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Abstract
Aging was associated with increased oxidation of DNA, RNA, and lipids in the cerebellum of male
rats. DNA and lipid oxidation was reduced by lifelong (94 weeks) voluntary exercise on a running
wheel. A reduction in cerebellar lipid oxidation, but not RNA or DNA oxidation, was observed
following 3 months of moderate exercise or dietary supplementation of vitamin E, initiated at 18
months of age. The level of lipid oxidation correlated with measures of forelimb grip strength. The
results indicate that lifelong exercise attenuates multiple molecular markers of age-related oxidative
damage in the cerebellum. In addition, modest exercise initiated late in life can have a beneficial
effect on lipid oxidation and motor function.
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1. Introduction
A sedentary life style, as one form of Western culture, has been proposed to be a risk factor
that aggravates the aging process, while an active life style is linked to slowing of cognition
and motor decline during aging [26,36,45]. The molecular mechanism for beneficial effects of
exercise is unknown, though several hypotheses have been proposed. Moderate exercise is
associated with enhanced neurogenesis [43], a reduction in markers of aging, including
oxidative stress [10], and enhanced trophic influences [23].

Cerebellar Purkinje cells exhibit enhanced DNA damage starting at middle-life [38] and
continuing over the course of aging [1,20,25]. Importantly, the extent of degeneration and loss
of function is mitigated by lifelong exercise [25]. Interestingly, the cerebellum does not exhibit
evidence of neurogenesis [13,24], therefore; we tested the hypothesis that exercise would
reduce molecular indicators of oxidative damage in aged animals.
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2. Methods
2.1 Animals and treatments

Procedures involving animal subjects have been reviewed and approved by the Institutional
Animal Care and Use Committee and were in accordance with guidelines established by the
U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals. Male
Fisher-344 rats were originally from an investigation of lifelong exercise on hydrogen peroxide
production in the heart [22]. The rats were randomly assigned to one of three groups: sedentary
ad libitum fed (Ad Lib, n = 9), sedentary with an 8% caloric restriction (CR, n = 9), or wheel
running with 8% food restriction (CR-Run, n = 9). The inclusion of 8% food restriction for
animals in the Run group was instituted because rats fed ad libitum tend to abruptly decrease
their running activity during aging and a slight food restriction (8-10%) prevents this decline
[17,18]. Thus, the CR group was used as an age matched control of food restriction. The diet
consisted of rat chow (Harlan Teklad Rodent Diet #8604). For the first set of studies, group
assignment was initiated when animals were at 11-weeks of age and the status of each animal
was institutionally maintained for 94 weeks. Rats were killed and brains removed at 24 mo of
age. Young sedentary rats (Yng, 6-month old, n = 10) were employed to determine age-
associated changes in oxidative stress.

In the second study, male Fisher-344 rats (18 mo of age) were randomly assigned to one of
four groups: sedentary ad libitum fed (Ad Lib, n = 9), ad libitum fed animals with access to a
running wheel (Ad Lib-Run, n = 8), wheel running with 8% food restriction (CR-Run, n = 7)
or conditional runners (Con-Run, n = 5), operantly conditioned to run on a wheel (model
H10-38R, Coulbourn Instruments, Allentown, PA) for 45 mg food pellets. The criterion for
delivery of the pellet was increased such that during that final two months, most animals were
running ∼3 meters for each pellet. The brain of each animal was removed, frozen in liquid
nitrogen, and stored at −80 °C. Another group of animals, also 18 mo, were provide 3 months
of vitamin E supplementation (α-tocopherol 500 IU, Harlan Teklad Madison,WI n = 7) and
compared to age-match control animals (n = 7) fed a standard diet (α-tocopherol 50 IU, Harlan
Teklad Madison, WI).

2.2 Grip strength
Forelimb grip strength was determined using an automated grip strength meter (Columbus
Instruments, Columbus, OH) as previously described [5]. The mean force (grams) was
calculated over three trials and was divided by body weight.

2.3 Biochemical Assays
Brains were removed, cerebellar hemispheres dissected and frozen in liquid nitrogen before
storage at -80°C. Subsequently, the cerebellar cortex was isolated and lipid peroxidation
products were determined by measuring the thiobarbituric acid reactive substance,
malondialdehyde (MDA), using a commercially available Kit (ZeptoMetrix Corporation,
Buffalo, NY). Briefly, 100 μl of whole homogenate (50 mg/ml protein) was added to a 100
μl SDS solution and 2.44 ml of TBA/buffer and 62.5 μl of 2% (w/v) butylated hydroxytoluene
(Sigma, St. Louis, MO). The combined solution was incubated at 95 °C for 60 min followed
by an immediate cool in ice for 10 min. After centrifuging the samples at 800 g for 15 min, the
supernatant was removed. The sample solution was analyzed using fluorescence
spectrophotometry at an excitation wavelength of 530 nm and emission wavelength of 550 nm.
Absolute concentrations are generated via comparison with MDA standard curve of fluorescent
intensity.

Determination of RNA and DNA oxidative damage by measuring 8-oxo-7,8-dihydroguanosine
(8-oxoGuo) and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodGuo), respectively was done
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using the neutral guanidine isothiocyanate (GTC) method as previously described [16]. Briefly,
after homogenization in GTC in the presence of the metal chelator deferoxamine mesylate
(DFOM; Sigma), proteins and lipids were removed using organic solvents and centrifugation.
After salt/isopropanol precipitation of nucleic acid at 80°C and washing in 70% ethanol, nucleic
acids were dissolved in 30 μM DFOM and hydrolyzed using 4 U Nuclease P1 (MP Biomedicals,
Irvine, CA) and 5 U alkaline phosphatase (Sigma) in 30 mM sodium acetate, 20 μM ZnCl2,
pH 5.3 at 50°C for 60 min. After filtration to remove enzymes, nucleosides were separated
using HPLC-EC-UV and analyzed for Guo (RNA) and dGuo (DNA) by UV, and 8-oxoGuo
(RNA) and 8-oxodGuo (DNA) electrochemically using a Coulochem III detector from ESA
Inc. (Chelmsford, MA) (21). HPLC peaks were quantified against daily made calibration
curves of standards from Sigma and Calbiochem (San Diego, CA).

2.4 Immunohistochemistry
One aged and one young animal maintained on an ad lib diet, were anesthetized with 50mg/
kg of pentobarbital and perfused with 4% paraformaldehyde-PBS buffer by intra-arterial
puncture. The cerebellum was removed, blocked, embedded in Tissue-Tek O.C.T. Compound
(Ted Pella, Redding, CA), frozen, and sectioned into 15 μm-thick slices. Immunohistochemical
study was performed using the avidin–biotin–peroxidase complex (VECTSTAIN ABC Kit,
Vector Laboratories, Burlingame, CA). Briefly, after incubated in 10 mM Tris-HCl, pH 7.5, 1
mM EDTA, 0.4 mM NaCl, and 100 μg/ml RNase for 1 hour at 37°C, the DNA was denatured
by soaking the slides in 4 N HCl for 5 minutes followed by neutralizing the sample with 50
mM Tris-base for 5 minutes at room temperature. The sections were then incubated overnight
at 4°C with primary mouse monoclonal antibody against 8-hydroxyguanosine (Trevigen Inc.,
Gaithersburg, MD) at a dilution of 1:300. To exclude non-specific binding sites, sections
serving as technical controls were incubated with isotypic IgG: normal mouse IgG (Santa Cruz,
Santa Cruz, CA; code sc-2025) instead of the primary antibody. All slices were incubated with
the biotinylated secondary antibody (Anti-mouse) with a concentration of 1:100 dilution in
PBS for 30 minutes, followed by Strep ABC complex for 30 minutes at room temperature.
Diaminobenzamide tetrahydrochloride (DAB substrate kit, Vector Laboratories, Burlingame,
CA) was added in to develop the brown color deposit. Photomicrographs were obtained with
a Zeiss Axiovert 40 CFL microscope with Axiocam digital CCD camera (Carl Zeiss,
Thornwood, NY).

2.5 Statistical analysis
Analyses of variance (ANOVAs) were used to establish main effects of treatment and Fisher's
PLSD hoc tests with significance set at p < 0.05 were employed to localize specific differences.

3. Results
3.1 Effects of lifelong exercise

A description of the distances covered in the activity wheel over the course of the lifelong
exercise study has previously been reported [22,40]. Briefly, an initial rise in activity was
subsequently followed by stable activity over the last 60 weeks of training. For the subgroup
of animals examined in the current study, the average distance in meters covered per month
was 12827 ± 2670 m and the average distance during the last week prior to sacrifice was 7332
± 1791 m. While the CR-Run group exhibited a small decrease in overall body weight, this
difference was not statistically significant (p = 0.17) (Fig 1a) and no difference was observed
for brain weight (data not shown). A significant effect [F(3,32) = 3.68, p < 0.05] of treatment
was observed for oxidized DNA due to an increase of DNA oxidation (8-oxodGuo) in the aged
Ad Lib group relative to young and aged CR-Run rats (Fig 1b). The age-related increased DNA
oxidation could be observed in cerebellar sections immunostained for 8-hydroxyguanosine, a
marker DNA oxidative damage (Fig 1 d&e). Similarly a significant effect [F(3,32) = 2.95, p
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< 0.05] of treatment was observed for oxidized RNA (8-oxoGuo) due to increased oxidation
product in the aged Ad Lib group relative to young animals (Fig 1c). Lipid oxidation in the
cerebellum, measured as the concentration of MDA exhibited a tendency for a difference across
the four conditions [F(3,32) = 2.44, p = 0.08] and post hoc tests indicated that young rats and
aged CR-Run rats exhibited a reduction in MDA relative to aged Ad Lib rats (Fig 1f). In
addition, there was a tendency for a reduction in lipid peroxidation in CR animals relative to
aged Ad Lib rats (p = 0.088).

3.2 Effects of exercise initiated in aged animals
To determine whether the reduction in oxidative damage required exercise across the life-span,
a second series of studies were conducted to determine whether exercise initiated in aged
animals could influence motor function and reduced cerebellar oxidative damage. For the three
groups with access to the running wheel, the treatment conditions differentially influenced the
average distance covered over the 3 months [F(2,17) 33.27, p < 0.0001] (Fig 2e) and the average
distance covered during the last week [F(2,17) 71.6, p < 0.0001]. During the final week, Con-
Run animals averaged 6883 ± 661 m; however, this value likely underestimates the distance
covered since animals usually left the wheel and crossed the cage to consume the food pellet
as soon as it was delivered. Regardless, the distance was greater than that covered by CR-Run
rats (1722 ± 406 m), while Ad Lib-Run animals exhibited relatively little wheel running (345
± 108 m). Body weight differed across the treatment groups [F(3,25) = 13.78, < 0.0001] due
to reduced weight in the CR-Run and Con-Run groups relative to Ad Lib groups (Fig 2a). No
treatment effects were observed with regard to oxidation of DNA and RNA (Fig 2b&c).
Exercise was associated with a reduction in lipid oxidation [F(3,25) 9.53, p < 0.005] such that
MDA levels were reduced in CR-Run and Con-Run groups relative to the Ad Lib groups (Fig
2d). Examination of the correspondence between lipid oxidation and wheel running over the
3 mo period indicated a steep decline in oxidative damage associated with a modest level of
exercise (Fig 2f). As such, the negative relationship of MDA levels and the mean distance
traveled, per week, during the three months of training was fit by a logarithmic function (R2

= 0.54, p < 0.0005).

3.3 Effects of vitamin E treatment
To defend against oxidative stress, cells employ enzymatic mechanisms and antioxidant
molecules. Therefore, an additional group of animals (age 18 mo) were provided a relatively
short-term (3 months) vitamin E supplementation (α-tocopherol 500 IU, and compared to age-
match animals on a standard diet (50 IU). The results indicate that vitamin E supplementation
reduced lipid peroxidation [F(1,12) = 5.24, p < 0.05] (Fig 3a), but did not affect oxidization of
DNA or RNA (Fig 3 b&c).

A subset of animals exposed to 3 months of exercise (CR-Run: n = 6; Con-Run: n = 4, Ad Lib-
Run: n = 4), vitamin E supplementation (n = 7), or ad libitum control conditions (n = 8) were
tested for forelimb grip strength. Regression analysis indicated a modest but significant (R2 =
0.16, p < 0.05) relationship, with greater forelimb grip strength associated with lower MDA
levels (Fig 3d).

4. Discussion
This series of studies addresses a basic question regarding the mechanism by which lifelong
exercise can act to limit the extent of cerebellar damage [1,20,31] and loss of cerebellar motor
function [9,19]. These results indicate that aging is coupled to an increase in cerebellar
oxidative damage for a broad array of molecules. In confirmation of previous work, aging was
associated with an increase in cerebellar markers of lipid [21] and DNA oxidation [4,8,30]. In
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addition, the currents study provides the first evidence that RNA oxidation increases in the
cerebellum with advanced age.

The pattern of oxidation for the CR group was similar to that observed for the CR-Run group
(Fig 1) and included a tendency for reduced lipid peroxidation compared to Ad Lib animals.
It is unclear whether lifelong CR alone might be protective against oxidative damage. Indeed,
it has been suggested that the effects of exercise and CR on the brain are mediated by shared
mechanisms [29]. Evidence indicates that CR can reduce oxidative stress in obese individuals,
however; it is less clear whether CR has beneficial effects in the general population. A relatively
severe restriction of food intake to 60% of normal is associated with reduced DNA oxidative
damage [14,41], however, another study found that a dietary restriction to 70% of normal was
associated with a large reduction in weight in the absence of a decrease in DNA oxidation
[11]. The relatively mild CR employed in the current study may promote a general increase in
motor activity, which is facilitated by the availability of a running wheel, such that the level
or duration of increased motor activity underlies the extent of protection against oxidative
damage.

Lifelong exercise reduced oxidation of DNA and lipids, but did not reduce oxidative damage
to RNA. There are several possible explanations for the inability of exercise to reduce oxidation
of RNA. First, there are structural considerations that increase the potential for interaction with
reactive oxygen species (ROS). In contrast to DNA, RNA is more likely to be single-stranded
and less well protected [16]. Furthermore, RNA is widely distributed throughout the cytosol
making it more available to different sources of ROS.

The extent and nature of the benefits from exercise are likely to vary with brain region, the
type of exercise, and the age at which an exercise program is initiated. Previous studies indicate
that several weeks of intense exercise involving 60-260 min of forced swimming, initiated later
in life, had little or no influence on overall brain lipid peroxidation [33,35]. In contrast, ∼6 mo
of moderate treadmill exercise was associated with a reduction of lipid peroxidation in the
brain and superior motor function [32]. The difference may relate to a stress from forced
swimming which can decrease brain antioxidants [42] and increase superoxides in the
cerebellum [34]. In fact, other studies indicate that milder swimming exercise (30 min/day)
has age-sensitive effects that are region specific [7,21]. Similar to the results of the current
study, these researchers observed that aging was associated with an increase in cerebellar lipid
peroxidation, which was reduced by exercise or vitamin E treatment in aged animals [21]. In
the currents study, rats engaged in voluntary wheel running which is likely to represent a
relatively low level of exercise relative to forced swimming. Indeed, an examination of the
relationship between lipid oxidation and exercises suggests that a relatively modest level of
voluntary wheel running (1000 – 2000 m/week) had a large impact on oxidative damage.
Measurement of thiobarbituric acid reactive substance is a common method, which provides
a global evaluation of lipid oxidation. Future studies should determine whether specific
polyunsaturated fatty acids are targets for age-related oxidative damage and exercise mediated
protection.

Reduced lipid oxidation in the cerebellum due to exercise or vitamin E treatment was associated
with enhanced grip strength. Previous work in humans suggests that vitamin E levels are
positively related to grip strength [39]. In addition, variability in grip strength during aging is
correlated with other measures of cerebellar function in humans [44] and grip strength is
employed as a measure of cerebellar control of motor strength in rodents [12,37]. However, it
is important to note that exercise induces a number of anatomical and molecular changes in
the cerebellum that could contribute to improved motor function [6]. In addition, exercise can
influence age-related changes in motor function by delaying and/or reversing sarcopenia
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[28]. Thus, oxidative damage measured in the cerebellum represents only one component of
an aging motor system.

Oxidative stress is hypothesized to be a pivotal factor in initiating a cascade of events leading
to premature aging in many systems and damage of brain cells [15]. One aspect of this
hypothesis is the idea that oxidative damage to genetic material results in the gradual
accumulation of mutations and ultimately cell death [2]. Genetic markers of increased oxidative
stress and evidence of DNA oxidative damage are apparent in several brain regions by middle-
age [3,27]. Importantly, recent work indicates that Purkinje cells exhibit enhanced DNA
damage starting at middle-life, while cerebellar granule cells accumulated DNA damage with
increasing age [38]. Thus, one possibility is that the relatively early emergence of DNA damage
in Purkinje cells contributes to the loss of cells during aging. In this regard, the reduction in
DNA oxidation associated with exercise initiated early in life may contribute to neuroprotective
effects observed form lifelong treadmill training [25]. However, contrary to lifelong exercise,
exercise initiated in older animals did not reduce DNA damage. The inability of exercise,
initiated later in life, to reduce DNA damage suggests that once DNA damage and cell loss is
established, amelioration is limited. As such, early intervention may be critical.
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Figure 1.
Measures of cerebellar oxidative damage associated with aging and lifelong exercise. a) Body
weight at the time of sacrifice. b) DNA oxidation was decreased in animals in the exercise
group (CR-Run) and young (Yng) animals relative to aged ad libitum (Ad Lib) fed animals.
c) An age-related increase in RNA oxidation was observed for Ad Lib rats. The distribution
of 8-hydroxyguanosine–positive cells in the cerebellum of aged (d) young (e) rats. Bar = 200
μm. f) An age-related increase in lipid peroxidation was attenuated by lifelong exercise. For
this and subsequent figures, bars represent the mean + SEM. Asterisk indicates significant
(<0.05) difference relative to Ad Lib animals.
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Figure 2.
Influence of 3 mo exercise on markers of oxidative damage. a) Body weight at the time of
sacrifice. No effect of treatment conditions was observed for (b) DNA and (c) RNA oxidation.
d) Reduced lipid oxidation was observed in animals conditioned to run for food (Con-Run)
and rats that exercised under mild caloric restriction (CR-Run) relative to Al Lib rats. e)
Average weekly distance covered over the 3 mo period for animals with access to a running
wheel. f) Relationship between MDA levels and the average weekly distance covered over the
3 mo period. The line is the best fit logarithmic function. Asterisk indicates significant (<0.05)
difference relative to Ad Lib animals. † indicates significant (<0.05) difference relative to Ad
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Lib-Run animals. Pound sign indicates a significant (<0.05) difference between Con-Run and
CR-Run groups.
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Figure 3.
Comparison of the influence of dietary supplementation with vitamin E for three month period
(open bars) relative to a control diet (filled bars). Vitamin E supplementation was associated
with a) reduced lipid peroxidation in the absence of an effect on b) DNA oxidation and c) RNA
oxidation. d) Relationship between grip strength and MDA levels. Open circles represent
animals with dietary supplementation of vitamin E.
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