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Single bout of exercise eliminates the immobilization-induced
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Abstract

We were interested in the effects of immobilization (IM), a single bout of exercise (E) and immobilization followed by exercise
(EIM) on memory and oxidative damage of macromolecules in hippocampus of rat brain. Eight hours of IM resulted in
impairment of passive avoidance test (memory retrieval deficit) and increased latency to start locomotion in an open-field test.
Two hours of swimming did not significantly alter the memory retrieval deficit and latency, while the EIM group had longer
latency and similar memory than control and E groups. The oxidative damage of lipids, proteins and nuclear DNA increased
significantly in IM group and no increase was observed in E and EIM animals. The activity of proteasome was not altered in any
groups. The activity of glutamine synthetase (GS) was decreased in IM group (PB0.05), this down regulation was not observed
in E and EIM groups. These data suggest that oxidative damage of macromolecules is associated with impaired cognitive function.
Single bout of exercise after immobilization eliminates the oxidative damage of macromolecules and normalizes memory function,
probably by its ability to restore the activity level of GS and eliminate the consequences of immobilization-induced prolonged
efflux of glutamate. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Reactive oxygen species (ROS) are generated by a
variety of physiological and pathological conditions
and despite their vital importance to normal cell func-
tion including proliferation, growth, signalling and
apoptosis (Sen and Packer, 1996; Reid, 1997) they
cause continuous damage to lipids, proteins and DNA
(Ames et al., 1993; Beckman and Ames, 1997; Goto
and Nakamura, 1997). The physiological ROS concen-
tration might be dependent on cell types, age, and even
the history of oxidative stress exposure could be a
modulating factor (Radak and Goto, 1998). A single
bout of physical exercise has been shown to induce
formation of ROS and nitrogen species and the related

oxidative damage (Davies et al., 1982; Radak et al.,
1999a). On the other hand, regular training is known to
increase the resistance against ROS induced lipid perox-
idation (Alessio and Goldfarb, 1988), and to decrease
the accumulation of oxidative protein and DNA dam-
age (Leeuwenburgh et al., 1998; Radak et al., 1999b).
In addition, the activity of poteasome complex in-
creases due to exercise training, which means that the
repair of oxidative damage in proteins is also up-regu-
lated (Radak et al., 1999b).

The accumulation of reactive carbonyl derivatives
(RCD) in the brain has been linked to age-related loss
of cognitive function (Carney et al., 1991; Forster et al.,
1996) and this decrease in the accumulation has been
associated with improved cognitive performance in
aged gerbils (Carney et al., 1991; Butterfield et al.,
1997). This relationship could to be valid in the age-re-
lated decline in cognitive function. We have attempted
to show that regular exercise-induced modification is
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also linked to the accumulation of oxidative damage in
rat brain, and this may be age-related (Radak et al.,
2001). Therefore, we used the model in which Liu et al.
(1996) showed that 8 h of immobilization resulted in
increases in lipid peroxidation, RCD and 8-hydrox-
ydexyguanosine ((8-OHdG) DNA adduct) in regions of
the brain of rats. Whether, the immobilization-induced
increase in oxidative damage of macromolecules is
reflected in cognitive function of young rats is un-
known. Since the effect of a single bout of exercise on
cognitive function and oxidative damage of lipids,
proteins, and DNA is not known we were puzzled by
the possible outcome. Therefore, we examined the ef-
fects of a single bout of swimming following immobi-
lization to obtain more information about the exercise
and immobilization induced stress on rat brain. Glu-
tamine synthetase activity can be readily reduced by
oxidative stress in the brain (Carney et al., 1991; Stadt-
man, 1992) and inactivation of GS might promote
oxidative damage of neurons via the decreased uptake
of glutamate. Therefore, we also evaluated the possibil-
ity that alteration of the activity of GS is associated
with oxidative damage in the brain.

2. Methods

2.1. Animals

Twenty four male Wistar rats (6 week old) were used
in the study and were cared for according to the
‘Guiding Principles for the Care and Use of Animals’
based upon the Helsinki Declaration, 1964. The study
was approved by the local Animal Welfare Committee.
Six rats were randomly assigned to each of four groups;
control (C), immobilized (IM), exercised (E), and exer-
cised after immobilization (EIM). All rats including
control were lightly anaesthetized with ether and then
IM and EIM groups were immobilized during their
physically active daily period by taping down all four
limbs for 8 h at room temperature as described by Liu
et al. (1996), by tapping the limbs of the animals. The
exercised rats were exposed to swimming for 2 h. The
water temperature was set at 32°C. Swimming was
selected because exercise-stimulating electric shock
could be avoided. Upon the completion of the immobi-
lization, a single bout of swimming and/or immobiliza-
tion followed by swimming, 2 h resting period was
given and then the animals were tested by open-field
and passive avoidance tests. The animals subjected to
behavioral test were randomized. Two hour resting was
chosen to eliminate the possible physical disability due
to immobilization. Right after the behavioral tests, all
rats were decapitated and the brains were removed and
the hippocampus was immediately dissected and frozen
in liquid nitrogen.

2.2. Orientation response to no6elty

Novelty-induced orientation response was evaluated
2 h after termination of immobilization or the swim-
ming episodes. The rats were positioned into the center
of an open-field box consisting of cylindrical arena of
80 cm diameter, divided into 20 sectors by concentric
and radial lines, and surrounded by a 35 cm high wall.
The diameter of the central sector of circle shape, in
which the rats were placed, was 16 cm. The latency time
to leave this circle with all four paws was measured (s)
and served as the behavioral reaction to orientation in
a novel environment (Nyakas et al., 1991).

2.3. Retention of passi6e a6oidance learning response

The retention of passive avoidance learning be-
haviour was investigated in a one-trial step-through
paradigm (Ader et al., 1972). The apparatus consisted
of two compartments. One being dark and the other a
well-lit white area (20×25×25 cm3). A small sliding
door separated the two compartments. Training started
two days before the immobilization and swimming
exposures. On day 1 of training, 3 min adaptation was
allowed in the dark compartment which was followed
by a single trial by placing the rat into the illuminated
white compartment and allowing it to enter the dark
chamber. On day 2 after the third trial a strong electric
foot shock (0.6 mA, 3 s) was delivered to the dark box
via the stainless steel bars, which served as the floor. On
day 3, immediately after the open-field test, the latency
of entering into the dark compartment was recorded,
and this measure was used to rank order the animals
for statistical analysis and served to express the reten-
tion of the learned avoidance response. At the given
experimental conditions this test might be consider as a
mixed anxiety/memory test, thus the results could rep-
resent both affective and cognitive processes.

2.4. Assay

For the estimation of the lipid peroxidation the thio-
barbituric acid reactive substances (TBARS) were mea-
sured (Ohkawa et al., 1979). The measurement of RCD
was done by spectrophotometer as described previously
(Levine et al., 1994; Nakamura and Goto, 1996; Radak
et al., 1997). The isolation of nuclear DNA and the
measurement of 8-OHdG was carried out as described
by Kaneko et al. (1997). In brief, after the isolation of
DNA, the aqueous solution containing 50 mg DNA was
adjusted to 45 and 5 ml of 200 mM sodium acetate
buffer (pH 4.8) and 5 mg of nuclease P1 were added.
After a purge with a nitrogen stream, the mixtures were
incubated at 37°C for 1 h to digest the DNA nucle-
otides. Then, 5 ml of 1 M Tris–HCl (pH 7.4) and 0.65
units of alkaline phosphatase were added and the mix-
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ture was incubated at 37°C for 1 h to hydrolyze the
nucleotides to nucleosides. Nucleosides in samples were
analyzed by HPLC/ECD system that consists of a
Pegasil ODS column connected to a Shimadzu LC-10
pump (Tokyo, Japan) coupled to an ECD (ESA
Coulechem II 5200; Bedford, MA). The solvent system
used was a mixture of 6% methanol, 12.5 mM citric
acid, 30 mM sodium hydroxide, 25 mM sodium ace-
tate, and 10 mM acetic acid. The flow rate was 1.4
ml/min. dG was calculated from the absorbance at 260
nm using UV detector. 8-OHdG was measured simulta-
neously by ECD. The amount of 8-OHdG in the sam-
ple was expressed relative to the concentration of dG.

The proteasome complex have at least five distinct
protease activity (Hough et al., 1987; Cardozo and
Michaud, 1993) and among these, two types of pepti-
dase activities were measured as described previously
(Hayashi and Goto, 1998). These activities were deter-
mined fluorometrically by measuring the release of
7-amino-4-methyl-coumarion from the peptides suc-
cinyl–Leu–Leu–Val–Tyr–MCA (SUC–LLVY–
MCA) and butyloxycarbonyl –Leu–Arg–Arg–MCA
(BOC–LRR–MCA) for chymotrypsynlike and trypsin-
like activities, respectively. The activity of GS was
measured as we described earlier (Radak et al., 1998).

2.5. Statistical analysis

The results of the cognitive tests were evaluated by
the Mann–Whitney test, while other measures of statis-
tical significance was assessed using ANOVA, followed
by Scheffe’s posthoc test. The significance level was set
at PB0.05.

3. Results

Eight hours of immobilization resulted in emotional
stress as measured by latency to start the locomotion in
the open-field test (Fig. 1). Immobilization was associ-
ated with a decline in the performance of passive avoid-
ance tests, as evaluated by the latency time to enter the
compartment receiving the electrical stimulus (PB
0.05). This decrease in cognitive function was not seen
in the exercised groups. A single bout of swimming
attenuated the cognitive performance thus decreasing
the effects of immobilization (Fig. 2).

An increase in lipid peroxidation, carbonylated
protein and 8-OHdG concentrations was measured in
the hippocampus of IM group (Fig. 3). No significant
changes occurred in the other groups. The activity of
proteasome complex in the brain was not altered in any
group (Fig. 4). The activity of GS in brain decreased
significantly due to immobilization stress (PB0.05),
but the activity was restored to control level in groups
having exercise (Fig. 5).

Fig. 1. Eight hour of immobilization and immobilization followed by
2 h of swimming resulted in increased latency time to start the
locomotion in open-field test. Single bout of swimming did not alter
the latency time. Values are means SD *PB0.05 vs. control, ‡
PB0.05 vs. exercise.

4. Discussion

The data from the present study support the observa-
tion of Liu et al. (1996) that limb immobilization causes
oxidative stress in the brain. This oxidative brain dam-
age might have functional consequences, because it is
associated with decreased cognitive performance, mea-
sured by impaired memory. The differences in the result
of open-field and passive avoidance tests might indicate
that behavioral and cognitive (memory) processes are
not equally effected by immobilization. The current
study also revealed that a single bout of exercise did not
result in decreased cognitive performance, at least as
indicated by the used tests. Moreover, a single bout of
exercise restored the oxidative stress and related decline
in cognitive performance caused by limb immobiliza-
tion. Thus, the findings of the present study might
indicate a causative link between oxidative brain dam-
age and certain cognitive performances. This is in ac-
cordance with the data of Carney et al. (1991) and
Forster et al. (1996), which suggest that there exists an
aging associated decline in cognitive performance asso-

Fig. 2. Immobilization impaired memory function, which was as-
sessed by the decreased time to enter the punished compartment,
measured by passive avoidance test. No significant changes were
observed in other groups. Values are means SD *PB0.05.
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Fig. 3. The accumulation of lipid peroxidation (TBARS), oxidative
modification of proteins (RCD) and nuclear DNA damage (8-OHdG)
was increased significantly in hippocampus of IM rats. No apparent
changes were present in other groups. Values are means SD *
PB0.05.

Fig. 4. The activity of proteasome complex did not change as a result
of immobilization and single bout of exercise. Values are means SD.

The beneficial effects of exhaustive exercise has not
been suggested as a modulator since it was shown to
induce ROS production in liver and skeletal muscle
(Davies et al., 1982) and radical species can exert
damaging effects distant from their site of generation
(Yokoyama et al., 1990). However, the observation that
the immobilization-induced increase in oxidative dam-
age markers of macromolecules was not present after
single bout of swimming indicates that the free radicals
generation and their effects were counterbalanced by
the protective systems. The oxidative damage due to
immobilization has been shown to cause efflux of gluta-
mate (Lowy et al., 1995), and glutamate is bound to the
glutamate receptor of N-methyl-D-aspartate receptors

Fig. 5. The activity of glutamine synthetase decreased by 8 h of
immobilization and this decline was not present in exercised groups.
Values are means SD *PB0.05 vs. control, ‡ PB0.05 vs. exercise.

ciated with increases in RCD level. The decrease in
oxidatively modified protein concentration has elimi-
nated the age-associated decline in cognitive perfor-
mance in gerbils (Carney et al., 1991). A recent study
from our laboratories also showed that the level of
cognitive performance might be linked to the rate of
RCD accumulation, while lipid and DNA damage up
to a certain level do not alter cognitive function (Radak
et al., 2001). Moreover, it appears that the decline in
cognitive function due to oxidative damage of the
hippocampus might be valid in young animals as well.
Therefore, it seems that free radical induced damage of
the hippocampus might be one of the factors, which
results in impairment of cognitive function.
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causing massive increases in intracellular Ca2+ concen-
tration through the opened Ca2+-channels (Choi, 1992;
Hertz et al., 1999; Kandel and O’Dell, 1992; Mawatari
et al., 1996). Then Ca2+ can initiate free radical gener-
ation via xanthine dehydrogenase/oxidase system, NOS
and mitochondria (Mawatari et al., 1996). In addition,
a stress-induced elevation of glucocorticoids likely po-
tentiates the accumulation of glutamate (Stein-Behrens
et al., 1994). Therefore, an increase in glutamate trans-
port would attenuate the oxidative stress caused by
immobilization. We suggest that immobilization-in-
duced oxidative stress does not end by the termination
of immobilization. If exercise is done right after the
immobilization, it restores the GS activity to the nor-
mal level, and thus increase the glutamate uptake (But-
terfield et al., 1997; Jabaudon et al., 1999). Ammonia
concentration also increases after a single bout of exer-
cise and brain plays an important role in the detoxica-
tion of ammonia by glutamine synthesis, leading to
decreases in brain glutamate levels (Guezennec et al.,
1998; Korf, 1996). Exercise increases the glial transport,
which involves glutamate uptake (Kandel and O’Dell,
1992) and also increases the circulating adenosine con-
centration, a known antioxidant, which thereby can
attenuate the oxidative stress. Therefore, it appears that
exercise has a beneficial effect on the elimination of the
immobilization caused glutamate efflux.

The finding of the present study suggest that limb
immobilization induces oxidative damage to the
hippocampus, and this damage is associated with or
results in impairment of cognitive function. Therefore,
the link between oxidative stress mediated changes in
cognitive function is not age-associated phenomenon.
Single bout of exercise might have a capability to
increase the glutamate uptake and thus eliminate the
biochemical and cognitive stresses caused by
immobilization.
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