proteins, and other 
macromolecules (Ames et al. 1993). Because brain 
GSH may be decreased in aging (Chen et al. 1989; Mo 
et al. 1995), endogenous protection against free-radi- 
cals may also be decreased with age, which could be a 
contributing factor to the behavioral decrements seen in 
aging. 

Administration of buthionine sulfoximine (BSO) de- 
creases GSH levels since it is a selective and potent 
inhibitor of GSH synthesis (Griffith 1982). Therefore, 
treatment with BSO may lower the protective antioxidant 
capabilities of the organism to make it more susceptible 
to neuronal damage by OS, similar to that seen in aging. 
In addition, administration of the oxidative stressor, 
dopamine (DA), when GSH levels are compromised has 
been found to increase OS, because DA rapidly oxidizes 
to form ROS (Hastings et al. 1996; Rabinovic et al. 
1994). With age, brain DA undergoes increasing oxida- 

tion (Carlsson & Winblad 1976; Fornstedt et al. 1990), 
which in turn leads to the formation of free radicals 
(Obata & Yamanaka 1995). Conditions that increase 
concentration and/or turnover of DA should increase the 
potential for the formation of reactive metabolites, espe- 
cially under conditions in which the ratio of available DA 
to antioxidant capacity is high (Hastings & Zigmond 
1994). 

While Hastings and colleagues (Hastings 1995; 
Hastings & Zigmond t994; Hastings et al. 1996; Rabinovic 
et al. 1994) have characterized the ROS formed by DA 
oxidation, there is little information on how these com- 
pounds may alter motor and cognitive behavior under 
decreased GSH conditions, such as those seen in aging. 
Thus, our laboratory investigated the behavioral implica- 
tions of modifications of vulnerability to OS by examining 
motor and cognitive behavioral performance in rats 
treated with BSO and DA (Shukitt-Hale et al. 1997; 
Shukitt-Hale et al. 1998). We hypothesized that injec- 
tions of BSO plus DA would be a simple and effective 
method to lower protection, produce OS, and alter 
behavioral performance in rats, similar to that seen in 
aging. 

Therefore, BSO (3.2 mg in 301JI), followed by 61JI 
Ringers solution, was administered to young male Fischer 
rats every 48h via a cannula implanted in the right lateral 
ventricle (since BSO does not readily pass the BBB). DA 
(151JI of 500pM) was administered (icv) every 24h, either 
lh  after BSO (BSO + DA group) or lh before BSO (DA 
+ BSO group), when given on the same day as BSO. 
Psychomotor behavior (rod walking, wire suspension, 
and plank walking) (Shukitt-Hale et al. 1997) and spatial 
learning and memory (Morris Water Maze, six trials/day) 
(Shukitt-Hale et al. 1998) were assessed. 

BSO given prior to DA administration selectively im- 
paired psychomotor and cognitive behavior; however, in 
the reverse condition (DA + BSO), no decrements in 
performance were observed relative to vehicle adminis- 
tration (Shukitt-Hale et al. 1997; Shukitt-Hale et al. 
1998). Additionally, neither BSO alone or DA alone had 
decremental effects on behavior. Specifically, BSO + 
DA administration impaired motor performance by de- 
creasing latency to fall in the rod, as seen in Figure 3A, 
and plank walk, as seen in Figure 3B, compared to a 
vehicle group (Shukitt-Hale et al. 1997). BSO + DA rats 
demonstrated cognitive impairment compared to a ve- 
hicle group as evidenced by increased latencies to find 
the hidden platform, particularly on the first trial each 
day. Also, the BSO + DA group utilized non-spatial 
strategies during the probe trials (swim with no platform): 
i.e., less time spent in the platform quadrant, as seen in 
Figure 4A; fewer crossings, as seen in Figure 4B, and 
longer latencies, as seen in Figure 4C, to the previous 
platform location; and more time spent around the edge 
of the pool rather than in the platform zone (Shukitt-Hale 
et al. 1998). 

Thus, injections of BSO plus DA produced OS similar 
to that seen in aged rats, because decreasing OS 
protection with BSO and then increasing the OS with DA 
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Figure 3. Latency to fall (mean + SEM: secs) in the rod walk (A) 
and plank walk (B) tests at five intervals throughout the study for 
the BSO + DA, DA + BSO, and vehicle groups. Latency to fall 
was significantly shorter (p < .05) for the BSO + DA group 
compared to the vehicle group; the DA + BSO group was not 
different from vehicle. 

resulted in impaired psychomotor and cognitive perfor- 
mance. The similarity in behavior deficits between aged 
rats and the BSO + DA groups in these studies suggests 
that the oxidation of DA, coupled with a reduced capacity 
to respond to oxidative stress, via GSH alterations, may 
be responsible for induction of age-related behavioral 
deficits. 

Oxygen Exposure Studies 

Another model used to produce oxidative stress, and 
then to assess changes in behavior for their similarity to 
those seen in aging, involves exposing young rats to a 
normobaric hyperoxia environment of 100% oxygen 
(02) at 760 mm Hg (sea level pressure). Producing 
oxidative stress in rats with normobaric hyperoxia has 
been shown to lead to an accumulation of protein 
carbonyls and alterations in glutamine synthetase and 
glucose-6-phosphate dehydrogenase (Starke-Reed & 
Oliver 1989); this treatment also leads to an increase in 
ROS in the brain (Carney & Carney 1994; Hensley et al. 
1995). We have recently shown that exposing young 
rats (6-8 months) to 100% 02 for 48 hours produces 
changes on three parameters of CNS function that 
resemble those seen in aging: 1) loss of striatal musca- 
rinic receptor sensitivity to oxotremorine-enhanced stimu- 
lation; 2) decreases in nerve growth factor (NGF); and 3) 
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Figure 4. Percent time (A; mean + SEM) spent in quadrant 4 
(the quadrant that had previously contained the platform), as 
well as number of crossings (B; mean + SEM) and latency to 
cross (C; mean + SEM) the previous location of the hidden 
platform, during the probe trials on testing days 2 and 3 in the 
Morris water maze for the BSO + DA, DA + BSO, and vehicle 
groups. Performance for the BSO + DA group was significantly 
impaired (p < .05) when compared to the vehicle group. 

decreases in the efficacy of norepinephrine (NE) on 
cerebellar Purkinje cell responsiveness (Bickford et al. 
1997). Additionally, we have assessed changes in 
motor function following 48 hours of 100% 02. 

Rats were tested on a series of psychomotor tasks 
(accelerating rotarod, wire suspension, small rod walk, 
large rod walk) one week prior to hyperoxia (baseline) 
and one hour following 48h hyperoxia exposure. The 
difference between these two scores was calculated for 
each rat as change from baseline. As can be seen from 
Figure 5, performance on all motor tasks was signifi- 
cantly impaired following 48h 100% 02 compared to 
animals not exposed to hyperoxia. These changes are 
similar to those seen in aging. 

Radiation 

Radiation is another method used to examine the dam- 
aging effects of free radicals on central nervous system 
function, and the effects of radiation appear comparable 
to those seen in aging. Joseph and colleagues (Joseph 
et al. 1992; Joseph et al. 1993) have shown that expo- 
sure to whole-body-irradiation with high-energy iron 
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(56Fe) particles (600 MeV/amu) adversely affects motor 
behavior and the sensitivity of muscarinic receptors to 
stimulation as assessed by oxotremorine-enhanced K+- 
evoked release of dopamine from striatal slices. Motor 
behavior was assessed by the wire suspension test in 
various groups of rats at 12h to 14d after irradiation. 
Irradiated (0.10 Gy - 1.0 Gy) rats remained suspended 
on the wire for a shorter time than sham-irradiated rats 
at 12 hours and 3, 8, and 14 days postirradiation. 
Additionally, radiation-induced deficits in reducing K § 
evoked release of dopamine to agonist stimulation lasted 
as long as 180 days post-radiation (Joseph et al. 1992). 
Therefore, changes induced by radiation are similar to 
those that occur during aging, are associated with free- 
radical damage, and support the hypothesis that these 
changes may share a common chemical/biological 
mechanism (Joseph et al. 1992). 

Other evidence 

Other studies have also shown that oxidative stress may 
be a causal factor in age-related deficits, due to a recent 
finding that implicates protein oxidative damage as a 
determinant of individual variation in the age-related 

decline of specific brain functions related to cognitive 
and motor capacity (Forster et al. 1996). More evidence 
for this hypothesis comes from studies which have 
shown that reduction in the level of intracellular oxidized 
protein in old gerbils resulted in cognitive improvement, 
as evidenced by decreased errors in a radial arm maze 
after treatment with a free radical spin trapping com- 
pound, phenyl-oL-tert-butyl nitrone (PBN) (Carney et al. 
1991 ). Additionally, aged rats treated for 2 months with 
antioxidants (PBN, o~-tocopherol, and ascorbate) had a 
greater rate of acquisition and exhibited greater memory 
retention than vehicle-treated rats in MWM testing, 
suggesting a link between oxidative damage and de- 
creasedcognitivefunction in aging (Soccietal. 1995). In 
another study, long-term treatment with PBN alone 
resulted in improved cognitive performance, greater 
survival, and decreased oxidative damage within brain 
areas important for cognitive function (Sack et al. 1996). 
Therefore, experimental interventions that reduce levels 
of protein oxidative damage result in concurrent im- 
provement in age-associated behavioral deficits. 
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CONCLUSIONS 

It appears that oxidative stress is a contributing factor to 
the behavioral decrements seen in aging. Age-validated 
psychomotor and cognitive test batteries were sensitive 
to different models of OS, which also showed behavioral 
deficits. Therefore, age-related changes in behavior 
may result from an inability to cope with OS that occurs 
throughout the life-span. When appropriate models of 
OS are found that mimic the effects of aging, these 
models can then be used to test the effects of antioxi- 
dants (e.g., beta-carotene, ascorbate), phytochemicals 
(e.g., flavonoids), or nitrone trapping agents (e.g., PBN) 
in young animals, either via diet or acute administration, 
for their efficacy in preventing or restoring decrements in 
behavior due to age or OS. 
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