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Purpose: Accrued oxidative damage to brain tissue is a proposed mechanism of 

cognitive deficits observed with aging. fu mammalian tissue, it is hypothesized that a 
,· 

balance normally exists between pro-oxidants (reactive oxygen/nitrogen species) and 

endogenous antioxidant enzymes that are able to inhibit the activity of reactive 

oxygen/nitrogen species. As long as this balance is maintained, oxidative damage is 

moderated, but if the production of pro-oxidants becomes excessive or if the activity of 

antioxidants lags, oxidative stress and ultimately oxidative damage to tissues may result. 

It is the hypothesis of this project that exercise training is able to prevent decreased 

antioxidant activity in brain tissue, produce a favorable shift in the pro-

oxidant/antioxidant balance, and thus moderate oxidative damage in the aging mice brain. 

Methods: 3 and 20 month old C57BL/6 mice were either subjected to 8 weeks of 

treadmill exercise followed by 3 weeks of concurrent exercise and behavior testing, or 

else they were age-matched, non-exercised controls. Mice were tested on multiple 

behavioral tasks that tested sensorimotor learning as well as tasks that required utilization 

of various components of cognitive learning. After exercise and behavior testing 

regimens were completed, biochemistry assays for protein oxidative damage as well as 

for antioxidant enzyme activity were performed on several brain regions. Results: It is a 

finding of the study that moderate, short-term exercise initiated in aged C57BL/6 mice 



resulted in increased fitness in the aged mice to the same degree as observed in young 

mice, improved some psychomotor skills, including bridge-walking and reaction time, 

and improved age-impaired spatial memory performance. Moreover, exercise training 

showed a lack of effect on oxidative damage in all brain regions, increased activity of 

glutathione peroxidase in the cerebellum and striatum of young, but not aged mice, and it 

increased the activity of catalase in the cortex of aged mice. Conclusions: The data 

presented in this project shows that exercise does moderate some age associated cognitive 

deficits, and the findings do not preclude the possibility that exercise produces this effect 

by reducing accrued oxidative damage that occurs with aging. 
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CHAPTER I 

INTRODUCTION 

Aging and Cognitive Deficits 

During the course of aging, humans often experience a progressive decline in overall 

cognitive function, which can range from mild cognitive impairment to severe 

pathological dementia. Certainly age is a risk factor in neurodegenerative diseases such 

as Alzheimer's and Parkinson's that are characterized by significant declines in memory 

and/or cognitive function. Although there has been considerable research to suggest that 

severe cognitive decline is not necessarily a consequence of aging for the majority of 

elderly people, nonetheless mild to moderate cognitive deficits often manifest with 

normal aging {1, 2). In spite of substantial investigation, the mechanism involved in 

cognitive deficits seen with aging remains unclear. Some proposed hypotheses of 

cognitive aging include hypometabolism of brain cells {3), altered neuronal morphology 

(e.g., loss of synapses)(4), the decline in levels of key hormones and/or growth factors in 

aged individuals (5, 6), reduced oxygen availability to brain cells (primarily due to 

atherosclerosis or other types of heart disease)(?), dysfunction of DNA synthesis, protein 

synthesis, and/or post-translational modification of proteins (8) and the cumulative effect 

of oxidative stress in the brain over many years (9, 10, 11 ). 
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The differential contributions that specific brain areas make to cognitive processes 

must also be considered in the examination of aging and cognitive decline. Although 

cognitive performance is the result of mYriad circuitry involving all of the brain areas, 

specific brain areas make distinct contributions to cognition. Moreover, specific brain 

regions appear to be more vulnerable to the effects of aging than others, suggesting that 

that aging has a differential effect on cognitive ability as a function ofbrain region (11, 

12). 

Oxidative Stress 

In the 1950's Denham Harman introduced the free radical theory of aging (13). Briefly, 

the premise of the theory is that aging is the result cellular damage caused by destructive 

reactive oxygen species formed during the normal process of aerobic respiration. As can 

be seen in Figure 1, a sequence of events involving reactive oxygen species (charged 

oxygen molecules with an unpaired electron that can accept electrons from other radicals) 

results in the formation of an extremely unstable hydroxyl radical (OH"). The hydroxyl 

radical is ultimately responsible for oxidative damage to tissues, as it scavenges electrons 

from nearby biomolecules to fill its outermost orbital. In mammals, aerobic respiration is 

a major source ofthe formation of reactive oxygen species. Briefly, at various points in 

the mitochondrial electron transport chain, insufficient mitochondrial enzymes result in 

the premature transfer of electrons to 0 2, reducing it first to superoxide anion (Oz· ), and 

then to hydrogen peroxide (H20 2) . These initial intermediates in the formation of OH" 

are known as pro-oxidants or oxidants (14). There is another reactive oxygen species to 
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be considered in the free radical theory of aging. Nitric oxide (NO) is a tiny gaseous 

molecule recognized as a signaling molecule involved with many physiological 

functions. However, NO is able to react with 0 2·- to form an oxidant, peroxynitrite 

(OONo-) that is capable of damaging nearby biomolecules (15). Fortunately cells are 

able to suppress free radicals by means of antioxidant defense systems. There are two 

aspects of this defense system - one consisting of small molecule antioxidant nutrients 

that are consumed in the diet and the other comprised of endogenous antioxidant 

enzymes synthesized by the cell itself to neutralize damaging reactive oxygen species 

(15, 16). The major antioxidant enzyme defense system consists of the enzymes 

superoxide dismutase (SOD), glutathione peroxidase (GSH-px), and catalase; reactive 

oxygen intermediates formed as a result of aerobic respiration may convert to dangerous 

and highly reactive radicals, or they may be neutralized to oxygen and water (02 and 

H20) when catalyzed by GSH-px and/or catalase (15, 16). The reduction ofH202 to H20 

catalyzed by GSH-px is accompanied by concurrent oxidation of glutathione (GSH) to 

oxidized glutathione (GSSG). GSSG in tum is reduced to GSH by another antioxidant 

enzyme, glutathione reductase. The GSH/GSSG ratio is a common biomarker of 

oxidative stress, a high ratio indicates little oxidative stress as GSH scavenges reactive 

oxygen species and GSSG interferes with mitochondrial function by interfering with the 

function ofNADPH dehydrogenase (14). It is hypothesized that a balance is maintained 

between pro-oxidants (reactive oxygen/nitrogen species) and antioxidant enzymes. 

Formation of pro-oxidants may stimulate increased production of antioxidant enzymes 

(16), but if the production of pro-oxidants becomes excessive, or if the activity or 
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synthesis of antioxidants lags, oxidative stress and ultimately oxidative damage to tissues 

may result. The OH anion formed as a result of oxidative stress is not discriminatory, it 

attacks nearby molecules such as DNA, lipids, and proteins to obtain electrons, thereby 

triggering free radical chain reactions that culminate in oxidative damage to the cell (16, 

17). 

All 3 major biological macromolecules are vulnerable to attack by reactive oxygen 

species: lipids, DNA and proteins. Peroxidation of the fatty acyl groups of phospholipids 

in cell membranes by reactive oxygen species results in damaged lipids that change 

membrane fluidity, thus compromising membrane function (16). Lipid peroxidation can 

promote protein damage which in turn has far ranging effects on cell metabolism 

including altered channel, transporter, and signaling function, altered enzymatic function, 

and altered structural components of the cell, all of which may contribute to aging (16, 

17). Nucleic acids (DNA) are another biological macromolecule vulnerable to attack by 

reactive oxygen species. Oxidative DNA damage produces several DNA modifications 

including base and sugar modifications (adducts), strand breaks, cross-links to other 

nucleic acids or proteins, and base deletions and insertions (16, 17). Proteins are the third 

biological macromolecule that undergoe oxidative damage during aging. Proteins are 

involved with nearly every aspect of cellular activity so it is clearly understandable that 

damage to proteins results in substantial losses of cell integrity and optimal functioning. 

Oxidative damage to proteins can take many forms, including peptide bond cleavage, 

generation of carbonyls by oxidation of amino acid side chains, and cross-linking 

between proteins (16, 17). 
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Oxidative Stress and Cognitive Deficits 

Oxidative stress imposed on cells of the central nervous system leads to oxidative 

damage that could eventually result in degenerative senescence. Oxidative damage can 

reasonably be hypothesized to be involved in age related cognitive deficits as the brain 

utilizes a considerable portion (about 20%) of the body's oxygen and thus could be a 

major site of production of reactive oxygen species. During aging, brain tissue has been 

shown to manifest increases in reactive oxygen species and changes in antioxidant 

defenses, upsetting the balance between the two (18). Presumably this disordered 

equilibrium contributes to the increases in oxidative damage observed in the brains of 

aged individuals. It should also be noted that with some apparent exceptions (e.g. 

olfactory and hippocampal neurons) most of the neurons of the brain are amitotic and do 

not regenerate; consequently (in humans) neurons are exposed to insults from reactive 

oxygen species over a course of decades. Such long term exposure to the damaging 

effects of harmful reactive substances very likely results in cumulative damage to brain 

tissue. Studies have shown that cognitive deficits (19) and biochemical markers of 

oxidative stress in the brain (20) can be reversed with antioxidant treatment. Age related 

loss of ability in learning and memory-specific tasks have been shown to correlate with 

protein oxidative damage in aging rodents (11, 22, 23). Other researchers have shown a 

relationship between oxidative stress as measured by lipid and/or DNA damage and 

cognitive deficits as well. For example, the klotho gene is a recently characterized gene 

that is hypothesized to provide protection against aging. Accumulations of oxidatively 

damaged lipids and DNA have been observed in the hippocampi of klotho gene null 
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mutant mice concomitant with impaired recognition and associative memory in these 

mice (24). Learning and memory deficits as well as oxidatively damaged proteins and 

lipids in the brains of C57BU6 mice have been reversed with the administration of 

synthetic catalytic scavengers of reactive oxygen species (25). These findings lend 

support to the hypothesis that oxidative stress is a cause of cognitive deficits seen in 

aging animals. 

The Effect of Exercise Training on Cognitive Deficits 

Many intervention strategies such as diet and nutritional supplements have been 

employed to minimize the effects of aging on physical as well as cognitive functioning. 

Exercise, or more specifically fitness training is another intervention strategy that has 

been employed successfully to delay cognitive deterioration. Studies performed on 

humans and animals have established beneficial effects of exercise training by 

demonstrating that exercise training may act as a modulator of aging, help prevent 

pathological diseases associated with aging, and prolong life span (26, 27, 28). More 

recently, researchers have directed their attention to the potential benefits of exercise 

training on cognitive function in aging subjects (29, 30, 31, 32). 

Aerobic fitness appears to be a vital component of improved cognitive function as 

there are numerous studies showing that individuals displaying significantly better 

cardiovascular function (as measured by the volume of oxygen consumed while 

exercising at maximum capacity- V02max.) also show better performances in tests of 

cognitive function. Similarly tested individuals whose exercise training programs 
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consisted of toning and stretching or similarly tested sedentary individuals failed to 

exhibit either higher levels of cardiovascular fitness or superior cognitive ability (32, 33, 

34, 35). Studies in rodents have also shown that increased physical activity is correlated 

with better cognitive functioning (22, 36, 37). Thus it appears there is a distinct 

relationship between greater fitness levels and better cognitive functioning in both human 

and rodent models and very likely exercise training is important in its ability to enhance 

cognitive function. 

The Effect of Exercise Training on Oxidative Stress 

The beneficial relationship between exercise and cognitive function in both humans 

and rodents appears to be well established. What remains unclear is the mechanism by 

which exercise might exert its beneficial effects. One possible mechanism is that 

exercise modulates the damaging effects of oxidative stress on cells, which in turn would 

result in diminished cognitive deficits. It is interesting to speculate what the effects of 

exercise on endogenously produced reactive oxygen species might be. Since endogenous 

reactive oxygen species are the product of normal metabolic processes, it stands to reason 

that increasing oxygen consumption (as occurs during exercise) would increase the 

production of reactive oxygen species, at least for the short term (21). On the other hand 

good correlation between improved health and exercise makes it reasonable to 

hypothesize that exercise induced increases in reactive oxygen species must be not only 

counterbalanced but perhaps overcompensated for in some way, at least in chronic 

exercisers. The extent of oxidative damage sustained by tissues during exercise is 
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dependent on two parameters, the amount of free radical generation and the effectiveness 

of cellular antioxidant systems. An increase in reactive oxygen species (ROS) generated 

with exercise would not necessarily be harmful as long as compensatory antioxidant 

mechanisms are intensified as well. Because the benefits of exercise paradigms appear to 

be maximized by exercise training regimens that involve fitness training and because 

compensatory mechanisms are the result of prolonged exercise, this project focused on 

the effect of chronic aerobic exercise training on antioxidant defense systems and 

oxidative stress as a function of age. 

Fitness in C56BU6 mice 

fu humans, aerobic fitness is measured by the total amount of oxygen that is 

consumed and utilized by an exercising individual. As exercise intensity increases so 

does the uptake and consumption of oxygen in order to provide sufficient energy to 

maintain the exercise training intensity. When the consumption of oxygen cannot 

increase despite an increase in exercise intensity, this is considered to be the maximum 

amount of oxygen that can be taken in and utilized (V02max). 

It is possible to measure the intensity of exercise training in terms ofV02 max, 

measured in ml/kg/h. Maximum heart rate (MHR) is the age-corrected number of beats 

per minute of the heart when working at its maximum, it usually is estimated as 220 

minus one's age. The American College of Sports Medicine (ACSM) defines moderate 

exercise intensity as 60-79% ofMHR. The ACSM defines "heavy" exercise at 80-89 

% MHR, and "very heavy" at 90% and above, with 100% being maximal exertion (40). 
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A relationship exists between MHR and V02 max such that: 95% MHR = V02 max. 

Therefore V02 max can be measured during an exercise training period and the intensity 

of the workout can be determined. There are technical limitations involved in accurately 

accessing MHR and V02max in small exercising animals, and most rodent studies that 

examine the effect of exercise training on cognitive deficits lack a definition ofthe 

"aerobic fitness" of the exercising animals. Based on previous investigations an exercise 

training protocol was designed to produce a moderate level of aerobic fitness in C57BU6 

mice (38, 39). In the literature it is not clear whether the same exercise training protocol 

leads to a similar level of aerobic fitness if implemented in young versus aged rodents 

(mice). In the current study, the level of aerobic fitness was determined in young and 

aged mice after they were subjected to a protocol of exercise training over the course of 

several weeks. Aerobic fitness of the mice was inferred from activity of citrate synthase, 

an enzyme that is found in the mitochondrial matrix as as part of the Kreb's cycle. 

Citrate synthase is also found in the mitochondrial inner membrane as part of the electron 

transport chain. Skeletal muscle responds to exercise training with both structural and 

biochemical adaptations which include increases in mitochondrial number. Thus, the 

activity of citrate synthase from skeletal muscle is a useful quantitative biomarker of 

increases in fitness as a result of an exercise training protocol ( 41 ). 

Goals of the Current Research 

Wide variations in cognitive decline are seen in normal aging, doubtless due to 

variability in individual abilities to compensate for aging mechanisms. The oxidative 
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stress theory of aging proposes that cognitive deficits may be due to the accrual of 

oxidatively damaged cellular components that result in damage to neurons. Oxidative 

damage to neurons as a causative factor in brain aging is a likely hypothesis as the 

products of oxidative damage to cellular components in the brain have been correlated 

with cognitive deficits in aging subjects (25). 

Exercise training is associated with a prolonged life span and diminished pathologies 

observed with aging, including cognitive deficits. Individuals displaying high levels of 

aerobic fitness show greater abilities in their performance of memory tasks, especially 

those tasks involving complex thought and memory. There have been numerous studies 

linking exercise training or aerobic fitness with improved cognitive function in both 

humans and rodents but there has been very little research addressing the issue of the 

ameliorating effects that exercise training may have on cognitive deficits resulting from 

accrued oxidative damage in mammals. Furthermore, there have been no studies 

addressing the issue of the effect of exercise training on oxidative stress in specific brain 

regions. Because different brain regions make distinct contributions to cognitive 

processes, it is worthwhile to examine such an effect. The purpose of the current project 

was to determine if exercise training could indeed moderate cognitive deficits that appear 

with aging, and to determine if a reduction in age-associated oxidative damage is a 

potential mechanism of such moderation. By examining markers of oxidative stress in 

separate brain regions in conjunction with assessment of behavioral capabilities in mice 

on an exercise training regimen, as compared to age-matched non-exercised controls, it 
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was possible to address the issue of exercise training as a moderator of the adverse effects 

of oxidative stress on cognitive performance that occurs with normal aging 

11 



Fig. 1. Generation of oxygen free radicals (0£- and OR") in cells, potential sites 

of oxidative damage (cell proteins, lipid membranes and cellular DNA), and 

potential sites of antioxidant (SOD, GSH-px, and catalase) action in mammalian 

cells. 

12 



~ 

.. ······ 
//_.·· 

! 

.......... 

1 
NO . ••• __..J.. ..... /i GSH raductase 

--rONOO· G~ 
0,· SOD \. GSSG 

y.e++ 
H202 ~ ~ GSH IJ H20 

peroxidase 

catalase 

·· .. ··. ·· ... 
······························· 

13 



REFERENCES 

L Kral VA (1962). Senescent Forgetfulness: Benign and Malignant. Journal ofthe 

Canadian Medical Association 86(6): 257-260. 

2. Crpok TH, Larrabee GJ, Youngjohn JR (1990). Diagnosis and assessment of age­

associated memory impairment. Clinical Neuropharmacology 13(Suppl. 3): S81-

S91. 

3. Uecker A, Gonzalez-Lima F, Cada A, Reiman EM (2000). Behavior and brain uptake 

of fluorodeoxyglucose in mature and aged C57BL/6 mice. Neurobiological 

Aging 21(5): 705-718. 

4. Rosenzweig ES, Barnes CA (2003). Impact of aging on hippocampal function: 

plasticity, network dynamics, and cognition. Progress in Neurobiology 69: 143-

179) 

5. Sherwin BB (2003). Steroid hormones and cognitive functioning in aging men: a 

mini-review. Journal of Molecular Neuroscience 20(3): 385-395. 

6. Lee JL, Everitt BJ, Thomas KL (2004). Independent cellular processes for 

hippocampal memory consolidation and reconsolidation. Science 304(5672): 

839-843. 

7. Desmond DW (2004). The neuropsychology of vascular cognitive impairment: is 

there a specific cognitive deficit? J ofNeurological Science 226(1-2): 3-7) 

14 



8. Timaras PS (2003). The nervous system: functional changes, in: Physiological basis 

of aging and geriatrics ( Timaras PA, ed.), CRC Press, New York, pp. 126-130. 

9. Harman D (1981). The aging process. Proc Nat/ Acad Sci USA 78(11): 7124-7128. 

10. Stadtman ER, Berlett BS (1997). Reactive oxygen mediated protein oxidation in 

aging and disease. Chern Res Toxico/1 0: 485-494 

11. Forster MJ, Dubey A, Dawson KM, Stutts WA, Lal H, Sohal RS (1996). Age­

related losses of cognitive function and motor skills in mice are associated with 

oxidative protein damage in the brain. Proc Nat/ Acad Sci 93: 4765-4769. 

12. Dubey A, Forster MJ, Lal H, Sohal RS (1996). Effect of age and caloric intake on 

protein oxidation in di9fferent brain regions and on behavioral functions of the 

mouse. Arch Bioch Biophys 333(1): 189-197. 

13. Harman, D., 1956. Aging: a theory based on free radical and radiation chemistry. J 

Geronto/11 : 298-300. 

14. Maklashina E, Ackrell BAC (2004). Is defective electron transport at the hub of 

aging? Aging Cel/3: 21-27. 

15. Beckman, K. B. and Ames, B. N., 1998. The Free Radical Theory of Aging Matures. 

Physiol Rev 18, 547-581. 

16. Wickens A (2001). Ageing and the free radical theory. Resp Phys 128: 379-391. 

17. Stadtman ER, Berlett BS (1997). Forum on free radical mechanisms of 

neurotoxicity. Chern Res Tox 10: 485-494. 

15 



18. Sohal RS, Ku HH, Agarwal S, Forster MJ, Lal H (1994). Oxidative Damage, 

Mitochondrial Oxidant Generation and Antioxidant Defenses During Aging and 

in Response to Food Restriction in the Mouse. Mech Age Dev 74(1-2): 121-33. 

19. Cotman CW, Head E, Muggenbury BA, Zicker S, Milgram NW (2002). Brain aging 

in the canine: a diet enriched in antioxidants reduces cognitive dysfunction. 

Neurobiol Aging 23: 809-818. 

20. Farr SA, Poon HF, Dogrukol-Ak D, Drake J, Banks WA, Eyerman E, Butterfield 

DA, Morley JE (2003). The antioxidants alpha-lipoic acid and N-acetylcysteine 

reverse memory impairment and brain oxidative stress in aged SAMP8 mice. J 

Neurochem 84(5): 1173-83. 

21. Ji LL (2001 ). Exercise training at old age: does it increase or alleviate oxidative 

stress? Ann NY Acad Sci 928:236-247. 

22. Navarro A, Sanchez-Del Pino J, Gomez C, Peralta JL, Bovaris A (2002). Behavioral 

dysfunction, brain oxidative stress, and impaired mitochondrial electron transfer 

in aging mice. Am J Physiol Regulatory Integrative Comp Physiol 282: R985-

R992. 

23. Fukui K, Onoder K, Shinkai T, Suzuki S, Urano S (2001). Impairment oflearning 

-and memory in rats caused by oxidative stress and aging and changes in 

antioxidative defense systems. Ann NY Acad Sci 928: 168-175. 

24. Nagai T, Yamada K, Kim HC, Kim YS, Noda Y, Imura A, Nabeshima YI, 

Nabeshima T (2002). Cognition impairment in the genetic model of aging klotho 

gene mutant mice: a role of oxidative stress. FASEB 19: 50- 52. 

16 



25. Liu R, Liu IY, Bi X, Thompson RF, Doctrow SR, Malfroy B, Baudry M (2003). 

Reversal of age-related learning deficits and brain oxidative stress in mice with 

superoxide dismutase/catalase mimetics. Proc Nat/ Acad Sci US A 100(14): 

.8526-8531. 

26. Goodrick CL, Ingram DK, Reynolds MA, Freeman JR,Cider NL (1983). Differential 

effects of intermittent feeding and voluntary exercise training on body weight and 

lifespan in adult rats. J ofGeontology 38(1): 36-45. 

27. Kapasi ZF, Catlin PA, Adams MA, Glass EG, McDonald BW, Nancarrow AC 

(2003). Effect of duration of a moderate exercise training program on primary 

and secondary imnmme responses in mice. Physical Therapy 83(7): 638-647. 

28. Navarro A, Gomez C, Lopez-Cepero JM, Boveris A (2004). Beneficial effects of 

moderate exercise training on mice aging: survival, behavior, oxidative stress, and 

mitochondrial electron transfer. Am J Physiol Pegulatory Integrative Comp 

Physio/286: R505-R511. 

29. Colcombe SJ, Kramer AF, Erickson KI, ScalfP, McAuley, Cohen NJ, Webb A, 

Jerome GJ, Marquez DX, Elavsky S (2004) Cardiovascular fitness, cortical 

plasticity, and aging. Proc Nat/ Acad Sci USA 101(9): 3316-3321. 

30. Gomez-Pinella F, So V, Kessler JP (1995). Spatial learning and physical activity 

contribute to the induction of firbroblast growth factor: neural substrates for 

increased cognition associated with exercise. Neuroscience 85(1): 53-61. 

17 



31. McAuley E, Kramer AF, Colcombe SJ (2004). Cardiovascular fitness and 

neurocognitive function in older adults: a brief review. Brain, Behavior and 

Immumity 18: 214-220. 

32. Etnier J, Johnston R, Dagenbach D, Pollard RJ, Rejeski WJ, Berry M (1999). The 

relationships among pulmonary function, aerobic fitness, and cognitive 

functioning in older COPD patients. Chest 116: 953-960. 

33. Churchill JD, Galvez R, Colcombe S, Swain R A, Kramer AF and Greenough WT, 

(2002). Exercise, experience and the aging brain. Neurobiol Aging 23: 941-955. 

34. Dustman RE, Ruhling RO, Russell EM, Shearer DE, Bonekat HW, Shigeoka JW, 

Wood JS, Bradford DC (1984). Aerobic exercise training and improved 

neuropsychological function of older individuals. Neurobiol Aging 5: 35-42. 

· 35. Kramer AF, Hahn S, Cohen NJ, Banich MT, McAuley E, Harrison CR, Chason J, 

Vakil E, Bardell L, Boileau RA, Colcombe A (1999). Ageing, fitness and 

neurocognitive function. Nature 400: 418-419. 

36. Samorajski T, Delaney C, Durham L, Ordy JM, Johnson JA and Dunlap WP (1985). 

Effect of exercise training on longevity, body weight, locomotor performance, 

and passive-avoidance memory of C57BU6J mice. Neurobiol Aging 6, 17-24. 

37. Anderson BJ, Rapp DN, Baek DH, McCloskey DP, Coburn-Litvak PS, Robinson JK, 

(2000). Exercise training influences spatial learning in the radial arm maze. 

Physiol Behav 70, 425-429. 

18 



38. Su SH, Chen H, Jen CJ (2001). C57BU6 and BALB/c bronchoalveolar 

macrophages respond differently to exercise. J Immunol 167(9): 5084-5091. 

39. Schefer V, Talan M I (1996). Oxygen consumption in adult and aged C57BU6J mice 

during acute treadmill exercise training of different intensity. Exp Gerontal 31: 

387-392. 

40. Weiss C, Seitel G, Bartsch P (1998). Coagulation and fibrinolysis after moderate 

and very heavy exercise training in healthy male subjects. Med & Sci in Sports & 

Exer 30(2):246-251. 

41. Srere PA (1969). Citrate synthase. In: Methods Enzymo/13: 3-11. 

19 



EXERCISE TRAINING IMPROVES COGNITIVE AND PSYCHOMOTOR 

DEFICITS IN AGING C57BL/6 MICE 

Sara A. Taylor*, Joan F. Carront, Nathalie Sumien*, Kevin R. Heinrich*, Hilary J. 

Taylor* and Michael J. Forster* 

*Department of Pharmacology and Neuroscience, University of North Texas Health 

Science Center at Fort Worth, Fort Worth, TX 76107 USA; tnepartment of Integrative 

Physiology, 

University of North Texas Health Science Center at Fort Worth, Fort Worth, TX 76107 

USA. 

Running title: Exercise training in Aged Mice 

This research was supported by the grants POI AG22550 and T32 AG20494 from the 

National Institutes of Health- National Institute on Aging. 

Address correspondence to: Michael J. Forster, Department of Pharmacology and 

Neuroscience, UNTHSC, 3500 Camp Bowie Blvd, Fort Worth, TX 76107, Tel: 8171735-

5170; Fax: 8171735~2091; e-mail: forterm@hsc.unt.edu 

20 



CHAPTER II 

EXERCISE TRAINING IMPROVES COGNITIVE AND PSYCHOMOTOR 

DEFICITS IN AGING C57BL/6 MICE 

SUMMARY 

The ability of forced exercise training to ameliorate age-associated cognitive and 

psychomotor deficits was tested in aging C57BL/6 mice. Beginning at 3 or 20 months of 

age C56BL1/6 mice were either subjected to an 11-week exercise training protocol 

designed to be of moderate intensity but rigorous enough to produce significant increases 

in fitness, or they were part of an age-matched, non-exercised control group. Cognitive 

and psychomotor performances of the mice were assessed with a battery of behavioral 

tests including locomotor activity to test exploratory behavior in mice, various motor 

skills tests designed to elucidate musculoskeletal as well as neural processing, and a test 

of cognitive functioning - the spatial swim maze task. All of the behavioral tests were 

administered 8 weeks after the initiation of exercise, 3 weeks prior to the end of the 

exercise training protocol. To evaluate fitness in the mice subjected to exercise, a citrate 

synthase assay was used. Citrate synthase is a mitochondrial enzyme and skeletal muscle 

responds to exercise training by increasing its mitorchondrial fraction so that citrate 
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synthase levels can be used as a quantitative marker for increased fitness in exercised 

mice. As evidenced by increased citrate synthase activity, the exercise training protocol 

did indeed produce a significant and nearly equal degree of fitness in both the young and 

aged mice. Exercise training improved the ability of mice to acquire new psychomotor 

skills in C57BU6 mice as a function of age, with the performance of the aged, exercised 

mice reaching significant levels on some but not all of the behavioral tasks. Most 

notably, although non-exercised mice displayed significant age-associated deficits on the 

elevated path (bridge walking) task, the aged, exercised mice showed recovered function 

on this task. The elevated path test is a motor skills test that is used to determine the 

animal's muscular coordination and balance. These motor skills are heavily influenced 

by the cerebellum, so improved performance on the bridgwalking task could reflect 

moderated age-associated cerebellar disfunction. A similar age-associated deficit in non­

exercised mice was seen in the latency to startle test. Aged, non-exercised mice had 

significantly longer latencies to a startle reaction than did exercised mice. In the latency 

to startle, there was a recovery of startle response with exercise training in the aged mice. 

The startle test is a measure of the animal's reflexive response to shock stimulation, so 

decreased response times suggest improved sensory motor response. In addition to 

improving some age-associated psychomotor skills, exercise training apparently was 

able to moderate some age-associated cognitive deficits as demonstrated by the improved 

performance of aged, exercised mice in some aspects of the spatial swim task. Aged, 

exercised mice were able to remember the previous location of a hidden platform after a 

24-hour delay in testing with significantly greater accuracy than non-exercised control 
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mice. Because their improved performance occurred 24 hours after they had acquired the 

knowledge of the original platform location, the results suggest that exercise training is 

able to ameliorate age-associated deficits in memory retention. Because these different 

psychomotor and cognitive function tasks are most directly under the control of different 

brain regions, these data are consistent with the hypothesis that exercise training may 

have differential effects on specific brain areas. 

23 



1. Introduction 

The life expectancy of the human population has increased over the past several 

decades. Barring pathological dementia, as most individuals age they will experience a 

loss in cognitive function that will range in severity from mild to moderate (1). The 

memory loss experienced by individuals suffering from diseases of dementia such as 

Alzheimer's disease is certainly more extreme and debilitating than the impairments seen 

with normal aging, but nevertheless advancing age is characterized by an often 

troublesome loss of cognitive function. These decrements are especially noticeable with 

tasks involving executive control, planning, scheduling, coordination, inhibition & 

working memory (1 , 2). 

Since diminution of mental aptitude has a profound effect on the quality of life, there 

has been considerable interest in discovering intervention strategies designed to prevent 

cognitive deficits seen with aging. For example, the effect that diet and nutritional 

supplements have on the preservation of cognitive abilities has been extensively 

researched and widely employed as a medium through which cognitive deficiencies may 

be ameliorated (3). Likewise, environmental enrichment (mental stimulation) has been a 

successful means of minimizing the effects of aging on cognitive functioning ( 4). 

Exercise, or more specifically fitness training is another intervention strategy that has 

been employed to delay cognitive deficits. Numerous investigators have examined the 

effect of exercise training on cognitive deficits in both human and animal models. 

Clearly a strong relationship exists between exercise and better performance on cognitive 
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tasks. In human studies, several researchers have established that exercise benefits 

cognition when the exercise protocol involves aerobic training (5, 6, 7). Indeed 

beneficial effects of aerobic exercise training on cognition are seen in aerobically 

exercised individuals but not in individuals who participate in non-aerobic regimens that 

involve toning and stretching (8, 9). Thus aerobic fitness appears to be a vital component 

of the improved cognition seen in conjunction with an exercise training regimen. 
,, · 

'It is possible to measure the intensity of exercise training in terms of maximum heart 

rate and the maximum amount of oxygen that can be taken in and utilized (V02 max)(1 0, 

11 ). However there are technical limitations involved in accurately accessing MHR and 

V02 max in small exercising animals, and most rodent studies that have examined the 

effect of exercise training on cognitive deficits lack a definition of the "aerobic fitness" 

of the exercising animals. Based on previous investigations, an exercise training protocol 

was designed to produce a moderate level of aerobic fitness in C57BL/6 mice (13, 14). 

In the literature it is not clear whether or not the same exercise training protocol leads to a 

similar level of aerobic fitness if implemented in young versus aged rodents (mice). In 

the current study, the level of aerobic fitness was determined in young and aged mice 

after they were subjected to a regimen of exercise training over the course of several 

weeks. Aerobic fitness of the mice was inferred from activity of citrate synthase, an 

enzyme that can be found in the mitochondrial inner membrane as part of the electron 

transport chain. Skeletal muscle responds to exercise training with both structural and 

biochemical adaptations that include increases in mitochondrial number. Thus, the 
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activity of citrate synthase from skeletal muscle is a useful quantitative biomarker of 

increases in fitness as a result of an exercise training protocol (15). 

The goal of this study was to test an exercise training regimen for its ability to 

produce aerobically fit young and aged mice, and to determine the effects of this exercise 

training regimen on psychomotor and cognitive performance in aging aerobically fit 

C57BU6 mice. 

2. Materials and Methods 

Animals 

A group of 62 young (3 months) and a group of 62 aged (20 months) C57BL/6J mice 

were obtained from the National Institute on Aging for testing. Upon arrival at the 

University of North Texs Health Science Center (UNTHSC) vivarium, the mice were 

group housed (4-7 to a cage) in 28 x 19 x 12.5 em solid bottom polycarbonate cages with 

wire grid tops. The vivarium was maintained at 23±_1 ° C/40% humidity under a 12 hour 

light/dark cycle with lights on at 0700. The mice had ad libitum access to water and 

standard Nlli-31 chow at all times throughout the project. 

Effect of exercise training on citrate synthase activity 

After a 1 week period of adjustment, 7 young and 7 aged mice were exercised daily 

on an OmniPacer treadmill Model LC4/M (Accuscan Instruments Inc., Columbus OH) 

for a period of 8 weeks. Variability in exercise training capacity of different inbred 
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mouse strains has been observed (12), so to achieve a moderate exercise training level in 

C57BL/6J mice the following exercise training protocol was used (13, 14). Mice were 

acclimated to exercise training over a 3 week period as follows. On day 1, mice were 

placed on a stationary treadmill with an 8° incline for 5 min, followed by a warm up 

period of running at 3 rnlmin for 5 min On day 2, the exercise training speed was 4 

rnlmin and the length of the exercise training period was 10 min Thereafter on each 

succeeding day, the speed of the exercise training period was increased by 1 rnlmin, and 

the length of the exercise training period was increased by 5 min, until a maximum speed 

of 14m/min and a total running time of 60 min was achieved. As the mice achieved 

running speeds of 6, 8, 10, and 12 m/min, the total running time included 5 min of 

running at each of those speeds with the remainder of the exercise training period devoted 

to running at the maximum speed designated for that day. This approach resulted in a 

final exercise training protocol consisting of a warm up period of running at 6 m/min for 

5 min, 8 m/min for 5 min, 10m/min for 5 min, 12m/min for 5 min, and a final speed of 

14m/min for the duration of the 60 min exercise training period. The final exercise 

training protocol was reached after 3 weeks of acclimatization and continued for 5 weeks. 

Electric shock grids located behind the treadmill belts delivered 0.29 rnA electric shock 

to the mice when not running. The number of shocks delivered to all exercising mice 

were tallied during each exercise training period. Non-exercised control mice were 

assigned as shock stimulus controls to the exercised mice, so that each non-exercised 

control received the same amount of shock stimulation as its exercising counterpart. To 

effect this, 7 young and 7 aged, non-exercised control mice were placed on a stationary 
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treadmill (belt not active) and retained on an inactive electric grid by means of a blocking 

device. The grids were temporarily activated and approximately 1 sec of 0.29 rnA shock 

was administered to each mouse. The number of shock stimuli that each mouse received 

was based on the number of shock stimuli that its exercising counterpart received. An 

intershock interval of 30 seconds was maintained. After each mouse received their quota 

of shock stimuli, the blocking apparatus was removed and the mouse was allowed access 

to the stationary belt for the remainder of the exercise training period. Exercising mice 

that exceeded 30 shocks per hour for 3 consecutive days were eliminated from the study 

along with their non-exercised control partners. All mice were weighed at the beginning 

of the exercise training regime and twice a week thereafter. Mice in this study were 

euthanized and muscle taken for citrate synthase determination. 

Citrate Synthase Assay 

All mice rested in their home cages for 1 day before being euthanized. After 

euthanasia, the rectus femoris muscles were removed from the hindlegs and the red fibers 

were isolated before being flash frozen in liquid nitrogen in antioxidant buffer (50 mM 

phosphate buffer (pH 7.4), 1 mM butylated hydroxytoluene (BHT)(Sigma, St. Louis, 

MO), 100 ~ diethylenetriaminepentaacetic acid (DTP A)(Sigma) prior to further 

preparation by grinding. Muscle tissue was ground in a mortar filled with liqUid nitrogen, 

removing elastic tissue until the remaining muscle tissue was fine in texture. Muscles 

remained frozen at -80° C until the citrate synthase assay ( 15) was performed. Briefly, a 

5% homogenate of the muscle tissue was prepared in a buffer containing 100 mM 
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potassium phosphate, monobasic (KP04)(Sigma), 5 mM ethylinediaminetetraacetic acid 

(EDTA)(Sigma) and 5 mM ethyleneglycol-bis (~-amino-ethylether)-N,N,N',N'­

tetraacetic acid (EGTA)(Sigma). A secondary homogenate was made by further diluting 

the primary homogenate I :20 with the buffer. Commercial3 mM acetyl CoA (Sigma), 5 

mM oxaloacetic acid (Sigma), and I mM DTNB (all in IOO mM Trizma base 

{TRIS)(Sigma)) were incubated in 1.5 ml acrylic cuvettes at 30° C for 3 min before 

adding the secondary tissue homogenate to start the reaction. The reaction mixture was 

read on a (Shumadzu UV-240I PC, Columbia, MD) spectrophotometer at a wavelength 

of 4I2 nm. Citrate synthase activity of muscle tissue was followed by measuring the 

absorbancy of thionitrobenzoic acid (TNB) formed by the coupling of an enzymatic 

reaction catalyzed by citrate synthase (eq.I) to an irreversible chemical reaction (eq. 2). 

citrate synthase 

Acetyl CoA + oxaloacetate + H20 _____. citrate+ CoA-SH (eq.I) 

CoA-SH + DNTB TNB + CoA-S-S-TNB (eq. 2) 

Citrate synthase activity was determined as J.lmol substrate transformed to product/min 

/gram of tissue wet mass, expressed as mmol/min/gram wet weight of the muscle. 
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Effect of exercise training on cognitive and psychomotor function 

After a 1 week period of adjustment, 24 young and 24 aged mice were exercised 

daily on an OmniPacer treadmill Model LC4/M (Accuscan Instruments Inc., Columbus 

OH) for a period of 8 weeks using an exercise training protocol identical to that used for 

the mice in the citrate synthase study. After 8 weeks of exercise, behavior testing was 

begun on all mice and continued for the next 3 weeks. Mice continued to exercise daily, 

using the same protocol as during the first 8 weeks, throughout the behavior testing. 

Behavioral Testing 

All mice in this study began behavioral testing for cognitive function after 8 weeks of 

exercise, however as behavioral testing required 3 weeks to complete, the exercise 

training regimen continued throughout behavior testing so to maintain the effect of 

exercise. The battery of behavioral tests were administered in order as follows: 

Locomotor Activity, 1st session (LMA), Reflexive and psychomotor tests, Spatial swim 

maze task, Startle Response Test, and Locomotor activity, 2nd session. Behavior testing 

was conducted early each morning and exercise training was administered immediately 

following the behavior testing. This schedule was followed in order to allow the mice as 

long a rest period as possible after exercising before the next behavior testing period in 

order to minimize acute effects of exercise. 
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Reflexive and Psychomotor tests 

Spontanous Locomotor Activity 

The locomotor activity of mice was measured using a Digiscan apparatus (Omnitech 

model RXYZCM (16)) connected to a microcomputer. Individual mice were placed in 

clear acryiic chambers (40.5 X40.5 X30.5 em) and spontaneous locomotion was 

measured during 4 consecutive 4-minute periods. A 7.5 W incandescent light provided 

dim illumination above each chamber. Fans provided an 80-d.B ambient noise level. To 

measure horizontal activity of the mice, a panel of 16 infrared beams and photodetectors 

were spaced 2 em apart along the sides of the chambers at a height of2.4 em. To 

measure vertical activity, a panel of 16 beams and photodetectors were located at a height 

of 7.6 em. Mouse activity interrupted the detection of photobeams, and the activity was 

recorded by a computer. The LMA test was administered in one daily session at the 

beginning of the behavior test battery and then again at the end of the battery. 

Motor Skills 

A battery of five tests was used to measure simple reflexes, muscle strength, 

coordination and balance. The battery included: Walking Initiation, Alley Turning, 

Negative Geotaxis, Wire Suspension, and Elevated Path (Bridge). Each test was given in 

one daily session on four consecutive days. The animals had 60 seconds to complete 

each trial for each individual test. Mice not completing the test in 60 seconds received a 

maximum score of "60" for the test. 
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Walking Initiation. For the Walking Initiation test, the mouse was placed on a flat 

surface and the time (in seconds) for it to travel one body length was recorded. Body 

length was defined as the distance from the tip of the nose to the base of the tail. Walk 

Initiation was conducted once in a session. 

Allej Turn. The alleyway was a black acrylic structure (14 X 3 X 14 em) that was 

closed in the back and open in the front. The mouse was placed inside the alleyway 

facing the back wall. The time (in seconds) for the mouse to execute a 180° turn and face 

the open end of the alleyway was recorded. Alley Turning was conducted once in a 

sessiOn. 

Negative Geotaxis. The Negative Geotaxis apparatus consisted of a hinged acrylic 

sheet (53 X 30 em) that was covered with a fine black nylon wire mesh (0.10 X 0.10 em). 

A restraining wire insures that the maximum incline of the apparatus was 45°. A mouse 

was placed on the Geotaxis apparatus so that its head pointed towards the top of the 

apparatus. The time (in seconds) for the mouse to turn 90° and then 180° from its starting 

position was recorded. Negative Geotaxis was recorded once in a session. 

Elevated Path (Bridge). For the Elevated path test, a clear acrylic bridge (60 em in 

length) was suspended horizontally between two safe platforms at a height of 35.5 em 

above a 2.5 em padded surface. Four different bridges of increasing difficulty were 

utilized: on day one the bridge had a square shape of2 em, on day two the bridge was a 1 

em square, on day three the bridge was circular with a 2 em diameter and on day four, a 

round bridge with a diameter of 1 em was used. The mouse was placed on the left safe 

platform for a few seconds and then was gently dragged to the center of the bridge. The 
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time (in sec) for the mouse to return to either the left or the right safe platform, or to fall 

from the bridge, as well as any time spent not moving ("resting") was recorded. The 

Elevated Path test consisted of three trials in a session. 

Wire Suspension. A horizontal steel wire (0.2 X 70 em) was suspended 33 em above 

a 2.5 em foam pad. A mouse was suspended by its front paws and the time (in seconds) 

for it to return at least one hind paw to the wire, as well as the time required for it to fall 
' . 

from the wire was recorded. The Wire Suspension test consisted of two trials in a 

session. Each trial was separated by an Elevated Path test trial. 

Startle Response Test. 

The Startle Response Test measured the unconditioned, reflexive response of mice to 

shock stimuli. The startle response apparatus consisted of a startle chamber, an isolation 

CC1:binet and the control unit. The startle chamber was an acrylic tube (13.0 X 4.0 em 

diameter) attached to an acrylic plate (20.0 X 13.0 X 5.0 em) covering an electromagnetic 

force transducer. The transducer converted animal movements into data including a 

starting baseline, reaction time, maximum response amplitude and average response 

amplitude. The startle chamber was fitted with a shock grid consisting of 7 stainless steel 

bars (0.1 em diameter) separated by 0.5 em on center, designed to deliver a series of 

electric shocks. The shock grid and the startle chamber were housed in an isolation 

cabinet (39.0 X 38 X 59 em) to minimize the confounding effects of extraneous room 

noise and vibrations. Computer software controlled the presentation of stimuli and 

collected data about animal responses to stimuli. Nine shock intensities (0.0, 0.2, 0.4, 
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0.8, 0.12, 0.16, 0.24, 0.32, and 0.64 rnA) were presented randomly, in 5 independent 

series for a total of 45 trials. Each trial consisted of a 100 millisecond presentation of 

shock separated by a 30 second ITI between each presentation. Peak responses to all 

shock intensities and the latency to startle at .64 rnA were the parameters of interest. 

Assessment of cognitive capacities 

Spatial Swim Maze Task. 

A 1.12 m (diameter) by 60 em (height) steel tank was filled with water made opaque 

with powdered white paint and maintained at 24° C. The water level was sufficient to 

cover a 10 by 10 em square platform by 1 em. A computerized tracking system (San 

Diego Instruments, San Diego, CA) was used to record data. Swim maze testing divided 

into 4 phases: pre-training, acquisition, retention, and reversal. 

A Pre-training phase was conducted first, in which mice were trained with a straight 

alley apparatus to acquaint them with swimming and climbing onto a hidden platform. 

The straight alley apparatus consisted of 2 transparent acrylic sheets which guided the 

mice to the hidden platform. Mice were prevented from using visible cues in the room by 

use of a black curtain around the tank. Mice were given 5 consecutive trials in which to 

find the platform at the end of the straight alley after being placed at the opposite end. 

After finding the platform, the mice were allowed to remain there for 10 seconds before 

being removed to a holding cage for an intertrial interval (ITI) of 5 minutes until the next 

trial. The pre-training phase consisted of 4 sessions, 2 per day, separated by at least 3 
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hours. Sessions 1 and 2 were administered on the 1st day of testing, sessions 3 and 4 were 

administered on the 2nd day of testing after an interval of 60 hours. 

The place discrimination acquisition phase followed the straight alley pre-training 

phase. In this phase the mice were tested for their ability to locate a hidden platform 

based on external cues in the room. Over a four day acquisition period, mice were 

required to locate a hidden platform in a fixed position five separate times starting from 

four different starting points. The acquisition phase consisted of 8 sessions administered 

2 per day separated by at least 3 hours. The path length and swim speed as recorded by 

the tracking system were the performance measures of interest. The learning index is an 

average of certain sessions in the water maze task. The average path length of each 

group of mice was determined for sessions 2, 3, and 4 (during acquisition phase) and 

sessions 12, 13, 14 (during reversal phase) to determine how quickly each group was able 

to learn the water maze. At the end of session 8 a probe trial was performed. On the 

probe trial, the platform was lowered well below the surface of the water at the start of 

the trial and the mice were allowed to search for the platform for 30 seconds. After 30 

seconds the platform was raised to its usual height of 1 em below the surface of the water 

and the mice were allowed an additional 60 seconds to locate it. The performance 

measure was the amount of time that the mouse spent in the target quadrant (quadrant 

containing the platform}, the 40 em diameter annulus and the 20 em diameter annulus 

surrounding the target, as well as the number of times that the mouse swam directly over 

the target. Time spent in the various zones represents the strength and the accuracy of 

spatial memory. 
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Retention phase. The acquisition phase of the spatial swim maze task test was 

followed by the retention phase. The retention phase consisted of sessions 9 and 10 

administered on the same day, separated by at least 3 hours. In this phase, mice were 

tested to determine if they were able to remember the location of the hidden platform 

after 72 hours had elapsed since their last acquisition test session. 

l?.eversal phase. Following the retention phase, during a 2 day reversal phase, 4 
.• · 

additional sessions (sessions 11-14) were used to test the mice for their ability to find the 

hidden platform in a new location. During the reversal phase, the hidden platform was 

moved to the opposite side of the tank, so that mice were required to unlearn the previous 

position of the platform and learn the new position. Path length and swim speed were 

used as performance measures. Additionally data for the 1st trial of session 11 were 

considered as a probe to determine the degree bias for the previous platform position. 

Data Analysis 

Statistical analysis was done by analysis of variance and individual comparisons 

using Systat Version 7.0 statistical software package. 3-way factorial analyses of 

variance were used to evaluate group differences with age, treatment (exercise), and 

session as between groups factors for each behavioral test if appropriate. Planned 

individual comparisons between age matched trained versus control groups, and between 

training-matched young versus aged groups were performed by individual F tests using 

the error term from the overall analysis. 
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3. Results 

Body Weight 

The body weights of the 4 groups of mice in the behavior study were recorded each 

week during the entire 11-week exercise training protocol (Fig. 1 ). Analysis by 3-way 

ANOV A with age, treatment, and weeks as the factors showed that there was a 

significant main effect of age, with the aged mice weighing more than the young 

throughout the 11-week period (bothp < .050). The main effect of training was not 

significant, as were the two and three-way interactions confirming the observation that 

exercise training had little effect on the weight of either the young or the aged mice (p = 

.643). 

Citrate Synthase 

fudividual comparisons of the citrate synthase results (Fig. 2) showed that the activity 

of citrate synthase in the m. rectus femoris was significantly increased in both the 3-

month-old and the 20-month-old exercise-trained mice as compared to the age-matched 

non-trained controls (p < .050). Although there was more citrate synthase activity in the 

aged versus the young groups, this difference was not significant for either the control or 

the trained groups (both p > .200). The magnitude ofthe increase of citrate synthase 

activity in young trained versus non-trained controls was 1.55 fold, and the magnitude of 

the increase in aged exercised versus non-exercised control mice was nearly identical at 

1.59 fold. 
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Spontaneous Locomotor Activity 

Spontaneous locomotor activity was analyzed by two-way ANOV A with age and 

treatment as the factors, separate ANOV As were done on the 1st and 2nd LMA sessions. 

fu the 1st session of locomotor activity (Fig. 3. ), there were no significant effects of either 

age, exercise training, or their interaction on forward movement in C57BU6 mice (all p 

>,.JOO). fu the 2nd session, exercise training had no effect on forward movement (p = 

.592), but there was a significant main effect of age (p < .050). Planned individual 

comparisons done within the age by training interaction revealed that aged control mice 

displayed significantly less horizontal movement than the young controls (p < .050), 

whereas aged, trained mice did not differ from young, trained mice. 

A similar analysis of the vertical activity of mice did not indicate any effect of age, 

training, or their interaction (allp > .400). 

Walking Initiation, Alley Turning, Negative Geotaxis 

Performance on the walking initiation, alley turning, and the two negative geotaxis 

tasks (90° and 180° tum) (Fig. 4.) were all analyzed by 2-way ANOVA with age and 

training as the factors. fu the walking initiation task there was a main effect of treatment 

(p < .050). Planned individual comparisons revealed that this was the result of trained 

mice initiating walking movements significantly later than non-trained control mice. fu 

the alley turning task there was a main effect of treatment (p < .050). There were no 

training by age interactions in either of these tasks. Planned individual comparisons 

between age-matched treatment groups indicated that the effect of training existed in the 
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young mice only, with young exercised mice taking longer to complete the alley turning 

task than the control mice. There was no main effect of age for either the walking 

initiation or the alley turning task (bothp > .800). Analysis of the performance of the 

mice on the 90° negative geotaxis and the 180° negative geotaxis tasks revealed that there 

were no significant main effects of either age or training on these tasks (p > .300) 

Elevated Path (Bridge) 

For the bridge walking (elevated platform) test (Fig. 5.), analysis by 2-way ANOVA 

revealed a significant main effect of age as well as a main effect of exercise training on 

the ability of the mice to remain balanced on the bridges (both p < .050). These 

outcomes were the result of significantly reduced ability of aged mice to remain balanced 

on the bridges as compared to young mice, and the greater ability of aged, trained mice to 

remain on the bridge significantly longer than age-matched, non-trained control mice. 

These effects were confirmed by a planned individual comparison within the age by 

treatment interaction (p < .050). 

Wire Suspension 

The test for the ability of the mice to grasp a wire with their hind legs (latency to 

tread) and their ability to remain on the wire (latency to fall), was analyzed by two-way 

ANOV A that revealed that there was a significant main effect of age on both tasks (Fig. 

6.)(p < .050). Planned individual comparisons within the age by treatment interaction 

showed that aged mice in both treatment groups took significantly longer to tread than the 
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young controls (p < .050). Aged mice in both training groups also showed significantly 

less ability to remain on the wire than the young control mice (p < .050). However, there 

was no main effect of exercise training on either of the two tasks (both p > .400). 

Startle 

Analysis of the response to shock stimulation failed to reveal significant two or three­

way interactions of age, treatment, and shock intensity but instead indicated a main effect 

of age. This outcome was primarily a reflection of age differences at the higher 

intensities (.24, .32, and .64 rnA) of shock (Fig. 7) (p > .100). Planned individual 

comparisons revealed that the young non-trained control mice exhibited significantly 

more startle response to the shock stimulus at .24, .32, and .64 rnA than did the young 

trained mice or either of the aged groups (p < .050). Planned individual comparisons 

revealed that none of the other 3 groups (young exercised, aged control, or aged 

exercised) had significantly different responses from each other to any of the shock 

stimuli (allp > .100). 

Latency of response to the shock stimulation was considered at .64 rnA of shock 

stimulus by two-way ANOV A, and disclosed a main effect of age (Fig 8). Planned 

individual comparisons revealed that the aged control group was significantly slower to 

respond to the shock stimulus than young control mice (p< .050). These analyses also 

showed that exercise training in aged mice resulted in significantly shorter startle latency 

compared with the non-trained controls (p< .050) 
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Spatial Swim Maze Task 

The ability of the mice to learn a spatial discrimination task was determined by 

measuring the path length for mice to find the hidden platform as a function of sessions in 

the spatial swim maze test (Fig. 9, top). Both the young and the aged groups were able to 

locate the platform relatively quickly by the 8th session of the acquisition phase of the 

test. Evaluation by 3-way ANOV A with age, treatment and sessions as the factors 

showed that there was a significant overall effect of age on the path length required by 

different groups of mice to find the platform, with the young mice requiring a shorter · 

path length to find the platform than aged mice (p < . 050). The same type of analysis 

showed that there was a main effect of training during the acquisition phase (p < .050). 

Planned individual comparisons within the treatment by sessions interaction indicated 

that during the 4th and 6th session of acquisition, the aged, exercised mice had 

significantly shorter path lengths than their aged non-trained counterparts. 

In the retention phase of spatial swim maze testing, a three-way analysis of variance 

showed that again there was a significant main effect of age (p < . 05) on the ability of the 

mice to remember the location of the hidden platform after 66 hours had elapsed since the 

final trial of the acquisition phase of the test. This effect was due to young mice 

exhibiting significantly shorter path lengths to the platform. For this phase of the test, 

there was no main effect of treatment on performance in either age group (p = .178). 

During the fmal phase of spatial swim maze testing (the reversal phase) a three-way 

analysis of variance showed that there was not a significant main effect of age nor was 

there a significant main effect of exercise training on the ability of the mice to learn a 
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new location of the hidden platform (both p > .1 00). There was no age by training 

interaction for path length in any of the 3 phases of the spatial swim task. 

In each of the 3 phases of spatial swim maze testing, the speed of the mice was 

analyzed by three-way ANOVA (Fig. 9, bottom). The only significant differences 

observed·weie exhibited by the young mice during the reversal phase, in which young 

control mice.-showed a significant age by treatment effect (p < .050). Planned individual 

comparisons revealed that this was due to the young, non-exercised control group 

swimming quite slowly during the 1st two sessions of the reversal testing. 

The learning index for water maze testing is shown in Fig. 10. Analysis by two-way 

ANOV A showed a significant effect of age on the ability of mice to learn the maze, with 

aged mice requiring a longer path length to find the platform (p < .050). Although there 

was not an effect of training, there was a trend for the exercise-trained mice to learn the 

location of the platform more quickly than the control mice (p = .057). 

The strength and accuracy for spatial memory was assessed with a probe trial (Fig. 

11). Separate two-way ANOVAs (with age and training as the factors) conducted on 

time spent in the 20-cm and 40-cm annulus, as well as the number of target entries, each 

revealed significant main effects of age (p < .050). This outcome reflected the generally 

shorter times and fewer entries of the aged when compared with young mice. Planned 

individual comparisons between treatment-matched age groups, conducted within the age 

by training interaction indicated that this decrease was significant for both trained and 

control groups for the number of target entries. The age difference was significant for 

both trained and control groups for the number of target entries. However, the age 
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difference was significant only for trained mice (p < .050) for the 40- and 20-cm annuli. 

A two-way analysis for time spent in the target quadrant failed to indicate a significant 

main effect of age. Exercise training did not affect the time spent in the target zone, 

annuli, or the number of target entries (main effect, interaction, all p > .700). 

Session 11 of the water maze task was the first session of the reversal phase of the 

test. The number of entries into the previous location of the platform (its location during 

the acquisition phase) was analyzed with data acquired during session 11 (Fig. 12). 

Analysis by two-way ANOV A with age and treatment as factors indicated main effects of . 

age and treatment (p < .050). Planned individual comparisons revealed that aged, control 

mice spent significantly less time in the target quadrant, 40 em annulus, and 20 em 

annulus, and they made significantly fewer target entries than did the young mice (p < 

.050). Planned individual comparisons showed that aged, trained mice spent more time 

in the target quadrant and 20 em annulus, and made more target entries than non-trained 

control mice (p < 0.50). There was a strong trend for the aged, trained mice to spend 

more time in the 40 em annulus compared to young controls (p = . 058). 

4. Discussion 

The main findings of this study are that when moderate, short-term exercise training 

is initiated in aged C57BU6 mice, it (a) results in increased fitness in the aged mice to 

the same degree as observed in young mice, (b) improves some psychomotor skills, 

including bridge-walking and reaction time, and (c) improves age-impaired spatial 

memory performance. 

43 



Most investigations of the effect of exercise training on cognitive deficits do not 

address the twin issues of (I) are the animals exercised to a significant level of fitness 

over the non-exercised controls? and (2) is the exercise training discontinued during 

extensive behavioral testing- resulting in behavioral data that is obtained from animals 

that are no longer benefiting from exercise? In this study the exercise training protocol 

was designed to result in a significant increase in fitness in both the young and the aged 

groups, and the exercise training regimen was continued throughout the behavioral 

testing. Fitness in the two groups of mice was evaluated with a citrate synthase assay that 

showed significant and nearly equal magnitudes of increased fitness in both the young 

and the aged groups, establishing that a significant and similar level of fitness was 

established in the young and aged mice in this study. The question of biological 

relevance of the increase in citrate synthase activity observed in this study should be 

addressed. The magnitudes of increases that were observed in this study were as great or 

greater than of others work in which citrate synthase activity was taken to be a measure 

of fitness (I 0, II). In the current study, the exercise training protocol was kept in place 

during the entire 3-week period of behavior testing to ensure that the fitness achieved by 

exercised mice did not decline during behavior testing. Under these conditions, it cannot 

be determined if the beneficial effects of exercise training on cognitive or psychomotor 

function are the result of long-lasting improvements in brain, cardiovascular or 

muscoloskeletal function or if the benefits derive from acute effects of exercise. To 

minimize likelihood of the latter, the exercise training was administered immediately 

after behavior testing to ensure that each behavior test occurred at least 18 hours after the 
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exercise. Nevertheless, it will be necessary to assess the time-dependent effects of 

exercise training in order to fully understand the mechanism for improved cognitive and 

psychomotor performance. 

Mice in the control groups of this study clearly demonstrated age-related declines in 

cognitive and psychomotor function in accordance with several previous studies, 

including those done in our laboratory (16, 17, 18, 19). However, the 11-week moderate 

exercise training protocol administered to the mice in this study tended to improve 

performance in some, but not all of the age-sensitive psychomotor and cognitive tests that 

were administered during the final 3 weeks of exercise. Exercise training reduced age­

related deficits in bridge walking, startle latency, and it produced an improvement in age­

related inability to learn and retain a spatial discrimination 

The motor activity test is designed to study exploratory behavior in animals. The test 

measures a range of behaviors displayed by animals placed in a novel environment (20). 

It was expected that aged animals would not exhibit as much locomotor activity as young 

animals, as locomotor activity is a biomarker of aging. The motor activity of aged 

control mice was reduced compared to young mice, significantly so in the 2nd session and 

there was a trend for this effect in the I st session as well. 

Some of the motor skills tests did not reveal an age effect -walking initiation, alley 

turning and both of the negative geotaxis tasks. However, all of these tasks are simple 

tests of motor competence and reflexive behavior (21 ), and the lack of an age effect in 

these tests most likely indicates that the aged mice did not exhibit gross motor or 

reflexive deficits. In two of the tests (walking initiation and alley turning), there was a 
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significant effect of exercise, with trained animals requiring more time to complete the 

test than their non-trained controls. These data support the results of the startle test. In 

the startle test, trained animals had reduced responses to shock stimulation; this parallels 

the effect seen in walking initiation and alley turning. As with the startle response, these 

results could be due to the anxiolytic effect of exercise training (24). Examination of the 

amount of time spent in the center of the locomotor activity chamber indicated that 

trained mice spent more time in the center of the boxes than did the non-trained controls 

(data not shown), which supports the hypothesis that exercise training is anxiolytic for 

C57BU6 mice. Exercise training resulted in no significant changes in the ability of the 

anim~ls to turn either 90° or 180° in the negative geotaxis tasks. The negative geotaxis 

task does not depend on somatosensory input. The stimulus to turn during the negative 

geotaxis test is stimulation of the labyrinth organs of the inner ear. No effect of age 

reveals that at 20 months the mice are experiencing no deficits in their labyrinth organs 

and exercise training does not exert modulating influence on these organs. 

The elevated path test is used to access motor coordination, muscular strength and 

balance (20, 21 ). The performance of the mice was significantly affected by both age and 

training with the aged groups unable to remain on the bridge as long as the young groups 

and the aged, trained groups displaying significantly improved performance over the age­

matched, non-exercised controls. Balance and muscle coordination are generally 

considered to be under cerebellar control, thus improvement by exercise training on this 

motor skills task suggests that exercise training could ameliorate cerebellar deficits that 

occur with aging (22,23). Interestingly, although the cerebellum processes input from the 
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motor cortex, brainstem nuclei and sensory modalities to provide output to skeletal 

muscles that will result in smooth coordinated movements, more recently its function 

appears to include contribution to cognitive functions including spatial learning (23). 

Aged control mice had longer latencies to tread and shorter latencies to fall on the 

wire suspension test, revealing deficits in muscular strength and coordination (both well­

established biomarkers of aging) when compared to young mice. Exercise training had 

no effect in the performance of this task in either the young or the aged animals. Since 

the ability of the animal to perform the wire suspension task is dependent on digital 

strength (grasping) of both the front and hind limbs, it is a reasonable finding that running 

on a treadmill did not have a profound effect on performance of this task. 

There was an age effect as well as a training effect on the response to shock 

stimulation with young, non-exercised mice responding significantly more vigorously to 

shock stimulation of .24, .32 and .64 rnA. than any of the other groups. The mice in the 

exercised groups and the aged non-trained controls had lower and very similar responses 

to electrical stimulation. The significantly lower responses of the aged non-trained mice 

compared to the young non-trained mice is the expected result in this test. Apparently 

exercise training reduced the startle response of the young, exercised mice so that it was 

not significantly different from the response of the aged, exercised mice. The reduced 

responses of the young, exercised mice to shock stimulation to levels displayed by the 

. both aged controls suggests that exercise training has an aging effect on mice, but this 

response might be due to the anxiolytic properties of exercise training (24). As · 
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mentioned earlier, the results of startle test and the results of walking initiation and alley 

turning support each other. 

The results of the latency to startle showed a clear age difference with aged control 

animals responding significantly more slowly to shock stimulation. As observed in 

previous studies (31 ), an age-associated increase in reaction time, measured as the latency 

to peak startle response following maximally effective shock stimuli (0.64 rnA), resulted 

in improved performance (decreased reaction time) in aged mice. This aspect of shock 

startle performance reflects the time required for both neural processing and 

musculoskeletal implementation of the startle reflex. Thus, the improved reaction time of 

aged, exercised mice could involve either of these aspects or both of them. 

The ability of mice in this study to learn a spatial discrimination task was determined 

by their performance on the spatial swim maze task. Performance on the spatial swim 

maze test is known to depend on function of the hippocampus as well as it's cortical 

inputs (26). Young mice clearly showed better ability to learn the location of a hidden . 

platform using visual room cues as compared to aged mice during the acquisition phase 

of the spatial swim task. The young mice retained this superiority over aged mice during 

the retention phase of the test. During the reversal phase of water maze testing, the mice 

were required to unlearn the location of the platform during the acquisition phase and to 

learn a new location of the platform. During the reversal phase, young mice did not 

perform significantly better than the old mice. This phenomenon is likely due to the 

greater ability of young mice to remember the previous location of the platform as 
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compared to aged mice, rather than a disability to ''unlearn" the original platform location 

(27). 

The effect of exercise training on aging mice becomes especially interesting when the 

ability of mice to retain acquisition of recently learned spatial discrimination is examined 

with the probe trial and by analyzing the behavior of trained mice on the 1st day of 

reversal testing as if the target was still its original location. In the probe trial, there was 

a significant effect of age for the exercised mice only. Aged, exercise-trained mice spent 

significantly less time in the 40 em and 20 em annuli, and made significantly fewer target 

entries than young trained mice, but this effect of age was not observed in non-trained 

mice, suggesting that aged, exercise-trained mice did not retain the knowledge of 

platform location immediately after acquisition. However, data from the 11th session (the 

1st session of reversal) was analyzed with a template of the acquisition maze to determine 

how often mice returned to the original platform location during their search for the new 

platform location. The young mice showed a marked preference to search for the 

platform in its original location, displaying strong and accurate memory for its position 

after a long delay between sessions. The aged non-exercise-trained mice spend 

significantly less time in each of the 4 target areas, revealing their lack of bias for the 

original platform location. The aged, trained mice resembled the young mice in their 

preference for the original platform location, suggesting that exercise training may 

improve their spatial memory. Apparently this effect does not exist immediately after 

acquisition, but after a 24 hour interval between training sessions, the effect becomes 

readily apparent. In contrast to the aged, trained mice, the aged control mice did not 

49 



forget the platform location immediately after acquisition, but were not able to retain 

their memory of its location after a prolonged interval. The ability to remember the· 

original platform location is likely due to differences in consolidation by aged non­

trained versus aged, trained mice. The hippocampus serves as a temporary site where 

information in working memory is held until it can be consolidated into a more 

permanent form in cortical storage site (28, 29). Previous work has established that the 

period of consolidation varies in relation to the size of the brain. Consolidation has been 

reported to occur in rodents rather quickly - possibly in a matter of hours (29), which 

could explain the differential memory displayed by the two groups of aged mice in the 

probe trial administered immediately after acquisition and the probe trial administered 24 

hours later. Evidently aged, exercised mice (and both groups of young mice) have 

mechanisms (perhaps cellular (30)) that allow for consolidation, and these mechanisms 

are lost in the aged, non-exercise-trained mice. 

The current results suggest that exercise training regimens, initiated late in life, may 

produce long-lasting beneficial effects on age-impaired brain functions that result in 

improved cognitive and pscyhomotor function of aged mice. While the results do not 

completely rule out the possibility that improved performance of the old mice involves 

enhanced musculoskeletal function, several results do not support that interpretation. 

Whereas the spatial swim maze task involves some physical challenge for its successful 

performance, the measurements related to cognitive performance, path length and spatial 

bias (probe trial), are independent of physical ability. Moreover, no effect of exercise 

training was observed on pure measures of physical performance such as swim speed. 
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Similarly, the bridge-walking test of balance was designed to have minimal requirements 

of strength and endurance and was affected by exercise, whereas the more physically 

challenging tests of wire grip and treading did not differentiate aged, exercise-trained and 

control groups. In light of this pattern of results, it seems unlikely that improved 

musculoskeletal function could fully account for the apparent improvements in cognitive 

and psychomotor function. 

To summarize, exercise training appears to have beneficial effects in the acquisition 

of knowledge in aged mice in some but not all psychomotor and cognitive tasks and 

exercise training may have differential beneficial effects on various brain areas. The 

mechanism by which exercise training imparts its beneficial effects is an area that 

requires further investigation. 
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FIG. 1. Effect of exercise training on body weight of C57BU6 mice. Each value 

represents the mean± SE of 17-21 mice. *=significant (p < .050) difference from 

youngm1ce. 
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FIG. 2. Effect of exercise training on citrate synthase activity in the rectus femoris 

muscle in young and old mice. Each value represents the mean ± SE of 6-7 mice. * = 

significant (p < .050) difference from non-exercised control. 
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FIG. 3. The effect of exercise training on spontaneous locomotor activity in young and 

aged C57BU6 mice. Top: Mean forward movement of mice in sessions 1 and 2 

measured in em ± SE. Bottom: Rearing behavior in sessions 1 and 2 measured by 

interruptions in infrared photobeams (counts)± SE in activity chamber. Each value 

represe.Qts the mean(±) SE of 17-21 mice. *=significant (p < .050) difference from 

young control. 
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FIG. 4. Performance by C57BU6 mice on motor skills tasks as a function of age and 

exercise. Each value represents the mean± SE of 17-21 mice. *=significant (p < .050) 

difference from age-matched control. 
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FIG. 5. The effect of exercise training on bridge walking in C57BU6 mice as a function 

of age. Columns represent average latency to fall among the 4 groups of mice. Each 

value represents the mean± SE of 17-21 mice. *=significant (p < .050) difference from 

young m1ce. t =significant (p < .050) difference from non-exercised control. 
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FIG. 6. Performance on wire suspension as a function of age and exercise. Each value 

represents the mean± SE of 17-21 mice. *=significant (p < .050) difference from age­

matched control. 
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FIG. 7. Shock (startle) peak performance by exercised C57BU6 mice as a function of 

age Each value represents the mean peak startle response± SE of 17-21 mice. * = 

significant (p < .050) difference from all other groups. 
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FIG. 8. Shock (startle) latency performance by exercised C57BU6 mice as a function of 

age. Columns represent the mean latency to response at .64 rnA± SE of 17-21 mice. * = 

significant (p < .050) difference from young control. t = significant (p < .050) 

difference from non-exercised control. 
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FIG. 9. Effects of exercise training on swim maze performance as a function of age in· 

C57BU6 mice. Top: Path length (em:!; SE). Bottom: Path-independent swim speed 

(cm/s ± SE). *=significant (p < .050) difference from age-matched control. 
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FIG. 10. Average learning index of the mice over sessions 2-4 of swim maze acquisition 

and sessions 12-14 of swim maze reversal. Each value represents the mean ± SE of 17-

21 mice. *=significant (p < .050) difference from young group. 
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FIG. 11. Probe trial performance by exercised C57BU6 mice as a function of age. Left: 

Columns represent the amount of time spent in a target area. Right: Columns represent 

number of entries made to target area. Each value represents the mean± SE of 17-21 

mice. * :c significant (p < .050) difference from young group. 
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FIG. 12. Trial performance by exercised C57BU6 mice as a function of age after a 24 

hour delay in testing. Left: Columns represent the amount oftime spent in a target area. 

Right: Columns represent number of entries made to target area. Each value represents 

the mean± SE of 17-21 mice. *=significant (p < .050) difference from young group. t 

=significant ((p < .050) difference from non-exercised control. 
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TRANSITION REMARKS 

In Chapter TI, the ability of exercise training to ameliorate age-associated cognitive 

deficits was tested in aging C57BU6 mice. It appears that when a moderate short-term 

exercise training is initiated in aged C57BU6 mice, there was a trend for exercise 

training to improve the acquisition of new psychomotor and cognitive skills in C57BU6 

mice as a function of age, with the performance of the aged, exercise-trainedmice 

reaching significant levels on some but not all of the behavioral tasks. 

There is evidence to suggest that age-dependent cognitive deficits are caused by 

cumulative oxidative damage in the brain. Normally there is a delicate balance between 

molecules responsible for causing oxidative damage and endogenous antioxidant 

enzymes and oxidative damage is presumed to result from a shift in the balance between 

pro-oxidants and antioxidants. While much of the research examining the effects of 

exercise training as a function of age on the pro-oxidant and antioxidant status of the 

brain, most of the research has been aimed at examination of the whole brain. Since 

different brain regions contribute differentially to cognitive and psychomotor 

performance, Chapter ill deals with the effect of exercise training on the oxidant status of 

various brain regions in aging C57BL/6 mice. 
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CHAPTER III 

THE EFFECT OF EXERCISE TRAINING ON OXIDATIVE 

STRESS IN AGING MOUSE BRAIN 

SUMMARY 

The ability of exercise training to ameliorate age-associated changes in oxidative 

damage and antioxidant enzymes was tested in aging C57BL/6 mice. Beginning at 3 or 

20 months of age C56BL116 mice were either subjected to an 11-week exercise training 

protocol designed to be of moderate intensity but rigorous enough to produce significant 

increases in fitness, or they were part of an age-matched, non-exercised control group. 

To evaluate fitness in the mice subjected to exercise, a citrate synthase assay was used. 

As evidenced by increased citrate synthase activity, the exercise training protocol did 

indeed produce a significant and nearly equal degree of fitness in both the young and 

aged mice. At the conclusion of the exercise training regimen, the brains were removed, 

dissected into 6 regions (cerebellum, cortex, hindbrain, hippocampus, midbrain, and 

striatum) and analyzed for protein oxidative damage and antioxidant enzyme activity. 

Despite a general lack of effect, it is a finding of the study that exercise training increased 

the activity of some antioxidant enzymes in some but not all brain areas as a function of 
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age. Although superoxide dismutase levels did not change in response to exercise 

training as a function of age in any of the brain regions, glutathione peroxidase levels 

increased in the young mice in some regions (the cerebellum and the striatum) in 

response to exercise, and there were trends for this effect in the aged, exercised mice as 

well. Catalase activity showed a significant response to exercise training in aged mice in 

the cortex region. Exercise training did not able to ameliorate oxidative damage seen in 

aging C57BL/6 mice in any of the brain regions that were examined. 

These data suggest that exercise training may have differential effects on antioxidant 

activity in specific brain areas as a function of age. 
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1. Introduction 

As they age, many individuals begin to display symptoms of neurocognitive 

degeneration that presents with a range in severity from mild to moderate. There has 

been considerable research aimed at discovering the mechanisms responsible for the 

neurocognitive deficits that occur with normal aging and several hypotheses have been 

advanced to explain the phenomenon. One such theory to explain cognitive deficits seen 

with aging is the cumulative effect of oxidative damage in aging brain tissue (1, 2, 3). 

The hypothesis that oxidative damage causes aging is based on the premise that reactive 

oxygen species contribute to tissue damage that eventually results in senescence. The 

amount of damage that reactive oxygen species can inflict on tissue is influenced by the 

balance that is maintained between pro-oxidants such as free radicals, and endogenous 

antioxidant enzymes ( 4, 5). It remains unclear whether or not oxidative damage that 

accrues with aging is the result of increased pro-oxidants or if it is the consequence of 

declines in antioxidant enzyme defense systems (5, 6). 

It is worthwhile to consider the individual regions of the brain when examining the 

effects of aging. Different brain regions make distinctive contributions to cognitive 

processes (7, 8, 9) and exhibit differential susceptibility to age-related damage (7). 

Although there is a paucity of literature addressing the antioxidant status in diverse brain 

regions as individuals age, a few researchers have found that changes in antioxidant 

status with aging varies among brain regions (10, 11). It is reasonable to assume that 

individual brain regions might adapt to exercise training in terms of oxidative 

stress/antioxidant defenses (27), or that the individual regions might adapt to exercise 
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training in old age that could reduce the deleterious effects of aging. an issue that has 

not as yet been addressed. 

There has been considerable interest in attenuating cumulative tissue damage that is 

observed in aged individuals. Exercise, or more specifically fitness training , is a putative 

intervention strategy that has been employed to moderate oxidative damage seen in aging 

individuals. While it is true that strenuous aerobic exercise training is associated with 

increased production of reactive oxygen species in peripheral tissues, the effects of 

exercise training may present a challenge to the antioxidant system which then responds 

with increased production of antioxidant enzymes in order to maintain the balance 

between pro-oxidants and antioxidant defenses. Chronic exercise training has clearly 

been shown to increase antioxidant enzymes in skeletal muscle (12, 13, 14), heart (12, 

14), and liver (12). Moreover, researchers have recently shown increases in antioxidant 

enzymes in whole brain tissues of exercised mice and rats, in conjunction with decreased 

biomarkers of oxidative damage ( 15, 16). 

It was the goal of this research to elucidate the differential effects of age and exercise 

training on oxidative damage and antioxidant defenses in various brain regions. 

2. Materials and Methods 

Animals 

A group of 48 young (3 months) and a group of 48 aged (20 months) C57BU6J mice 

were obtained from the National Institute on Aging for testing. Upon arrival at the 

University ofNorth Texs Health Science Center (UNTHSC) vivarium, the mice were 
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group housed (4-7 to a cage) in 28 x 19 x 12.5 em solid bottom polycarbonate cages with 

wire grid tops. The vivarium was maintained at 23 ± 1° C/40% humidity under a 12 hour 

light/dark cycle with lights on at 0700. The mice had ad libitum access to water and 

standard Nlli-31 chow at all times throughout the project. 

Effect of exercise training on citrate synthase activity 

After a 1 week period of adjustment, 24 young and 24 aged mice were exercised 

daily on an OmniPacer treadmill Model LC4/M (Accuscan Instruments Inc., Columbus 

OH) for a period of 8 weeks using a protocol identical to the one used during the first 8 

weeks of determination of the effect of exercise training on oxidative damage and 

antioxidant defenses. After the completion of the exercise training protocol, mice in this 

study were euthanized and skeletal muscle taken for determination of citrate synthase 

activity. 

Citrate Synthase Assay 

All mice rested in their home cages for 1 day before being euthanized by cervical 

dislocation. After euthanasia, the rectus femoris muscles were removed from the 

hindlegs for determination of citrate synthase activity as a marker of fitness (data not 

published). 
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Effect of exercise training on oxidative damage and antioxidant defenses 

After a 1 week period of adjustment, 24 young and 24 aged mice were exercised daily 

on an OmniPacer treadmill Model LC4/M (Accuscan Instruments Inc., Columbus OH) 

for a period of 8 weeks after which behavior testing was begun on all mice and continued 

for the next 3 weeks to obtain data for another study. Mice continued to exercise training 

daily, using the same protocol as during the first 8 weeks, throughout the behavior 

testing. · Variability in exercise training capacity of different inbred mouse strains has 

been observed (17), so to achieve a moderate exercise training level in C57BU6J mice 

the following exercise training protocol was used {18, 19). Mice were acclimated to 

exercise training over a 3 week period as follows. On day 1, mice were placed on a 

stationary treadmill with an 8° incline for 5 min, followed by a warm up period of 

running at 3 rnlmin for 5 min On day 2, the exercise training speed was 4 m/min and the 

length of the exercise training period was 10 min Thereafter on each succeeding day, the 

speed of the exercise training period was increased by 1 m/min, and the length of the 

exercise training period was increased by 5 min, until a maximum speed of 14 m/min and 

a total running time of 60 min was achieved. As the mice achieved running speeds of 6, 

8, 10, and 12m/min, the total running time included 5 min of running at each of those 

speeds with the remainder of the exercise training period devoted to running at the 

maximum speed designated for that day. This approach resulted in a final exercise 

training protocol consisting of a warm up period of running at 6 rnlmin for 5 min, 8 

m/min for 5 min, 10 m/min for 5 min, 12 m/min for 5 min, and a fmal speed of 14 m/min 

for the duration of the 60 min exercise training period. The final exercise training 
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protocol was reached after 3 weeks of acclimatization and continued for 5 weeks. 

Electric shock grids located behind the treadmill belts delivered 0.29 rnA electric shock 

to the mice when not running. The number of shocks delivered to all exercising mice 

was tallied during each exercise training period. Non-exercised control mice were 

assigned as shock stimulus controls to the exercised mice, so that each non-exercised 

control received the same amount of shock stimulation as its exercising counterpart. To 

effect this, 24 young and 24 aged, non-exercised control mice were placed on a stationary 

treadmill (belt not active) and retained on an inactive electric grid by means of a blocking 

device. The grids were temporarily activated and approximately I sec of 0.29 rnA shock 

was administered to each mouse. The number of shock stimuli that each mouse received 

was based on the number of shock stimuli that its exercising counterpart received. An 

intershock interval of 30 seconds was maintained. After each mouse received its quota of 

shock stimuli, the blocking apparatus was removed and the mouse was allowed access to 

the stationary belt for the remainder of the exercise training period. Exercising mice that 

exceeded 30 shocks per hour for 3 consecutive days were eliminated from the study along 

with their non-exercised control partners. All mice were weighed at the beginning of the 

exercise training regime and twice a week thereafter. Mice in this study were euthanized 

and brain parts taken for determination of oxidative damage and antioxidant enzymes. 

Isolation of tissues 

All mice rested in their home cages for I day before being euthanized by cervical 

dislocation. After euthanasia, various brain regions (cerebellum, cortex, hindbrain, 
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hippocampus, midbrain, and striatum) were prepared to obtain homogenates for 

biochemical assays. The ventral and caudal borders of the midbrain were defined as the 

caudal edge of the mammillary bodies and the rostral border of the pons, respectively. 

The 6 brain areas were dissected and flash frozen by liquid nitrogen in antioxidant buffer 

(50 mM phosphate buffer (pH 7.4), 1 mM BHT, 100 J.!M DTPA) prior to storage at-

80°C until assayed for protein quantitation, and measured for protein oxidation and 

antioxidant status. To prepare homogenates from frozen brain regions, a 1% w/v 

suspension was prepared in a homogenizing buffer (50 mM phosphate buffer (pH 7.4), 1 

mM BHT, 100 J.lM DTPA and .1% Triton X-1 00 (Sigma). Protease activity was 

inhibited with protease inhibitor cocktail tablets (Roche, Germany). The homogenate was 

centrifuged at 200 x g for 5 min at 4° C to remove nucleic acids and cell debris. 

Measures of carbonyl concentrations, superoxide dismutase (SOD), glutathione 

peroxidase (GSH-px), and catalase assays and were performed on the supernatant 

immediately. 

Carbonyl Assay 

Protein oxidation was assessed by measuring the carbonyl content of the brain region 

homogenates. Carbonyls were analyzed by a derivatization assay (21) with 2,4 

dinitrophenylhydrazine (DNPH). All samples were incubated with ·1 0 mM DNPH in 2N 

HCl or with 2N HCI (1 :1) for 1 hat RT in the dark. The reaction was stopped and the 

proteins precipitated by addition of trichloroacetic acid (TCA)(Acros Organics, Geel, 

Belguim) (10% final concentration) to the samples which were then kept on ice for 10 
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min Excess DNPH was removed by a series of ethanol:ethylacetate 

resuspensions/centrifugations at 1000 x g for 5 min The resulting pellets were dissolved 

in denaturing buffer (150 mM sodium phophate buffer-pH 6.8, and 3% sodium dodecyl 

sulfate (SDS)(EMD Chemicals, Gibbstown, NJ). The difference in absorbance between 

the DNPH-treated and the HCl treated samples was determined by reading on a 

spectrophotometer (Beckman DU 640, Fullerton, CA) at a wavelength of 360 nm. An 

extinction coefficient of 22,000 M-1 cm-1 for DNP-labeled carbonyl groups was used for 

calculation. The results were expressed as nmol carbonyl groups/mg protein. 

Superoxide Dismutase Assay 

To assay for total SOD activity, a method that indirectly measures activity by 

measuring decreases in the maximal reaction rate was utilized (22). Varying amounts of 

tissue sample and 800 f.!l of total SOD working solution (13.2 mll.33 M DTPA +bovine 

serum albumin (BSA)(Sigma), 500 f.ll 40 units/mg catalase (Sigma), 500 f.ll 2.24 M nitro 

blue tetrazolium (NBT)(Sigma), 1700 f.!l 1.8 mM xanthine (Sigma), 100 f.!l 10 mM 

bathocuproinedisulfuric acid (BCS)(Sigma), were incubated at 30° C for 5 min and then 

added to a 1.5 ml acrylic cuvette along with 100 f.ll xanthine oxidase (Sigma) (diluted so 

that the rate was .02- .025/min) and run on a spectrophotometer (Beckman DU 640, 

Fullerton, CA) at a 560 nm wavelength for 8 min In order to find the rate of maximal 

inhibition, several cuvettes were prepared with a range of protein concentration from 

tissue homogenate up to 50 mg/cuvette. The amount of inhibition levels off at 

concentrations less than the maximal amount of protein. The amount of SOD activity in 
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the sample was calculated by slope on Excel, with the inverse protein concentration 

plotted on the x axis and the inverse percentage of inhibition plotted on they axis. One 

unit of SOD activity is defined as the amount of protein necessary to decrease the 

reaction rate to 50% of the maximum rate, activity expressed as U/mg protein. 

Glutathione Peroxidase Assay 

GSH-px activity was determined by following the oxidation of ~-nicotinamide 

adenine dinucleotide phosphate (reduced NADPH) spectrophotometrically (23, 24). 

Brain homogenate sample was added to a working solution containing reaction buffer 

(100 J.!l50 mM KP04, 15 f.ll 0.1M L-glutathione, reduced (Sigma), 20 f.ll 0.2 M EDTA, 

100 J.!l 10 U/ml glutathione reductase (Sigma), 10 J.!l 0.4 M Na Azide (Sigma), 100 f.!l 

2.5 mM NADPH (Sigma), 640 f.ll dH20) and incubated at 30° C for 5 min. The sample 

and working solution were transferred to a 1.5 ml methacrylate cuvette before adding 100 

f.!l of 2.2 mM hydrogen peroxide (H20 2) to begin the reaction before reading on a 

spectrophotometer (Beckman DU 800, Fullerton, CA) at a 340 nm wavelength for 4-6 

min. To calculate the glutathione peroxidase activity the rate of a blank (lacking sample) 

was subtracted from the rate of a sample taken at 4 min in order to determine true enzyme 

activity. 1 unit of activity is defined as 1 f.!mole/ NADPH oxidized/min, activity 

expressed as U/mg protein. 
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Catalase Assay 

Catalase determinations were made by a method described previously (25) in which 

the disappearance of substrate H20 2 was measured spectrophotometrically at 240 nm. 

Brain homogenate was added to a quartz cuvette containing 3 ml of pre-warmed (30° C) 

HzOz buffer (0.0125 M HzOz in 0.0667 M Phosphate buffer) and mixed by inversion. 

The samples were read on a spectrophotomer (Beckman DU 800, Fullerton, CA) at a 240 

nm wavelength for 60 seconds. One unit of catalase decomposes 1 mmole of H20 2 I 

min, activity expressed as U/mg protein. 

Protein Quantitation 

Protein concentrations of the brain tissue samples were measured so that biochemical 

activity could be determined per mg of protein. Protein concentrations were quantified 

with spectrophotometry using the Pierce BCA-200 protein assay kit (Pierce, Rockford, 

IL). 

Data Analysis 

Statistical analysis was done by analysis of variance and individual comparisons 

using Systat Version 7.0 statistical software package. 3-way factorial analyses of 

variance were used to evaluate group differences with age, treatment (exercise) and brain 

region as between groups factors for each biochemical assay. When appropriate, planned 

individual comparisons were performed by individual F tests using the error term from 

the overall analysis. 
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3. Results 

Citrate Synthase Assay 

The analysis ofthe citrate synthase results by two-way ANOV A using age and treatment 

as the factors showed that the activity of citrate synthase in the m. rectus femoris was 

significantly increased in both the 3-month:-old and the 20-month-old exercise-trained 

mice as compared to the age-matched non-exercised controls, and that the magnitude of 

the increase was not different in the two age groups (data not shown). 

Protein Oxidation 

Carbonyl content of the different regions (Fig. 1) was analyzed by 3-way analysis of 

variance with age, exercise training and region as factors revealed a main effect of age (p 

< .050). Separate analysis of variance by region indicated a main effect of age for the 

cerebellum and cortex, with aged mice showing significantly higher concentrations of 

carbonyl groups as compared to young mice (p < . 050). Although the results were not 

significant, there was a trend for this effect in all other regions with the exception of the 

midbrain (all p > .070). There was no effect of exercise training in any of the 6 regions 

for carbonyl content (all p > .050) 

Antioxidant Enzyme Assays 

For the superoxide dismutase assay, a 3-way analysis of variance with age, exercise 

training and region as factors revealed a significant main effect of region (p < .050) (Fig. 

2). Individual comparisons within separate ANOV A indicated that the cortex displayed 

significantly lower enzyme activity than any of the other brain regions (all p < .050). 
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Planned individual comparisons failed to indicate differences in superoxide dismutase 

activity as a · function of age or exercise training in any of the 6 regions of the brain. 

However there was a trend for increased SOD activity in all of the brain regions (except 

midbrain) with age, as well as a trend for exercise training to lower SOD activity in all of 

the regions (except striatum) in aged animals. 

A 3-way ANOV A on glutathione peroxidase activity with age, exercise, and region as 

factors indicated significant main effects of exercise training and region (p < .050) (Fig. 

3). Individual comparisons within separate analysis of variance by region confirmed that 

exercise training resulted in increased GSH-px activity in young mice within the 

cerebellum and striatum (p < .050). Although a similar trend was evident for aged mice 

within these two regions, these effects only approached significance (both p > .100). 

Similar to superoxide dismutase activity, the ANOV A revealed that there was a main 

effect of region, with lower enzyme activity in the cortex than in any of the other brain 

regions (p < .050). 

Catalase enzyme assays (Fig. 4) analyzed by 3-way ANOV A with age, exercise 

training and region as factors showed a significant main effect of region due to markedly 

decreased catalase activity in the striatum (p < .050). Planned individual comparisons 

within separate analysis of variance by region disclosed a significant effect of exercise 

training in aged mice within the cortex with catalase activity in aged, exercised animals 

significantly increased compared to non-exercised controls (p < .050). 
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4. Discussion 

The main findings of this study are that when moderate, short-term exercise training 

is initiated in aged C57BU6 mice, it (a) shows a lack of effect on oxidative damage in all 

brain regions, (b) increases activity ofGSH-px in cerebellum and striatum of young, but 

not aged mice, and (d) increases catalase activity in the cortex of aged mice. 

A significant finding of this study was that the exercise training protocol used was 

indeed capable of producing significantly more fit mice in both age groups. This was 

evident based on previous findings that citrate synthase activity increased in both aged 

and young exercised mice as compared to the control mice, and that the magnitude of the 

increase in both age groups was nearly identical (data not published). 

Determination of protein carbonyls by separate regions suggested that the cerebellum 

and the cortex had significantly more oxidatively damaged proteins as a function of age 

in accordance with previous work in which carbonyls were increased in these brain 

regions in aged as compared to adult mice (26). However exercise training showed no 

ability to lower the amount of oxidative damage in any of the brain regions in either age 

group. To our knowledge, the effect of exercise training on protein oxidative damage as 

a function of age has not been previously examined in specific brain regions, but this 

finding is at variance with previous work done by others in which chronic exercise 

training was shown to lower carbonyl levels in the whole brain (15, 16). 

Exercise training had no effect on superoxide dismutase activity as a function of age 

across all brain regions, but this was not true for glutathione peroxidase and catalase. 

The activity of glutathione peroxidase was increased in the cerebellum and striatum of 
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young exercised animals compared to controls. And, although it did not reach significant 

levels, there was a strong trend for this effect in these regions in aged animals as well. In 

the cortex, catalase was significantly increased in aged, exercised animals compared to 

the age-matched control animals. These fmdings are interesting as some researchers (10, 

11) have suggested that it is the ratio of superoxide dismutase to glutathione peroxidase 

activity rather than the absolute activity of these enzymes that correlate with cellular 

damage; Specifically these researchers have shown that relative increases in glutathione 

peroxidase as compared to superoxide dismutase are correlated with decreased cellular 

damage as assessed by products of lipid peroxidation. Like glutathione peroxidase, 

catalase is an enzyme that reduces potentially reactive H202 to harmless substances, so 

presumably relative increases in catalase as compared to superoxide dismutase would 

have similar kinds of beneficial effects as relative increases in glutathione peroxidase. 

While it is true that the biomarker of cellular damage (carbonyl content) in our study 

did not decrease in the brain areas in which there were increases in glutathione 

peroxidase, still increased glutathione peroxidase levels in some brain areas was an 

interesting finding. Glutathione peroxidase exhibited a very similar pattern of activity in 

three brain areas, the cerebellum, the cortex and the striatum. In all three areas, 

glutathione peroxidase was increased in exercised animals of both age groups, although 

the increase did not always approach significance. Since various brain areas have 

differential effects on learning and memory, a pattern of increased glutathione peroxidase 

and/or catalase in conjunction with unchanged superoxide dismutase levels could result 

in ameliorating effects of age related cognitive deficits by moderation of cellular damage 

96 



(oxidative stress) in these areas. The fact that significant effects of exercise training on 

glutathione peroxidase levels were only seen in the young animals (in some areas) is still 

a positive effect of treatment. Additionally, catalase was increased in aged, exercised 

animals in the cortex, a region of the brain that makes countless contributions to 

cognitive function and movement. 

The question ofbiological relevance of the changes seen in oxidative damage and 

antioxidant defenses should be addressed. In this project, two areas of the brain 

displayed significant increases in carbonyl content with age, the cerebellum and the 

cortex. The increases that were observed were as great or greater than increases in 

carbonyl content that were observed in conjunction with behavior deficits by others (15). 

The biological relevance of the antioxidant enzymes is a more difficult issue to address. 

The literature is equivocal concerning changes in antioxidant defense enzymes in 

conjunction with pathological, physiological, and cognitive changes. However, the 

magnitude of the increases seen with exercise training in this study in the areas of the 

brain where such changes were observed were as great or greater than changes 

(concomitant with behavioral changes) observed by others (15, 35). 

Before exploring putative reasons for the failure of exercise training to reduce 

carbonyl levels and to consistently increase the relative amounts of antioxidant enzymes 

in aged brain regions, it should be pointed out that the literature is divided on the effect of 

aging and the effect of exercise training on oxidative damage and on antioxidant enzymes 

in different brain regions (27, 28, 29, 30). In this study, significantly more fit mice were 

produced with our exercise training protocol, but there were many variables in the 
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exercise training protocol that could influence the results. For instance, exercise training 

initiated earlier in the mouse's life may have produced more profound effects, especially 

given the finding that exercise training in young mice produced significant increases in 

glutathione peroxidase levels. fucreases in glutathione peroxidase initiated early in life 

may persist in the aged animal, with coincident reductions in oxidative damage. It is 

possible that the exercise training protocol, although chosen so that it would be of 

moderate intensity, could have been optimized in terms of intensity. It has been shown in 

the rat brain that differential exercise training protocols have very different effects on 

biomarkers of oxidative stress, endogenous antioxidants as well as different effects on 

cognitive performance (31, 32). The type of exercise training administered may be a 

confounding variable- perhaps the mice would have shown more significant effects of 

exercise training if a different type of exercise training had been administered. It has not 

been investigated whether or not forced versus voluntary exercise training produces 

different effects on biomarkers of oxidative stress, endogenous antioxidants or even 

cognitive performance. However researchers investigating the effects of exercise 

training on some of these parameters have obtained conflicting results that might be due 

to the variable nature of the exercise training protocols utilized (15, 16, 30, 32). 

Carbonyl modification of protein has been used extensively as a biomarker of 

oxidative stress because all reactive oxygen species examined thus far, including reactive 

NO species, give rise to carbonyl modification of proteins. It should be pointed out that 

there are other measurements of oxidative damage besides the one (protein oxidative 

damage) utilized in this project. Damage to DNA and products of lipid peroxidation are 
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commonly employed biomarkers of oxidative damage. It is quite possible that evaluation 

by a different biomarker of oxidative damage would have revealed different estimations 

of oxidative damage. Even within the parameter of carbonyl differences as a function 

oxidative damage there are confounding aspects to be considered. Many researchers 

examine carbonyl levels as a biomarker of oxidative damage but there remains a paucity 

of literature concerning the specificy of oxidatively damaged proteins in the brain. It is 

quite possible that specific proteins subject to oxidative damage could be vital to aging 

and yet be present in small quantities (33, 34). The general nature of the carbonyl assay 

in this case might obscure important differences in specific protein oxidative damage. 

In summary, the results of this study suggest that exercise training does have a 

region-dependent effect on the endogenous antioxidant defense system.in the young and 

aging mouse brain. The fact that many of the effects failed to make significance could be 

due to a variety of confounding variables within the experimental design, such a different 

exercise training protocol or examination of different biomarkers of oxidative stress, but 

the possibility of more favorable pro-oxidant and antioxidant outcomes as an effect of 

exercise training as a function of aging is certainly a viable outcome. 
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Fig. 1. The effect of exercise training on oxidative damage to proteins in various brain 
regions as a function of age. Values represent the mean ± SE of 6 samples. CB = 
cerebellum, CX = cortex, HB =hindbrain, HP = hippocampus, MB = midbrain, ST = 
striatum. 
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Fig. 2. Superoxide dismutase activity in various brain regions as a function of age and 
exercise. Values represent the mean ± SE of 6 samples. . CB = cerebellum, CX = 
cortex, HB = hindbrain, HP = hippocampus, MB = midbrain, ST = striatum. 
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Fig. 3. The effect of exercise training on glutathione peroxidase activity in various brain 
regions as a function of age. Values represent the mean ± SE of 6 samples. * = 
significant (p < .050) difference from age-matched controls. CB =cerebellum, CX = 
cortex, HB = hindbrain, HP = hippocampus, MB = midbrain, ST = striatum. 
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Fig. 4. Catalase activity in various brain regions as a function of age and exercise. 
Values represent the mean± SE of 6 samples. * = significant (p < . 050) difference from 
age-matched controls. CB =cerebellum, CX =cortex, HB =hindbrain, HP = 
hippocampus, MB = midbrain, ST = striatum. 
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CHAPTER IV 

DISCUSSION 

The free radical theory of aging is one of the theories that has been put forward to 

explain cognitive deficits seen with aging. A salient point in the free radical theory of 

aging is that aerobic cells produce pro-oxidants that form molecular species capable of 

exerting oxidative stress on the cell itself (1 ). Such a challenge is a normal result of 

metabolism, but prolonged accrual could eventually lead to degeneration, especially in 

cells that are amitotic such many of those in the CNS. Cells also have endogenous 

antioxidant enzymes capable of reducing pro-oxidants to harmless substances, but what 

effect antioxidant enzymes have on aging and cognitive deficits remains unclear (2, 3). 

To answer this question we designed the current research project to include a mechanism 

(exercise training) that we hypothesized would ameliorate oxidative stress associated 

with aging, thereby moderating cognitive deficits. To elucidate the role of antioxidant 

enzymes in the diminution of cognitive abilities as a function of age, we examined the 

cognitive and psychomotor responses as well as biochemical analysis of antioxidant 

enzyme activity in aged C57BL/6 mice participating in an exercise training regimen to 

age-matched, non-exercised controls. Specific brain regions make unique contributions 

to cognitive processes, so we examined the antioxidant enzyme activity in various brain 
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regions to determine if age-related cognitive deficits could be the result of differential 

levels ofoxidative stress/stress responses in various brain regions ( 4, 5, 6). 

The main findings of the behavioral aspects of this project (chapter II) are that when 

moderate, exercise training was initiated in aged C57BU6 mice, it resulted in increased 

fitness in the aged mice to the same degree as observed in young mice, it improved some 

psychomotor skills, including bridge-walking and reaction time, and it improved age­

impaired spatial memory performance. Biochemical analysis of oxidative damage and 

the antioxidant status of separate brain regions (Chapter III) suggested that oxidative 

damage increased with age in all brain regions, and that exercise did not reduce oxidative 

damage in any of the brain regions. The biochemistry data also suggests that changes in 

antioxidant enzyme activity is not a causative factor in senescence, however some 

antioxidant enzyme activities did increase with exercise. 

The results of biochemical analysis of antioxidant enzymes in various brain regions of 

aged, exercise-trained mice showed that superoxide dismutase activity did not change 

significantly with age in any of the brain regions studied. Glutathione peroxidase 

exhibited a similar trend of increased activity in exercised as compared to non-exercised 

mice in 3 brain regions - the cerebellum, cortex and striatum however these trends failed 

to make significance in the aged mice. Catalase was significantly higher in the cortex of 

aged, exercised mice as compared to non-exercised controls. Exercise training did not 

decrease the carbonyl groups in any ofthe brain regions of aged mice to a significant 

degree, including the cortex where catalase activity was significantly increased. Some 

researchers feel that the relative activities of SOD to GSH-px + catalase activity are more 

114 



important than the absolute activities of these antioxidant enzymes in causing cell 

damage (7, 8). Our data revealed favorable trends (reaching significance for catalase 

activity in the cortex) for the relative activities ofthese antioxidant enzymes in aged, 

exercised animals, but the unchanged carbonyl levels lead us to conclude that our 

hypothesis that exercise training can lower oxidative damage by enhancing antioxidant 

protection is not supported. However, the data does not completely rule out the 

hypothesis for several reasons. The experimental design of the study could be optimized 

in ways that might produce very different outcomes. The type of exercise training 

utilized for the protocol, the time of exercise training initiation, the duration, and the 

intensity of the exercise training may have all contributed to generation of results that did 

not support the hypothesis. Furthermore other measurements of oxidative damage 

besides evaluation of protein damage may have revealed that oxidative damage can be 

reduced with exercise. Evaluation of damage to DNA or of products of lipid 

peroxidation may have revealed different estimations of oxidative damage. The 

specificity of the proteins that sustain oxidative damage has not been determined. It is 

quite possible that specific oxidatively damaged proteins present in small quantities 

constitute the proteins that are vital to aging (9). The general nature of the carbonyl assay 

in this case might have obscured important differences in specific protein oxidative 

damage. Finally, not all of the antioxidant enzymes were examined in this study. We 

chose 3 commonly studied enzymes but there are many others as well. Glutathione $­

transferase, glutathione reductase, glutathione synthetic enzymes, glucose-6-phophate 

dehydrogenase, and endonuclease N are all enzymes with considerable antioxidant roles 
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(10, 11, 12). It's quite possible that these enzymes display a more robust response to 

exercise training than the enzymes chosen for this project. It must be conceded that in 

any case carbonyl levels were not moderated, but again if the exercise training protocol 

were optimized and different markers of oxidative damage assessed, the resulting data 

might have supported the hypothesis. 

The behavioral aspects of the study reveal that exercise training appears to improve 

the performance of aged mice in some reflexive and psychomotor tests including the 

bridgewalking task and latency to startle stimulus. Bridgewalking is a motor skill that 

involves implicit memory. As such, it has a musculosketetal component that is most 

directly under cerebellar control, but as its performance is also dependent upon 

procedural memory, very likely it is influenced by the striatum (27, 28). The biochemical 

data revealed a trend for favorable antioxidant status in the cerebellum of aged, exercised 

mice but the oxidative damage to proteins was not ameliorated in these mice. There was 

a favorable trend in antioxidant activity and for decreased carbonyl groups in the striatum 

of aged, exercise-trained mice as compared to controls. The lack of significant decreases 

in oxidative damage in these two brain regions does not support our hypothesis that 

exercise training is able to ameliorate oxidative damage, but the potential of exercise 

training to moderate unfavorable antioxidant enzyme status in the aging brain is not ruled 

out. A notable cognitive improvement was seen in the ability of aged, exercised mice to 

recall a platform location after 24 hours had elapsed since they had fully acquired the 

knowledge of its placement. This latter finding suggests that exercise training improves 

age-associated deficits in the ability of mice to consolidate memories. Memory storage in 
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mammals is believed to be reorganized in the brain following acquisition. Sensory 

perceptions destined to become factual or declarative memory are first formed in several 

association areas of the cortex which integrates visual, auditory and somatic information. 

Integrated information is sent first to the parahippocampal and perirhinal cortices, and 

then to the entorhinal cortex. Information then enters the hippocampus where it is 

processed in the the dentate gyrus, CA3 and CAl regions, and the subiculum. After 

processing by the hippocampus, information leaves the hippocampus, exiting to the 

entorhinal cortex where it returns to the association areas of the cortex via the 

parahippocampal and perirhinal cortices. It is somewhere in this loop that explicit 

memories are formed and stored in the association cortices (16, 29). Recently acquired 

knowledge is believed to be stored in parallel in the hippocampus and cortical networks 

and then hippocampal-cortical reactivation gradually strengthens cortical-cortical 

connections until new memories become independent of the hippocampus. Some 

theorists maintain that memory retrieval becomes hippocampus independent while others 

propose a permanent role for the hippocampus in retrieval, but there is agreement that 

newly acquired memories become integrated into pre-existing memories in the cortex 

(14, 15). There was a trend for favorable glutathione peroxidase activity and 

significantly improved catalase activity in concert with a trend for moderated protein 

damage in the cortex of aged, exercised mice. Since aged, exercised mice exhibited 

markedly improved consolidation compared with the non-exercised controls, it is 

possible that exercise training could moderate oxidative stress in brain areas associated 

with consolidation. 
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Exercise-trained mice have improved motor function compared to non-exercised 

controls, and their improved physical abilities must be considered when analyzing the 

results of their psychomotor behavior. All of the behavior tasks chosen for this project 

have a motor component so this caveat cannot be overlooked. It is possible that 

improved bridgewalking performance displayed by trained mice could be the result of 

their improved physical abilities since bridgewalking is dependent on muscular strength 

in addition to balance and coordination. However, if moderated cerebellar and striatal 

dysfunction did not contribute to improved bridgewalking performance (e.g., if the 

improvement was a function of improved muscular strength alone) it is likely that trained 

mice would have shown improvements in many of the other tests as well. 

Trained mice displayed exercise training associated improvements in one aspect of 

water maze testing - persistence in returning to the original location of the platform after 

a delay. It could be argued that the trained mice were better swimmers and had the 

strength and endurance to keep searching for the platform longer than did the control 

mice. However, because the cognitive improvement seen during the swim maze task was 

confined to an improvement in searching for the platform in its original location only 

after a 24 hour delay, it isn't likely that improved motor function is driving this behavior. 

If this were the case, no doubt improvements in initial acquisition, retention and reversal 

as well as exercise training driven improvements in the proximate probe trial would have 

been noted. Instead, the improved performance in a probe trial administered after a delay 

appears to be due to moderation of age associated cognitive deficits associated with 

consolidation/retrieval ( 16). 
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The data presented in this project shows clearly that exercise training does moderate 

some age associated cognitive deficits, but it is possible that the mechanism is not by 

moderating oxidative stress. There has been much speculation about the mechanisms of 

cognitive aging; such conjecture has lead to hypotheses of mechanisms that can be 

positivel.y altered by exercise. Such putative mechanisms include hypometabolism of 

brain cells in aged individuals {17, 18), altered neuronal morphology and growth factors 

{19, 20); the decline in levels of key hormones, peptides, and neurotransmitters in aged 

individuals {21, 22, 23), reduced oxygen availability to brain cells (24, 25), and the 

dysfunction of DNA synthesis, protein synthesis, and/or post-translational modification 

of proteins (20, 21, 26). Interestingly none of these proposed mechanisms of brain aging 

rule out the possibility of oxidative damage as a primary mechanism. It is entirely 

possible that initial oxidative damage is an upstream instigator for any of the proposed 

mechanisms. 

In conclusion, the findings in this study do not preclude the plausibility of our 

hypothesis that exercise training can moderate cognitive deficits seen in aging by 

reducing the accrued oxidative damage concomitant with aging. Future directions should 

include examination of oxidative damage as an upstream regulator of multiple factors 

involved with cognitive deficits seen in aging individuals. Undoubtedly a key component 

of future research is to elucidate the specific nature of molecules altered by oxidative 

damage. 

119 



REFERENCES 

1. Harman D (1956). Aging: a theory based on free radical and radiation chemistry. J 

Geronto/11: 298-300. 

2. Beckman, K. B. and Ames, B. N., 1998. The Free Radical Theory of Aging Matures. 

Physiol Rev 78: 547-581. 

3. Wickens, A. P., 2001. Ageing and the free radical theory. Respir Physio/128: 379-

391. 

4. Forster MJ, Dubey A, Dawson KM, Stutts WA, Lal H, Sohal RS (1996). Age-related 

losses of cognitive function and motor skills in mice are associated with oxidative 

protein damage in the brain. Proc Nat/ Acad Sci USA 93: 4765-4769. 

5. Gage FH, Dunnet SB, Bjorklund A (1989). Age-related impairments in spatial 

memory are independent of those in sensorimotor skills. Neurobiol Aging 10: 

347-352. 

6. Winocur G, Moscovitch M (1990). Hippocampal and prefrontal cortex contributions 

to learning and memory: Analysis of lesion and aging effects on maze learning in 

rats. Behav Neuroscience 104(4): 544-551. 

7. deHaan JB, Christiano F, Iannello RC, Kola I (1995). Cu/Zn-Superoxide dismutase 

and glutathione peroxidase during aging. Biochem Mol Bio Int 35(6): 1281-1296. 

120 



8. Christiano F, deHaan JB, Iannello RC, Kola I (1995). Changed in the levels of 

enzymes which modulate the antioxidant balance occur during aging and correlate 

with cellular damage. Mech Age Dev 80: 93-105. 

9. Poon HF, Farr SA, ThongboonkerdV, Lynn BC, Banks WA, Morley JE, Klein JB, 

Butterfield DA (2005). Proteomic analysis of specific brain proteins in aged 

SAMP8 mice treated with alpha-lipoic acid: implications for aging and age­

related neurodegenerative disorders. Neurochem Int 46(2):159-68. 

10. Whitworth AJ, Theodore DA, Greene JC, BenesH, Wes PD, Pallanck U (2005). 

Increased glutathione S-transferse activity rescure dopaminergic neuron loss in a 

Drosophila model of Parkinson's disease. Proc Nat/ Acad Sci USA 102(22): 

8024-8029. 

11. Greenberg JT, Monach P, Chou JH, Josephy PD, Demple B (1990). Posiftive 

control of a global antioxidant defense regulation activated by superoxide­

generating agents in Escherichia coli. Proc Nat/ Acad Sci USA 87(16): 6181-

6185. 

12. Bogenhagen DF, Pinz KG, Perez-Jannotti RM (2001). Enzymology of mitochondrial 

base excision repair. Prog Nucleic Acid Res 68: 257-271. 

13. Doyon J, Penhune V, Ungerleider LG (2003). Distinct contribution of the cortico­

striatal and cortico-cerebellar systems to motor skill learning. Neuropsychologia 

41(3):252-62. 

14. Dash PK, Hebert AE, Runyan JD (2004). A unified theory for systems and cellular 

memory consolidation. Brain Res Rev 45: 30-37. 

121 



15. Squire LR, Stark CEL, Clark RE (2004). The medial temporala lobe. Annu Rev 

Neurosci 27: 279-306. 

16. Frankland PW, Bontempi B (2005). The organization of recent and remote 

memories. Nat Rev Neurosci 6(2): 119-130. 

17. Navarro A (2004) .. Feb-Apr;. Mitochondrial enzyme activities as biochemical 

markers of aging. Mol Aspects Med 25(1-2): 37-48 

18. Navarro A, Gomez C, Lopez-Cepero JM, Boveris A (2004). Beneficial effects of 

moderate exercise training on mice aging: survival, behavior, oxidative stress, and 

mitochondrial electron transfer. Am J Physiol Regul Integr Comp Physiol 

286(3):R505-511. 

19. Cotman CW, Berchtold NC (2002). Exercise: a behavioral intervention to enhance 

brain health and plasticity. Trends Neurosci 25(6): 295-301 

20. Vaynman S, Ying Z, Gomez-Pinilla F (2003). Interplay between brain-derived 

neurotrophic factor and signal transduction modulators in the regulation of the 

effects of exercise training on synaptic-plasticity. Neuroscience 122(3): 647-57. 

21. Berchold NC, Kesslak JP, Pike CJ, Adlard PA, Cotman CW (2001). Estrogen and 

exercise training interact to regulate brain-derived neurotrophic factor mRNA and 

protein expression in the hippocampus. Eur J Neurosci 14(12): 1992-2002. 

22. Somani SM, Dube SN (1992). Endurance training changes central and peripheral 

responses to physostigmine. Pharmacal Biochem Behav 41(4): 773-781. 

23. ChaouloffF (1989). Physical exercise training and brain monoamines: a review. 

Acta Physiol Scand 137: 1-13. 

122 



24. Colcombe SJ, Kramer AF, McAuley E, Erickson Kl, ScalfP (2004). Neurocognitive 

aging and cardiovascular fitness: recent finding and future directions. J Mol 

Neurosci 24(1): 9-14. 

25. Hebert R, Lindsay J, Verreault R, Tockwood K, Hill G, Dubois MF (2000). 

Vascular dementia; Factors in the Canadian study of health and aging. Stroke 

31(7): 1487-1493. 

26. Radek Z, Kaneko T, Shoich, T, Nakamoto H, Pucsok J, Sasvari M, Nyakas C, Goto S 

(200 1 ). Regular exercise training improves cognitive function and decreases 

oxidative damage in rat brain. Neurochem Int 38: 17-23. 

27. Doyon J, Owen AM, Petrides M, Sziklas V, Evans AC (1996). Functional anatomy 

of visuomotor skill learning in human subjects examined with positron emission 

tomography. Eur J Neurosci 8(4): 637-648. 

28. Doyon J, Gaudreau D, Laforce R Jr, Castonguay M, Bedard PJ Bedard F, Bouchard 

JP (1997). Role ofthe striatum, cerebellum, and frontal lobes in the learning of a 

visuomotor sequence. Brain Cogn 34(2): 218-245. 

29. Thompson RF, Kim JJ (1996). Memory systems in the brain and localization of a 

memory. Proc Nat/ Acad Sci USA 93: 13438-13444. 

123 



BIBLIOGRAPHY 

1. Anderson BJ, Rapp DN, Baek DH, McCloskey DP, Coburn-Litvak PS, Robinson JK, 

(2000). Exercise training influences spatial learning in the radial ann maze. 

fhysiol Behav 70: 425-429. 

2. Ascensao A, Magalhaes J, Soares J, Oliveira J, Duarte JA (2003). Exercise training 

and cardiac oxidative stress. Rev Port Cardio/22(5): 651-678. 

3. Baek BS, Kwon HJ, Lee KH, Yoo MA, Kim KW,lkeno Y, Yu BP, Chung HY 

(1999). Regional difference ofROS generation, kipid peroxidation, and 

antioxidant enzyme activity in rat brain and their dietary modulation. Arch 

Pharm Res 22(4): 361-366. 

4. Barnes CA (1979). Memory deficits associated with senescence: a neurophysiological 

and behavioral study in the rat. J Comp Physio Psycho/93(1): 74-104. 

5. Beckman, K. B. and Ames, B. N., 1998. The Free Radical Theory of Aging Matures. 

Physiol Rev 78: 547-581. 

6. Berchold NC, Kesslak JP, Pike CJ, Adlard PA, Cotman CW (2001). Estrogen and 

exercise training interact to regulate brain-derived neurotrophic factor mRNA and 

protein expression in the hippocampus. Eur J Neurosci 14(12): 1992-2002. 

124 



7. Berr C, Richard MJ, Gourlet V, Garret C, Favier A (2004). Enzymatic antioxidant 

balance and cognitive decline in aging-the EVA study. Eur J Epidemiol 19(2): 

133-138. 

8. Bertoni-Freddari C, Fattoretti P, Giorgetti B, Solazzi M, Balietti M, Di Stefano G, 

Casoli T (2004). Decay of mitochondrial metabolic competence in the aging 

cerebellum. Ann NY Acad Sci 1019: 29-32. 

9. Bogenhagen DF, Pinz KG, Perez-Jannotti RM (2001). Enzymology of mitochondrial 

base excision repair. Prog Nucleic Acid Res 68: 257-271. 

10. Brown R, Silva AJ (2004). Moleculuar and cellular cognition: the unraveling of 

memory retrieval. Cell117(1):131-132. 

11. Chaouloff F ( 1989). Physical exercise training and brain monoamines: a review. 

Acta Physiol Scand 137: 1-13. 

12. Christiano F, deHaan JB, Iannello RC, Kola I (1995). Changed in the levels of 

enzymes which modulate the antioxidant balance occur during aging and correlate 

with cellular damage. Mech Age Dev 80: 93-105. 

13. Churchill JD, Galvez R, Colcombe S, Swain R A, Kramer AF and Greenough WT, 

(2002). Exercise, experience and the aging brain. Neurobiol Aging 23: 941-955. 

14. Colcombe SJ, Kramer AF, Erickson Kl, ScalfP, McAuley, Cohen NJ, Webb A, 

Jerome GJ, Marquez DX, Elavsky S (2004) Cardiovascular fitness, cortical 

plasticity, and aging. Proc Nat/ Acad Sci 101(9): 3316-3321. 

125 



15. Colcombe SJ, Kramer AF, McAuley E, Erickson KI, ScalfP (2004). Neurocognitive 

aging and cardiovascular fitness: recent finding and future directions. J Mol 

Neurosci 24(1): 9-14. 

16. Cotman CW, Berchtold NC (2002). Exercise: a behavioral intervention to enhance 

brain health and plasticity. Trends Neurosci 25(6): 295-301 

17. Cotman CW, Head E, Muggenbury BA, Zicker S, Milgram NW (2002). Brain aging 

in: the canine: a diet enriched in antioxidants reduces cognitive dysfunction. 

Neurobiol Aging 23: 809-818. 

18. Crook TH, Larrabee GJ, Youngjohn JR (1990). Diagnosis and assessment of age­

associated memory impairment. Clinical Neuropharmacology 13(Suppl. 3): S81-

S91. 

19. Dash PK, Hebert AE, Runyan JD (2004). A unified theory for systems and cellular 

memory consolidation. Brain Res Rev 45: 30-37. 

20. deHaan JB, Christiano F, Iannello RC, Kola I (1995). Cu/Zn-Superoxide dismutase 

and glutathione peroxidase during aging. Biochem Mol Bio Int 35(6): 1281-1296 

21. Desmond DW (2004). The neuropsychology of vascular cognitive impairment: is 

there a specific cognitive deficit? J of Neurological Science 226(1-2): 3-7) 

22. Devi SA, Kiran TR (2004). Regional responses in antioxidant system to exercise 

training and dietary vitamin E in aging rat brain . . Neurobiol Aging 25: 501-508. 

23. Doyon J, Penhune V, Ungerleider LG (2003). Distinct contribution of the cortico­

striatal and cortico-cerebellar systems to motor skill learning. Neuropsychologia 

41(3):252-62. 

126 



24. Doyon J, Owen AM, Petrides M, Sziklas V, Evans AC (1996). Functional anatomy 

of visuomotor skill learning in human subjects examined with positron emission 

tomography. Eur J Neurosci 8(4): 637-648. 

25. Doyon J, Gaudreau D, Laforce R Jr, Castonguay M, Bedard PJ Bedard F, Bouchard 

JP (1997). Role of the striatum, cerebellum, and frontal lobes in the learning of a 

visuomotor sequence. Brain Cogn 34(2): 218-245. 

26. Dubey A, Forster MJ, Lal H, Sohal RS (1996). Effect of age and caloric intake on 

protein oxidation in di9fferent brain regions and on behavioral functions of the 

mouse. Arch Bioch Biophys 333(1): 189-197. 

27. Dustman RE, Ruhling RO, Russell EM, Shearer DE, Bonekat HW, Shigeoka JW, 

Wood JS, and Bradford DC (1984). Aerobic exercise training and improved 

neuropsychological function of older individuals. Neurobiol Aging 5, 35-42. 

28. Etnier J, Johnston R, Dagenbach D, Pollard R J, Rejeski WJ and Berry M (1999). 

The relationships among pulmonary function, aerobic fitness, and cognitive 

functioning in older COPD patients. Chest 116, 953-960. 

29. Farr SA, Poon HF, Dogrukol-Ak D, Drake J, Banks WA, Eyerman E, Butterfield 

DA, Morley JE (2003). The antioxidants alpha-lipoic acid and N-acetylcysteine 

reverse memory impairment and brain oxidative stress in aged SAMP8 mice. J 

Neurochem 84(5): 1173-83. 

30. Fortster MJ, Dubey A, Dawson KM, Stutts WA, Lal H, Sohal RS (1996). Age­

related losses of cognitive function and motor skills in mice are associated with 

oxidative protein damage in the brain. Pro Nat/ Acad Sci USA 93: 4765- 4769. 

127 



31. Frankland PW, Bontempi B (2005). The organization of recent and remote 

memories. Nat Rev Neurosci 6(2): 119-130. 

32. Frick KM, Steams NA, Pan JY, Berger-Sweeney J (2003). Effects of environmental 

enrichment on spatial memory and neurochemistry in middle-aged mice. Learn 

Mem 10(3):187-98 

33. Fukui K, Onoder K, Shinkai T, Suzuki S, Urano S (2001). Impairment ofleaming 

and memory in rats caused by oxidative stress and aging and changes in 

antioxidative defense systems. Ann NY Acad Sci 928: 168-175. 

34. Fulk LJ, Stock HS, Lynn A, Marshall J, Wilson MA, Hand GA (2004). Chronic 

physical exercise training reduces anxiety-like behavior in rats. lnt J Sports Med 

25(1): 78-82. 

35. Gage FH, Dunnet SB, Bjorklund A (1989). Age-related impairments in spatial 

memory are independent of those in sensorimotor skills. Neurobiol Aging 10: 

347-352. 

36. Gomez-Pinella F, So V, Kessler JP (1995). Spatial learning and physical activity 

contribute to the induction of firbroblast growth factor: neural substrates for 

increased cognition associated with exercise. Neuroscience 85(1): 53-61. 

37 Goodrick CL, Ingram DK, Reynolds MA, Freeman JR,Cider NL (1983). Differential 

effects of intermittent feeding and voluntary exercise training on body weight and 

lifespan in adult rats. J o[Geontology 38(1):36-45. 

128 



38 Greenberg JT, Monach P, Chou JH, Josephy PD, Demple B (1990). Posiftive control 

of a global antioxidant defense regulation activated by superoxide-generating 

agents in Escherichia coli. Proc Nat/ Acad Sci USA 87(16): 6181-6185. 

39. Harman, D., 1956. Aging: a theory based on free radical and radiation chemistry. J 

Geronto/11: 298-300. 

40. Harman D (1981). The aging process. Proc Nat/ Acad Sci USA 78(11): 7124-7128. 

41. Hebert R, Lindsay J, Verreault R, Tockwood K, Hill G, Dubois MF (2000). 

Vascular dementia; Factors in the Canadian study ofhealth and aging. Stroke 

31(7): 1487-1493. 

42. Holloszy JO (1976). Adaptations of muscular tissue to training. Prog Cardiovasc 

Dis 18(6): 445-458. 

43. Holtzer R, Stem Y, Rakitin BC (2004). Age-related differences in executive control 

ofworkingmemory. Mem Cog 32(8):1333-45. 

44. Howard SA, Hawkes WC (1998). The relative effectiveness of human plasma 

glutathione peroxidase as a catalyst for the reduction ofhydroperoxides by 

glutathione. Bioi Trace Elem Res 61: 127-136. 

45. Hussain S, Slikker W, Ali SF (1995). Age-related changes in antioxidant enzyme, 

superoxide dismutase, catalase, glutathione peroxidase and glutathione in 

different regions of mouse brain. lnt J Devl Neuroscience 13(8): 811-817. 

46. Ji LL (1995). Oxidative stress during exercise: hnplication of antioxidant nutrients. 

Free Rad Bioi Med 18(6): 1079-1086. 

129 



47. JiLL (2001). Exercise training at old age: does it increase or alleviate oxidative 

stress? Ann NY Acad Sci 928:236-247. 

48. Kapasi ZF, Catlin PA, Adams MA, Glass EG, McDonald BW, Nancarrow AC 

(2003). Effect of duration of a moderate exercise training program on primary 

and secondary immume responses in mice. Physical Therapy 83(7): 638-647. 

49. Kral VA (1962). Senescent Forgetfulness: Benign and Malignant. J Canadian Med 

Assoc. 86(6): 257-260. 

50. Kramer AF, Hahn S, Cohen NJ, Banich MT, McAuley E, Harrison CR, Chason J, 

Vakil E, Bardell L, Boileau RA, Colcombe A (1999). Ageing, fitness and 

neurocognitive function. Nature 400: 418-419. 

51 Lalonde R, Strazielle C (2003). The effects of cerebellar damage on maze learning in 

animals. The Cerebellum 2: 300-309. 

52. Lee JL, Everitt BJ, Thomas KL (2004).1ndependent cellular processes for 

hippocampal memory consolidation and reconsolidation. Science 304(5672): 

839-843. 

53 Lerman I, Harrison BC, Freeman K, Hewett TE, Allen DL, Robbins J, and Leinwand 

LA (2002). Genetic variability in forced and voluntary endurance exercise 

training performance in seven inbred mouse strains. J App/ Physiol 92: 2245-

2255. 

54. LevineR, Garland D, Oliver CN, Amici A, Climent I, Lenz AG, Ahn BW, Shaltiel 

S,Stadtman E (1990). Determination of carbonyl content in oxidatively modified 

proteins. Methods Enzymo/186: 464-478 

130 



55. Liu R, Liu IY, Bi X, Thompson RF, Doctrow SR, Malfroy B, Baudry M (2003). 

Reversal of age-related learning deficits and brain oxidative stress in mice with 

superoxide dismutase/catalase mimetics. Proc Nat/ Acad Sci US A 100(14): 

. 8526-8531 

56. Liu J, Yeo HC (2000). Chronically and acutely exercised rats: biomarkers of 

oxidative stress and endogenous antioxidants. J Appl Physiol 89: 21-28. 

57. Luck H (1965). Catalase. In: Bergmeyer, H. (Ed.), Methods of Enzymatic Analysis. 

Academic Press, New York, pp. 885-894. 

58. Maklashina E, Ackrell BAC (2004). Is defective electron transport at the hub of 

aging? Aging Cel/3: 21-27. 

59. McAuley E, KramerAF, Colcombe SJ (2004). Cardiovascular fitness and 

neurocognitive function in older adults: a brief review. Brain, Behavior and 

Immunity 18: 214-220. 

60. McDonald SR, Forster M (2005). Lifelong vitamin E intake retards age-associated 

decline of spatial learning ability in apoE-deficient mice. Age 27: 5-16. 

61. Nagai T, Yamada K, Kim HC, Kim YS, Noda Y, Imura A, Nabeshima YI, 

Nabeshima T (2002). Cognition impairment in the genetic model of aging klotho 

gene mutant mice: a role of oxidative stress. FASEB 19: 50- 52. 

62. Navarro A, Sanchez-Del Pino J, Gomez C, Peralta JL, Bovaris A (2002). Behavioral 

dysfunction, brain oxidative stress, and impaired mitochondrial electron transfer 

in aging mice. Am J Physiol Regulatory Integrative Comp Physiol 282: R985-

R992. 

131 



63. Navarro A, Gomez C, Lopez-Cepero JM, Boveris A (2004). Beneficial effects of 

moderate exercise training on mice aging: survival, behavior, oxidative stress, 

and mitochondrial electron transfer. Am J Phsiol Regul Integr Comp Physiol 

286: R505-R511. 

64. Navarro A (2004) .. Feb-Apr;. Mitochondrial enzyme activities as biochemical 

markers of aging. Mol Aspects Med 25(1-2): 37-48 

65. Nicolle MM, Baxter MG (2003). Glutamate receptor binding in the frontal cortex 

and dorsal striatum of aged rats with impaired attentional set-shifting. Eur J 

Neurosci. 18(12): 3335-3342 

66. Ogonovsky H, Berkes I, Kumagai S, Kaneko T, Tahare S, Goto S, Radek Z (2005). 

The effect of moderate, strenuous and over-training on oxidative stress markers, 

DNA repair, and memory in rat brain. Neurochem Int 46: 635-640. 

67. Paglia DE, valentine WN (1967). Studies on the quantitative and qualitative 

characteriztion of erythrocyte glutathione peroxidase. J Lab Clin Med 70: 158-

169. 

68. Poon HF, Farr SA, Thongboonkerd V, Lynn BC, Banks WA, Morley JE, Klein JB, 

Butterfield DA (2005). Proteomic analysis of specific brain proteins in aged 

SAMP8 mice treated with alpha-lipoic acid: implications for aging and age­

related neurodegenerative disorders. Neurochem Int 46(2): 159-68. 

69. Powers SK, JiLL, Leeuwenburgh C (1999). Exercise training -induced alterations 

in skeletal muscle antioxidant capacity: a brief review. Med Sci Sports Exerc 

31(7): 987-997. 

132 



70. Radak Z, Kaneko T, Shoichi T, Nakamoto H, Pucsok J, Sasvari M, Nyakas C, Goto 

S (200 1 ). Regular exercise training improves cognitive function and decreases 

oxidative damage in rat brain. Neurochemistry International38: 17-23. 

71. Rosenzweig ES, Barnes CA (2003). Impact of aging on hippocampal function: 

plasticity, network dynamics, and cognition. Progress in Neurobiology 69: 143-

179. 

72. Requena JR, Levine RL, Stadtman ER (2003). Recent advances in the analysis of 

oxidized proteins. Amino Acids 25: 221-226 

73. Samorajski T, Delaney C, Durham L, Ordy JM, Johnson JA and Dunlap WP (1985). 

Effect of exercise training on longevity, body weight, locomotor performance, 

and passive-avoidance memory of C57BL/6J mice. Neurobiol Aging 6, 17-24. 

7 4. Saper CB, Iversen S, Frackowiak R (2000). Integration of sensory and motor 

function: the association areas of the cerebral cortex and the cognitive 

capabilities of the brain, in: Principles of Neural Science (Kandel ER, Schwartz 

JH, Jessen TM, ed.), MgGraw Hill, New York, p. 356. 

75. Schefer V, Talan M I (1996). Oxygen consumption in adult and aged C57BL/6J mice 

during acute treadmill exercise training of different intensity. Exp Gerontal 31: 

387-392. 

76. Sherwin BB (2003). Steroid hormones and cognitive functioning in aging men: a 

mini-review. J of Molecular Neuroscience 20(3): 385-395. 

133 



77. Sohal RS, Ku HH, Agarwal S, Forster MJ, Lal H (1994). Oxidative Damage, 

Mitochondrial Oxidant Generation and Antioxidant Defenses During Aging and 

in Response to Food Restriction in the Mouse. Mech Age Dev 74(1-2): 121-33. 

78. Sohal RS, Orr WC (1992). Relationship between antioxidants, pro-oxidants, and the 

aging process. Ann NY Acad Sci 663: 74-84. 

79. Somani SM, Dube SN (1992). Endurance training changes central and peripheral 

·responses to physostigmine. Pharmacol Biochem Behav 41 ( 4): 773-781. 

80. Somani SM, Ravi R, Rybak LP (1995). Effect of exercise training on antioxidant 

system in brain regions of rat. Pharm Biochem Behav 50(4): 635-639. 

81. Solfrizzi V, Panza F, Capurso A (2003). The role of diet in cognitive decline. 

J Neural Transmission. 110(1): 95-110. 

82. Spitz DR, Oberley L W (1989). An assay for superoxide dismutase activity in 

mammalian homogenates. Anal Biochem 179: 8-18. 

83. Squire LR, Stark CEL, Clark RE (2004). The medial temporal lobe. Annu Rev 

Neurosci 27:279-306. 

84. Srere P A (1969). Citrate synthase. In: Methods Enzymol 13: 3-11. 

85. Stadtman ER, Berlett BS (1997). Reactive oxygen mediated protein oxidation in 

aging and disease. Chern Res Toxicol 10: 485-494 

86. Stadtman ER, Levine RL (2003). Free radical-mediated oxidation of free amino 

acids and amino acid residues in proteins. Amino Acids 25: 207-2218 

87. Su SH, Chen H, Jen CJ (2001). C57BU6 and BALB/c bronchoalveolar 

macrophages respond differently to exercise. J lmmunol 167(9): 5084-5091. 

134 



88. Sumien N, Heinrich KR, Sohal RS, Forster MJ (2004). Short term vitamin E intake 

fails to improve cognitive or psychomotor performance of aged mice. Free Rad 

Bioi & Med 36(11): 1424-1433. 

89. Thompson RF, Kim JJ (1996). Memory systems in the brain and localization of 

a memory. Proc Nat/ Acad Sci USA 93: 13438-13444. 

90. Timaras PS (2003). The nervous system: functional changes, in: Physiological basis 

of aging and geriatrics ( Timaras PA, ed.), CRC Press, New York, pp. 126-130. 

91. Uecker A, Gonzalez-Lima F, Cada A, Reiman EM (2000). Behavior and brain 

uptake of fluorodeoxyglucose in mature and aged C57BU6 mice. 

Neurobiological Aging 21(5): 705-718. 

92. Vaynman S, Ying Z, Gomez-Pinilla F (2003). Interplay between brain-derived 

neurotrophic factor and signal transduction modulators in the regulation of the 

effects of exercise training on synaptic-plasticity. Neuroscience 122(3): 647-57. 

93. Vihko V, Salminen A, Rantamaki J (1978) Oxidative and lysosomal capacity in 

skeletal muscle of mice after endurance training of different intensities! Acta 

Physiol Scand 104: 74-81. 

94. Wallace JE, Krauter EE, Campbell BA (1980). Motor and reflexive behavior in the 

aging rat. J Gerontal. 35(3):364-370. 

95. Wickens, A. P., 2001. Ageing and the free radical theory. Respir Physio/128: 379-

391. 

96. Whitworth AJ, Theodore DA, Greene JC, BenesH, Wes PD, Pallanck LJ (2005). 

Increased glutathione S-transferse activity rescure dopaminergic neuron loss in a 

135 



Drosophila model of Parkinson's disease. Proc Nat/ Acad Sci 102(22): 8024-

8029. 

97. Winocur G, Moscovitch M (1990). Hippocampal and prefrontal cortex contributions 

to learning and memory: Analysis of lesion and aging effects on maze learning in 

rats. Behavioral Neuroscience 104(4): 544-551. 

136 










