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Abstract—Recent research involving human and animals has
shown that aerobic exercise of moderate intensity produces
the greatest benefit on brain health and behavior. In this
study we investigated the effects on cognitive function and
anxiety-related behavior in rats at different ages of aerobic
exercise, performed regularly throughout life. We designed
an aerobic training program with the treadmill running fol-
lowing the basic principles of human training, and assuming
that rats have the same physiological adaptations. The inten-
sity was gradually adjusted to the fitness level and age, and
maintained at 60–70% of maximum oxygen consumption
(max.VO2). In middle age (8 months) and old age (18 months),
we studied the cognitive response with the radial maze (RM),
and anxiety-related behaviors with the open field (OF) and the
elevated plus maze (EPM). Aerobically trained (AT) rats had a
higher cognitive performance measured in the RM, show-
ing that exercise had a cumulative and amplifier effect on
memory and learning. The analysis of age and exercise
revealed that the effects of aerobic exercise were modu-
lated by age. Middle-aged AT rats were the most success-
ful animals; however, the old AT rats met the criteria more
often than the middle-aged sedentary controls (SC), indi-
cating that exercise could reverse the negative effects of
sedentary life, partially restore the cognitive function, and
protect against the deleterious effects of aging. The results
in the OF and EPM showed a significant decrease in key
indicators of anxiety, revealing that age affected most of
the analyzed variables, and that exercise had a prominent
anxiolytic effect, particularly strong in old age. In conclu-
sion, our results indicated that regular and chronic aerobic
exercise has time and dose-dependent, neuroprotective
and restorative effects on physiological brain aging, and
reduces anxiety-related behaviors. © 2011 IBRO. Published
by Elsevier Ltd. All rights reserved.
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There is growing interest in studying factors related to
lifestyle and interventions to improve the cognitive capa-
bility of older adults, and reduce the risk of neurodegen-
erative diseases associated with aging. Physical activity is
considered one of the most important and accessible fac-
tors to prevent and protect brain functions at low cost
(Kramer and Erickson, 2007). Extensive evidence from
animal and human studies (Cotman and Berchtold, 2002;
Markham and Greenough, 2004) suggests that exercise
has a positive impact on cognitive and emotional aspects
of behavior. In this context, many publications have re-
ported anxiolytic and antidepressant effects of exercise,
resulting in better management of stress (Dishman et al.,
2006). In rodent models, young and old, voluntary or
forced exercise showed improved hippocampus-depen-
dent memory system and learning, and other hippocam-
pus-independent memory systems. In addition, exercise
can reverse the negative effects of physical inactivity, and
decrease and/or delay the deleterious effects of aging on
cognition (Cotman and Engesser-Cesar, 2002). Van Praag
et al. (2005) showed that young mice with free access to
wheel running as well as old mice that were sedentary until
18 months and then exposed to voluntary exercise, had a
significantly higher cognitive performance than age-
matched controls. This work demonstrated that the mech-
anisms underlying these effects operate throughout life
when properly stimulated. Several human epidemiological
studies (Dik et al., 2003; Lytle et al., 2004; Kramer et al.,
2006) addressed this issue with different designs. Al-
though most of these studies highlight the importance of
exercise in all its forms, they also report some difficulties at
controlling confounders, defining inclusion criteria, or iden-
tifying and quantifying the type of exercise performed by
study participants.

Recent research found that aerobic physical activity
produces the greatest benefits (Colcombe et al., 2004;
Boveris and Navarro, 2008; Kamijo et al., 2009; Baker et
al., 2010). This kind of exercise is characterized by being
performed continuously or at intervals, with moderate
intensity (60 –70% of maximum oxygen consumption
(max.VO2)). The aerobic energy system is responsible for
supplying oxygen demanded in activities involving large
muscle mass, lasting 3 min or more, such as walking,
jogging, swimming, rowing, and so forth, and made repeat-
edly with a characteristic frequency.
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Erickson and Kramer (2009) demonstrated in older
adults that, chronic aerobic training performed during 6
months, improved markedly critical aspects of the attention
system, the executive control, and the activity of prefrontal
and parietal regions. In a recent paper, also performed with
older adults, the authors showed that the old brain was
plastic and responsive to changes induced by aerobic
exercise, and that this effect was modulated by the extent
of training. Aerobically trained subjects were evaluated
with neuroimaging techniques and showed a significant
amplification of connectivity in the frontal and temporal
regions that are sensitive to aging. Interestingly, this re-
sponse was detected after 12 months of training, but not at
6 months. These changes correlated with an improvement
in executive function, possibly reflecting a restoration or
prevention of neural circuit deterioration. So, cardiovascu-
lar fitness can promote a significant increase in efficiency,
adaptive capacity, and plasticity of aged brain, and there-
fore can reduce the biological and cognitive senescence
(Voss et al., 2010; Szabo et al., 2011). The results ob-
tained by different authors suggest the need to specifically
investigate the time and dose-dependent relationship be-
tween aerobic fitness and cognitive performance (Etnier et
al., 2006; Studeski et al., 2006). In this regard, animal
models offer a unique opportunity to apply different training
regimes, whether acute or chronic, and to obtain a more
homogeneous and reliable response, at least in some
issues. However, few studies attempted to standardize
these conditions to model human activity.

In order to study the potential effects of aging and
aerobic exercise practiced regularly throughout life on cog-
nition and emotionality, we designed a longitudinal study in
rats with two cut points, representing middle age and old
age. Physical training was modeled through a program of
moderate and chronic exercise that simulated the regular
practice of aerobic activity from puberty to old age, assum-
ing the same cardiovascular, respiratory, and metabolic
adaptations that humans have when they practice this type
of activity, not for competitive purposes or high perfor-
mance. The training routine was adjusted according to
performance and age, in the same way that humans mod-
ify the quality and quantity of physical activity throughout
their lives.

The present work aims to study (1) the possible effects
of regular and moderate exercise on cognitive, motor, and
anxiety-related behaviors of middle-aged adults (age: 8
months) and older adults (age: 18 months); (2) if such
changes are age-dependent; and (3) whether the chronic
aerobic exercise has neuroprotective and restorative ef-
fects of cognitive function, in the long term.

EXPERIMENTAL PROCEDURES

Animals

Male Wistar rats, WKAH/Hok strain (n�136), weaned from the
Animal Facilities of the Faculty of Veterinary Science, University of
La Plata (UNLP), weighing 150–200 g, were held in groups of
three in standard laboratory cages, and randomly assigned to
each of the following groups: (1) Aerobically trained (AT, n�68) or
(2) Sedentary control (SC, n�68). All the animals were kept under

the same environmental conditions throughout the experiment:
12 h:12 h light–dark cycle (lights off at 6:00 AM), temperature
22�2 °C, humidity 45–55%. In addition, animals were subjected to
microbiological monitoring every 6 months and clinically evaluated
each week. Food and water were supplied ad libitum. Weekly
records of body weight, food, and drink were obtained. The hous-
ing room remained under the same standardized conditions until
the completion of the study. Because physical training and behav-
ioral tests were conducted during the dark period, the testing
rooms were illuminated with a 25W red light. All experiments were
approved by the Institutional Committee for the Care and Use of
Laboratory Animals of the School of Health Sciences (UCES), and
were carried out in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals (NIH, 2011).
We also followed the recommendations of specific guidelines:
Neuroscience and Behavioral Studies (Van Sluyters et al., 2003),
Methods of Behavior Analysis in Neuroscience (Buccafusco,
2009), Animal Exercise Protocols (Kregel et al., 2006), Physical
Activity Practice with adults (Haskell et al., 2007) and older adults
(Nelson et al., 2007). All efforts were made to minimize the suf-
fering and the number of animals used.

Aerobic training protocol

Rats were trained from 2 to 18 months of age in a motorized
treadmill specially built for this experiment: a transparent acrylic
box 60 cm width�80 cm length�12 cm height, divided into six
lanes of 70 cm length�10 cm width. The treadmill running was
connected to a computer and the following values were dis-
played on the screen: airflow (liters per minute, L/min); O2

concentration (parts per million, ppm); speed (meters per min-
ute, m/min); slope (degrees, deg); time (min); distance (meters,
m); temperature (degrees, °C). The protocol was designed in
accordance with the basic principles of training in humans: spec-
ificity, progressive overload, and variable intensity (Wilmore and
Costill, 2007). As this is a model of forced exercise, we tried to
minimize the impact of potentially negative factors (Moraska et al.,
2000), and to maintain a strict control of health and animal welfare
before, during, and after each training session. In this sense,
animals were not daily trained, but three times a week to avoid
chronic stress, inflammation, or muscle damage, and to allow the
recovery of liver glycogen and muscle glycogen. They received no
stimulation (aversive or appetitive) to motivate them to run. Before
starting the training, both groups performed the habituation for 2
weeks. The SC was subjected to the same experimental condi-
tions but within the motionless treadmill. Apparatus was thor-
oughly cleaned between sessions.

Therefore, the objective of our training plan was to progres-
sively and systematically increase the training stimulus to induce
and maximize homeostatic adaptation (i.e. cross the threshold of
adaptation), and, as a result, improve performance.

Animals were trained with an aerobic routine of moderate
intensity (60–70% max.VO2) with a gradual increase in the work-
load (volume and intensity). Depending on the performance and
age, the duration, speed, and slope were adjusted each 15 days.

In order to determine the proper intensity of training, monthly
individual tests of max.VO2 were performed, considering that
max.VO2 is the best parameter to study the aerobic power (Wisløff
et al., 2001). Three rats of the AT group were randomly selected
and evaluated as follows: 15 min warm up at 6 m/min (50%
intensity) followed by a progressive increase in the speed of 1
m/min every 3 min. The highest record was obtained from the
leveling off of oxygen uptake despite the increased workload.
Then, from these data, 60–70% max.VO2 was calculated, thus
determining the new running speed. The test was repeated each
time the slope was adjusted, starting with 0 degrees, then 5, and
finally 10 degrees. Slopes greater than 10 degrees were dis-
carded because they increased the anaerobic component and the
risk of injury. At 2 months, the initial workload was 15 min, 6 m/min
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speed, and 0 degrees slope. Maximum overload was reached at
6–8 months (60 min, 14 m/min speed, and 10 degrees), which
corresponds approximately to a young adult human between 20
and 30 years of age who is in his best physical performance. This
routine was maintained between 8 and 12 months with small
variations. Afterward, the workload began to decrease following
the reverse order: first the slope, then the speed, and at last, the
time. At 18 months, the final workload was 30 min, 6 m/min speed,
and 0 degrees.

Behavioral tests

At 8 and 18 months, following the period of training (24 and 64
weeks, respectively), three experiments were performed at each
age: (1) Radial maze (SC, n�10; AT, n�10); (2) Open field (SC,
n�12; AT, n�12); and (3) Elevated plus maze (SC, n�12; AT,
n�12). Each rat was randomly assigned to a single test. The
animals were not subjected to restrictions on food or drink before
the experiments. Fig. 1 shows the overall scheme of aerobic
training and cut off points to assess cognitive and behavioral
parameters.

Eight-arm radial maze. The radial maze consisted of a
round central platform (40 cm in diameter) from which eight arms
(12 cm wide�40 cm high�60 cm long) radiated. The entire maze
was made of transparent acrylic, standing 30 cm above the floor,
and was surrounded by extra maze cues held in constant spatial
relations throughout the experiment such as table, chair, balloons,
stickers on the walls, including the operator. At 8 and 18 months
old, following the period of training, both groups of animals were
tested. The protocol consisted of three stages: (1) Handling, (2)
Shaping/habituation, and (3) Testing procedure. Formal training
began on the 8th day after the first exposure to the maze. Each rat
was tested for 10 min. The first 5 min corresponded to the acqui-
sition phase, and the latter to the consolidation phase of memory.
The whole procedure was recorded by a video camera mounted
on the ceiling of the room. The score was performed manually.
The following parameters were determined: (a) Correct entries
(%): calculated as the percentage of right (baited) arm entries
divided by total arm entries (baited/right and non-baited/wrong),
[(number of correct entries/number of arms)�100]; (b) Number of
arms (NA, right and wrong): arms visited in the allowed time; (c)
Total time (TT, seconds): time needed to visit right arms; (d)
Working memory errors (WME): number of reentries into a right
arm already visited in the same session; (e) Spatial memory errors
(SME): number of entries into a wrong arm; (f) Success: number
of trials that met the following criteria: (1) four correct entries; (2)
without errors in WME or SME, and (3) in time less than 3 min; (g)
Grooming (G): number of times the rat grooms; (h) Fecal pellets
(FP): number of fecal pellets left in the maze.

Variable (f) was considered as the main index of cognitive
performance level achieved because it summarizes the remaining
variables, and variables (g) and (h) were considered as indicators
of anxiety-related behaviors.

Open field. It consisted of a box of 1�1 m2, and 40 cm high,
built in white opaque acrylic, which was placed on a platform of the
same size, 30 cm above the floor. The space defined by the walls
was covered with white non-slip rubber, and divided into 36 num-
bered squares, approximately 16�16 cm2. We defined a central
area consisting of four squares, and a peripheral sector compris-
ing the outer perimeter of the arena. The open field was placed in
an isolated room, and under the same standardized conditions,
with no objects or clues that could represent signals and alter
patterns of behavior. The whole procedure was recorded by a
video camera mounted on the ceiling of the room. Each animal
was tested for 5 min. The score was performed manually. The
following parameters were determined: (a) Latency (seconds):
time to leave the central platform; (b) Distance (meters): number
of squares crossed by the animal’s body length (18 cm), mea-
sured from the snout to the root of the tail. It was considered a
square crossed when the animal entered with its four paws; (c)
Time spent in the central square (%): it refers to the total duration
of the reentries to the central square. Calculated as the percent-
age of the time in the central square divided by total test time
[(time spent in central platform/5 min)�100]; (d) Time spent in
peripheral squares (%): calculated as the percentage of the time
in the periphery divided by total test time [(time spent in peripheral
squares/5 min)�100]; (e) Rearing and thigmotaxis: number of
times the rat stands on its two hind paws. Records were also
considered valid when the rat touched the walls; (f) Grooming:
number of times the rat grooms its head or genitals; (g) Fecal
pellets: number of fecal pellets; (h) Urine: number of times that
rats urinate. Variables (a), (c), (d), (f), (g), and (h) were considered
major indexes of anxiety-related behaviors. Variable (b) was in-
dicative of locomotive activity, and variable (e) was indicative of
exploratory behavior.

Elevated plus maze. It consisted of a platform built of wood,
50 cm high, covered with a white non-slip rubber, cross shaped:
two arms, 60 cm long and 12 cm wide, remained free (open), and
surrounded by a small edge of 1 cm to prevent falls; the other two
arms (closed) were enclosed in black acrylic walls, 12 cm wide, 40
cm high, and 60 cm long, closed at its end. The union of the four
arms left an open central area of approximately 12�12 cm2. The
maze was installed in an isolated room, with no objects or signals.
The entire procedure was recorded by a video camera placed on
the ceiling. Each animal was tested for 5 min. The score was
performed manually. The following parameters were determined:
(a) Latency (seconds): time to leave the central platform; (b) Open

Fig. 1. Overall scheme of the experiment from its beginning at 2 mon old to completion at 18 mon old. Observe the distribution of cut off points (8
and 18 mon, middle age and old age, respectively) for behavioral testing (RM, OF, and EPM), after the period of aerobic training (24 and 64 wk).
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arms: number of entries in open arms. Entries were considered as
correct when the animal crossed the central platform with its four
paws; (c) Closed arms: number of entries in closed arms; (d) Time
spent in open arms (%): calculated as the percentage of the time
spent in open arms divided by total test time [(time spent in open
arms/5 min)�100]; (e) Time spent in closed arms (%): calculated
as the percentage of the time spent in closed arms divided by total
test time [(time spent in closed arms/5 min)�100]; (f) Rearing and
thigmotaxis: number of times the rat stands on its two hind paws.
Records were also considered valid when the rat touched the
walls in the closed arms; (g) Grooming: number of times the rat
grooms its head or genitals; (h) Fecal pellets: number of fecal
pellets; (i) Urine: number of times that rats urinate. Variables (a),
(b), (d), (e), (g), (h), and (i) were considered as the major indexes
of anxiety-related behaviors. Variable (c) was indicative of loco-
motor activity, and variable (f) was indicative of exploratory
behavior.

Statistical analysis

The radial maze data were analyzed by three-way ANOVA with
repeated measures (RM ANOVA) on time factor (factors between
groups: age, two levels; group, two levels), followed by Bonferro-
ni’s test for multiple comparisons. Each week was considered as
a block of 5 days (factor within the groups: time/block, six levels).
Fecal pellets parameter was not analyzed or plotted because of
the lack of records greater than zero. Statistical analysis was
performed with SPSS v. 18.0, 2010, IBM, USA. All the variables
were plotted with the GraphPad Prism v. 5.0, CA, USA, 2010.
Results were expressed as mean�SEM. Asterisks represent the
significant [* P�0.05] and highly significant [*** P�0.001] differ-
ences.

To analyze and plot the data from the open field and the
elevated plus maze, two-way ANOVA (age, two levels�group,
two levels) followed by Bonferroni’s test was performed with
the GraphPad Prism software. Results were expressed as
mean�SEM. Asterisks represent the significant [* P�0.05] and
highly significant [*** P�0.001] differences by the exercise effect,
whereas the age effect was featured as numeral symbols
[# P�0.05] and [### P�0.001], respectively.

RESULTS

Radial maze

Fig. 2a: The percentage of correct entries was significantly
affected by the time effect [F(5,985)�44.18, P�0.0001],
age [F(5,985)�15.84, P�0.0001], and exercise [F(1,197)�
9.17, P�0.002]. Further analysis indicated that, although
all animals showed a clear trend to increase the number of
correct entries, AT rats showed a better performance than
age-matched controls. When we analyzed the effects of
age, we noted that middle-aged rats had a larger number
of correct entries than old ones. The exercise�age inter-
action was very significant, indicating that the effect of
training was different in middle age than in older animals.

Fig. 2b: The number of arms visited (right and wrong) was
very significantly affected by the time effect [F(5,985)�
44.26, P�0.0001] and by exercise [F(1,197)�19.84,
P�0.0001]; however, age did not affect this response. The
time�exercise interaction was significant, indicating that ex-
ercise enhanced the effects of learning on AT rats. Consis-
tent with data reported in (a), this interesting result indicated
that AT rats learned the task faster than SC rats.

Fig. 2c: The total time spent in finding the right arms
showed highly significant differences [F(5,985)�74.64,

P�0.0001] by the time, age [F(1,197)�33.90, P�0.0001],
and exercise effect [F(1,197)�13.73, P�0.0001]. Although
both, runners and controls, showed a strong trend to re-
duce the time to find the correct arms, AT rats, regardless
of age, were significantly (P�0.0001) faster in the first
week than SC.

Fig. 2d: In the case of working memory, we detected
highly significant differences by the time effect [F(5,985)�
27.42, P�0.0001]. All animals made fewer mistakes
throughout the sessions. Age markedly affected the work-
ing memory [F(1;197)�12.53, P�0.0001], showing that
middle-aged rats made fewer errors than old ones. Exer-
cise had no impact on this variable.

Fig. 2e: The spatial memory errors showed highly sig-
nificant differences [F(5,985)�37.21, P�0.0001] by time
and exercise [F(1,197)�18.32, P�0.0001]. We detected a
gradual trend in all animals to make fewer errors by time
effect. Time�exercise interaction again indicated that
training amplified the effects of learning in AT rats. Age did
not affect this response. We observed that AT rats made
fewer errors than SC rats. Similar to that reported in (b)
and (c) data, the old runners appear initially overcoming
middle age sedentary controls.

Fig. 2f: The success variable refers specifically to the
number of trials that met the criterion (see in section Eight-
arm radial maze). Three-way RM ANOVA showed highly
significant effects of time [F(5,85)�19.08, P�0.0001] and
exercise [F(1,17)�24.73, P�0.0001], and significant ef-
fects by age [F(1,17)�15.73, P�0.001]. Although all ani-
mals showed an increase in the number of successful
trials, block�exercise interaction showed that exercise did
not have the same effect along the sessions. The
age�exercise interaction showed that AT middle-aged
rats were the most efficient, and although outperformed
the older runners, both reached the criterion more times
than SC rats.

Fig. 2g: The number of grooming revealed significant
differences [F(5,985)�19.04, P�0.0001] by the time ef-
fect. All animals showed some degree of anxiety only in the
first week of the trial. This behavior was not affected either
by exercise or by age. No interaction was detected be-
tween sessions, exercise, or age.

Variable (h), fecal pellets: was not analyzed or plotted
because of the scarcity of values greater than zero in both
groups over the 30 days of testing.

The summary of the three-way RM ANOVA results is
widely reported in Table 1.

Open field

Fig. 3a: The latency was very significantly affected by age
[F(1,33)�20, P�0.0001], and significantly by exercise
[F(1,33)�6.70, P�0.014]. The exercise�age interaction
indicated that the effect of exercise on the latency de-
pended on the age. Post hoc analysis revealed that old AT
rats showeda significantly (P�0.001) lower latency than
the age-matched controls, whereas no differences were
detected among middle-aged runners and their respective
controls.

A. Pietrelli et al. / Neuroscience 202 (2012) 252–266 255
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Fig. 2. Effects of aerobic exercise and age on cognitive performance and anxiety-related behaviors in the eight-arm radial maze. Rats subjected to
aerobic routine on the treadmill running were trained for 24 and 64 wk. After the training, SC and AT rats were assessed over 30 d in the radial maze.
Graphs (a–f) show acquisition and consolidation curves of memory and learning in middle-aged (8 mon) and old rats (18 mon). Note that middle-aged
AT rats were the best performers, and older AT rats had better cognitive performance than SC. (g) Observe that the animals showed no anxiety-related
behavior and that neither age nor exercise altered this response. Points represent the weekly mean�SEM. Asterisks represent the exercise effects,
and show significant differences (*) when P�0.05, and highly significant (***) at P�0.001, which were detected by three-way RM ANOVA followed by
Bonferroni’s test. SC�sedentary control; n�20; AT�aerobically trained, n�20.

A. Pietrelli et al. / Neuroscience 202 (2012) 252–266256
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Fig. 3b: The distance or squares crossed (horizontal
activity) was significantly affected by exercise [F(1,33)�
7.96, P�0.008] and age [F(1,33)�79.35, P�0.0001]. In-
teraction was significant [F(1,33)�11.53, P�0.001], show-
ing that aerobic training did not have the same effect at 8
and 18 months of age. When comparing middle-aged vs.
old animals, regardless of exercise, we found that the
former crossed more squares than the latter (P�0.0001).
Middle-aged animals were more active and had a greater
preference for exploring than the old ones.

Fig. 3c: Time spent in the central square (horizontal
activity) was significantly affected by age [F(1,33)�56.41,
P�0.0001], but not by exercise. Interaction was not de-
tected. Middle-aged rats, regardless of exercise, reentered
to the central area more times than older rats.

Fig. 3d: Time spent in the peripheral squares (horizon-
tal activity) was significantly affected by age [F(1,33)�
41.14, P�0.0001]. The old rats showed greater preference
to remain in the peripheral areas related to middle-aged
rats. This behavior was also significantly affected by exer-
cise [F(1,33)�9.13, P�0.004]. Post hoc analysis showed
that old AT rats spent less time in the peripheral squares
(P�0.001) than the age-matched controls. No interaction
was detected.

Fig. 3e: The rearing and the thigmotaxis (vertical ac-
tivity) gave a measure of interest in exploring the new
environment. We observed a highly significant effect of
age showing that middle-aged rats were more interested in
exploring the open field than older animals. The exercise
did not modify this response and we found no interaction.

Fig. 3f: The grooming behavior was significantly af-
fected by exercise [F(1,33)�29.20, P�0.0001] and age
(F(1,33)�19.93, P�0.0001). Interaction was also de-
tected, indicating that physical activity did not have the
same effect at 8 months and 18 months [F(1,33)�9.32,
P�0.004]. Results revealed that old AT rats groomed sig-
nificantly less than SC of same age (P�0.0001). Exercise
did not affect this response in middle age: SC rats had very
few records, and AT, none.

Fig. 3g: The number of fecal pellets was significantly
lower in AT than in SC rats [F(1,33)�7.30, P�0.01]. Age
did not affect this response. No interaction was detected.

Fig. 3h: The number of times that rats urinated was
affected by exercise. We observed a significant reduc-
tion in it in AT rats compared with age-matched SC
[F(1,33)�5.15, P�0.029]. Data showed that this difference
was very significant in AT old animals. Age did not affect
this behavior, and no interaction was detected.

The overall results of the two-way ANOVA are widely
reported in Table 2. Table 3 summarizes the mean�SEM
of the variables (a–h) studied in the open field (OF).

Elevated plus maze

Fig. 4a: The latency was significantly affected by exer-
cise and age, although no interaction was detected. AT
rats needed less time to leave the central platform.
When analyzing the effect of age, we found that aged
rats presented longer latency, especially when compar-
ing SC and AT.T
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Fig. 4b: The number of entries into the open arms
showed no significant differences between AT and SC rats

(P�0.05). No interaction was detected; however, the re-
sponse was affected significantly by age [F(1,46)�36.33,

Fig. 3. Effects of aerobic exercise and age on anxiety-related behaviors in the open field. Rats subjected to aerobic routine were trained on the
treadmill running for 24 and 64 wk. After the training period, SC and AT rats were assessed in middle age (8 mon) and old age (18 mon) in the open
field. (a-h) note that aging had an anxiogenic effect. The exercise had an anxiolitic effect, particularly important in old age. Bars represent the
mean�SEM. The effects of age were characterized by numerals (#), and the effects of exercise were indicated by asterisks (*). Differences were
considered statistically significant [* or #] when P�0.05, and very significant [*** or ###] when P�0.001. Statistical analysis was performed with two-way
ANOVA followed by Bonferroni’s test. SC�no-ex (no-exercise), n�24; AT�ex (exercise), n�24.
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P�0.0001], indicating that middle-aged rats entered more
times than the old ones.

Fig. 4c: The number of entries to closed arms was
significantly affected by exercise [F(1,46)�10.77, P�
0.002] and age [F(1,46)�8.01, P�0.006], although no in-
teraction was detected. Subsequent comparisons showed
that only the old AT rats had fewer entries to the enclosed
arms than the SC rats of the same age (P�0.01), and that
middle-aged animals entered more times than the old,
regardless of group (P�0.001).

Fig. 4d: Time spent in open arms was significantly
affected by exercise [F(1,46)�16.23, P�0.0002], but not
by age. No interaction was detected. When comparing
group�age, significant differences were detected between
AT and SC at 18 months of age (P�0.001). Trained rats
spent more time exposed in the open arms than their
sedentary counterparts.

Fig. 4e: Consistent with the results reported in (c), we
observed that exercise significantly affected [F(1,46)�
16.32, P�0.0002] the time spent in closed arms. Old rats
spent less time (P�0.001) than age-matched controls.
There were no significant differences by age or interaction.

Fig. 4f: Rearing and thigmotaxis showed significant
differences [F(1,46)�5.92, P�0.018] by the effect of exer-
cise. Age did not affect the response and no interaction
was detected. When comparing group�age, it was ob-
served that AT rats, regardless of age, had a greater
number of rearing than SC, indicating a strong interest in
exploring the new environment (P�0.05).

Fig. 4g: The grooming was not affected either by ex-
ercise or by age, no interaction was detected.

Fig. 4h: The number of fecal pellets was significantly
lower in AT rats vs. SC [F(1,46)�5.01, P�0.03], but there
were no significant differences caused by age or interac-
tion.

Fig. 4i: The number of times the rats urinated showed
the same trend that we observed in (g).

AT rats urinated significantly [F(1,46)�6.44, P�0.014]
less than SC, both at 8 months and 18 months. Age did not
alter this response and no interaction was detected.

The overall results of the two-way ANOVA are widely
reported in Table 4. Table 5 summarizes the mean�SEM
of the variables (a–i) studied in the elevated plus maze
(EPM).

DISCUSSION

This study investigated the impact of chronic and moderate
aerobic exercise and aging on cognitive parameters and
anxiety-related behaviors. Based on the obtained results,
the treadmill running was methodologically appropriate to
study plastic and cumulative effects of aerobic exercise on
the brain and behavior, and modeled realistically the hu-
man activity, practiced regularly from youth to old age. The
AT animals showed good adaptation to the effort, greater
mechanical efficiency, and a progressive increase in the
physical performance.

Taking into account that forced and voluntary exercise
differentially affects brain and behavior (Leasure and
Jones, 2008) we discarded the model of voluntary exercise
because it does not allow the specific manipulation of the
stimulus (time and dose). Previous studies in humans and

Table 2. Open field. Summary of two-way ANOVA results, at middle age (8 mon) and old age (18 mon)

Exercise Age Interaction

Df F P Df F P Df F P

Latency (s) 1; 33 6.70 0.014 1; 33 20 0.0001 1; 33 7 0.012
Distance (m) 1; 33 7.96 0.008 1; 33 79.35 0.0001 1; 33 11.53 0.001
Time spent in central square (%) 1; 33 0.001 0.98 1; 33 56.41 0.0001 1; 33 0.47 0.49
Time spent in peripheral squares (%) 1; 33 9.13 0.004 1; 33 41.14 0.0001 1; 33 3.88 0.05
Rearing thigmotaxis 1; 33 1.46 0.23 1; 33 190.90 0.0001 1; 33 0.0001 0.98
Grooming 1; 33 29.20 0.0001 1; 33 19.93 0.0001 1; 33 9.32 0.004
Fecal pellets 1; 33 7.30 0.01 1; 33 1.22 0.27 1; 33 0.10 0.74
Urine 1; 33 5.14 0.02 1; 33 0.33 0.56 1; 33 2.38 0.13

Groups: SC (no-ex), n�12; AT (ex), n�12; Nt�48. Differences were considered highly significant when P�0.001, and significant when P�0.05.

Table 3. Open field. Summary of mean�SEM, Nt�48

8 mon (n�24) 18 mon (n�24)

SC (no-ex, n�12) AT (ex, n�12) SC (no-ex, n�12) AT (ex, n�12)

Latency (s) 27.77�10.69 28.66�6.85 133.80�21.48 56�14.19
Distance (m) 10.30�0.91 15.71�0.52 5.50�0.88 5.00�0.86
Time spent in central square (%) 76.60�9.01 80.85�3.08 35.00�5.24 30.90�3.14
Time spent in peripheral squares (%) 10.70�3.38 16.28�3.13 60.80�4.41 34.30�7.60
Rearing thigmotaxis 16.10�1.55 17.42�1.39 1.10�0.37 2.40�0.65
Grooming 0.50�0.26 0.00 2.10�0.17 0.30�0.21
Fecal pellets 5.40�0.89 2.85�1.16 4.20�0.72 2.20�0.61
Urine 0.60�0.16 0.42�0.20 1.10�0.34 0.20�0.13
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animals (Kim et al., 2003; Berchtold et al., 2010) showed
that the adaptations produced by exercise are time and
dose-dependent, so it is reasonable to assume that the
quantitative and qualitative physiological response varies
depending on the type of exercise and the duration of their
application.

Our work demonstrated that aerobic exercise in rats
affected chronically most of the cognitive variables in the
radial maze, and potentiated the effects of learning along
30 days, both in middle and old age. Experimental rats,
regardless of age, performed better than controls because

they learned faster and made fewer mistakes. This re-
sponse indicated that the trained animals reached higher
levels of acquisition, consolidation, and maintenance of the
spatial, motor, and procedural memory than controls, in
agreement with what was previously reported by Anderson
et al. (2000) and Albeck et al. (2006). This prolonged
consolidation occurs in the declarative memory system, a
hippocampus-dependent system, and could involve inter-
actions between the medial temporal region, the cerebral
cortex, and also a pathway through the cortex and neos-
triatum that plays an important role in the acquisition of

Fig. 4. Effects of aerobic exercise and age on anxiety-related behaviors in the elevated plus maze. Rats subjected to aerobic routine were trained
on the treadmill running for 24 and 64 wk. After the training period, SC and AT rats were assessed in middle age (8 mon) and old age (18 mon) in
the elevated plus maze. (a-i) note that aging had an anxiogenic effect. Notice that the exercise had an anxiolitic effect, particularly important in old age,
showing a trend similar to that observed in the OF. Bars represent the mean�SEM. The effects of age were characterized by numerals (#), and the
effects of exercise were indicated by asterisks (*). Differences were considered statistically significant [* or #] when P�0.05, and very significant [*** or
###] when P�0.001. The analysis was performed with two-way ANOVA followed by Bonferroni’s test. SC�no-ex (no-exercise), n�24; AT�ex
(exercise), n�24.
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habits, learned sequences, and sensorimotor adaptations
(Seger, 2006). However, the exercise did not improve the
working memory, a hippocampus-independent system
(Dudchenko, 2004), more related to the prefrontal cortex,
which is severely affected by aging (Bimonte et al., 2003).
As expected, the analysis of age and exercise interactions
revealed that the effects of exercise were modulated by
age. In this sense, AT middle-aged rats were the most
successful animals because they reached the criterion
more times than the remaining rats. The AT old rats
showed an amplified cognitive performance relative to
age-matched controls, and, in the first week, were even
more efficient than SC middle-aged rats, as demonstrated
by subsequent analysis of correct entries, number of arms
visited, time to find the right arms, and spatial memory
errors. The success variable summarized the cognitive
performance level, acquisition, and consolidation of mem-
ory achieved by animals, as it took into account the main
indicators of learning and memory (see in section Eight-
arm radial maze). The results indicated that AT older rats,
again, outperformed the middle-aged SC rats in the last
weeks of the trial. This interesting finding may suggest that
the effects of regular training acted cumulatively over the
long term, reversing the negative effects of physical inac-
tivity, and partially restoring the cognitive function in old
age.

In the case of grooming, all animals, regardless of age,
showed some degree of anxiety only in the first week that

quickly disappeared as a result of learning along the ses-
sions. This initial response was probably because of a
novelty, difficulty of the task, and/or social isolation; there-
fore, neither age nor exercise affected this behavior.

Based on the literature (Bimonte-Nelson et al., 2008;
Van Praag, 2009; Rhyu et al., 2010) it is reasonable to
consider that this adaptive response to aerobic exercise
involved structural and functional changes in the brain
through mechanisms that mediate neural plasticity, neuro-
genesis and neuronal survival, connectivity patterns, up-
regulation of neurotrophins and neurotransmitters, and
stimulation of the vasculature, allowing us to assume that
some of these phenomena have occurred in our rats, and
may partially explain the results, particularly in AT aged
rats.

A recent work from our laboratory (Pietrelli et al., 2011)
showed a significant increase in the size and dendritic
arborization of nitrergic cortical neurons, and upregulation
of the nitrergic system in neurons belonging to the cerebral
cortex, hippocampus, and striatum in 18-month old aero-
bically trained rats. Nitric oxide is essential in the acquisi-
tion phase of memory, but not in the consolidation or
maintenance phases. This could be involved in the protec-
tive effect of chronic exercise on the function and survival
of hippocampal, striatal, and cortical neurons, and thus on
the prevention of cognitive age-dependent decline.

Several authors (Ennaceur et al., 2006, 2010; Stan-
ford, 2007; Ramos et al., 2008) discuss that there is not an

Table 4. Elevated plus maze. Summary of two-way ANOVA results, at middle age (8 mon) and old age (18 mon)

Exercise Age Interaction

Fd F P-value Fd F P-value Fd F P-value

Latency (s) 1; 46 6.60 0.014 1; 46 4.8 0.034 1; 46 2.80 0.105
Open arms 1; 46 1.93 0.17 1; 46 36.33 0.0001 1; 46 0.008 0.92
Closed arms 1; 46 10.77 0.002 1; 46 8019 0.006 1; 46 3.02 0.08
Time spent in open arms (%) 1; 46 16.23 0.0002 1; 46 0.77 0.38 1; 46 7.41 0.009
Time spent in closed arms (%) 1; 46 16.32 0.0002 1; 46 0.75 0.38 1; 46 7.42 0.009
Rearing 1; 46 5.92 0.01 1; 46 0.24 0.62 1; 46 0.30 0.58
Grooming 1; 46 0.20 0.66 1; 46 1.64 0.20 1; 46 0.18 0.67
Fecal pellets 1; 46 5.01 0.03 1; 46 1.54 0.21 1; 46 0.06 0.80
Urine 1; 46 6.44 0.01 1; 46 0.13 0.71 1; 46 0.13 0.71

Groups: SC (no-ex), n�12; AT (ex), n�12; Nt�48. Differences were considered highly significant when P�0.001, and significant when P�0.05.

Table 5. Elevated plus maze. Summary of mean�SEM. Nt�48

8 mon (n�24) 18 mon (n�24)

SC (no-ex, n�12) AT (ex, n�12) SC (no-ex, n�12) AT (ex, n�12)

Latency (s) 22.33�5.44 11.36�3.12 68.60�24.08 17.83�3.06
Open arms 5.40�0.38 6.20�0.41 2.20�0.84 2.90�0.56
Closed arms 4.46�0.48 3.66�0.51 3.90�0.48 1.30�0.49
Time spent in open arms (%) 55.66�3.60 64.13�4.24 32.30�10.93 76.10�8.13
Time spent in closed arms (%) 44.46�3.58 35.93�4.27 67.80�10.93 23.90�8.13
Rearing 1.10�0.69 2.90�0.91 1.13�0.40 2.26�0.48
Grooming 0.13�0.09 0.26�0.15 0.40�0.16 0.40�0.22
Fecal pellets 1�0.42 0.20�0.02 1.60�0.56 0.60�0.40
Urine 1.20�0.31 0.40�0.13 1.20�0.41 0.60�0.16
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ideal model to measure anxiety and to discriminate its mul-
tidimensional components. From this perspective, each as-
say only provides a partial view of the subject, so it would be
more appropriate to use multiple tests involving a wide range
of stressful stimuli, such as novelty, contrast, brightness/
darkness, open/closed spaces, elevated spaces, social iso-
lation, and so forth.

Consistent with this view, we specifically investigated
the effects of chronic aerobic exercise and aging on anx-
iety-related behaviors of naive rats, with two tests that are
widely used for screening, the OF and the EPM. Both
models are based on the study of patterns of spontaneous
behavior, evoking a state of anxiety caused by the conflict
approach/avoidance that produces a new (heterotypic
stressor) and potentially threatening environment, and can
be used as alternative indexes of the same emotional
construct (Ramos, 2008).

Very few studies analyzed the relationship between
exercise and anxiety in humans and animal models. The
results were controversial. Some studies reported anxio-
lytic effect, other works reported anxiogenic effects or
mixed effects depending on the task or variable consid-
ered. For example, a previous study (Burghardt et al.,
2004) showed that the wheel running produced anxiogenic
effects in the OF and EPM, whereas the treadmill running
had no significant effect in either trial. Interestingly, it was
noted that the greatest anxiogenic effect in the EPM was
obtained after 8 weeks of exercise, whereas 4 weeks of
training showed changes only in the OF. Another paper
(García-Capdevila et al., 2009) investigated the effects of
exercise on anxiety-related behavior in young rats (2
months) and showed that, after 1 month of training with
voluntary wheel running, some indicators of emotional re-
activity in the OF and EPM increased, regardless of the
level of exercise. These results suggest that the type of
exercise and duration of its application also appear to be
important factors when evaluating the data in the OF and
EPM.

Given that anxiety is an emotional response that shows
different dimensions, and that emotion is a response to
action that has a motor, physiological, expressive, and
cognitive correlate (Belzung and Philippot, 2007), we de-
cided to measure the largest number of indicators, includ-
ing ethological variables such as defecation, urination,
rearing, thigmotaxis, or grooming that were used to en-
hance the overall performance of the test, and even as
indexes of anxiety-related behaviors in the absence of
changes in other more conventional indicators of test
(Rodgers and Dalvi, 1997). Moreover, our approach was to
evaluate outcomes using the general context of each test.

Currently there is a tendency to assume that aging
produces a hyper-reactivity to stress associated with high
levels of anxiety. In this study, we found that most of the
anxiety-related indexes measured in the OF, that is, la-
tency, time spent in the central and peripheral area, and
grooming, as well as variables related to exploratory be-
havior such as total distance (number of squares crossed),
rearing, and thigmotaxis were affected by aging. The old
rats, regardless of exercise, showed a significant increase

of the latency, which suggests a great emotional reactivity
to conflict approach/avoidance and a reduction in decision
making. Consistent with this behavior, the time spent in the
central platform (reentries) significantly decreased in rela-
tion to middle-aged rats. There was also an increased
grooming, and a significant decline of rearing and thig-
motaxis that correlated with a decrease of the exploratory
activity in parallel with the increase of the time spent in the
peripheral sectors. This response could be partly ex-
plained by the physiological deterioration of the musculo-
skeletal and locomotor system that occurs in aging.

When we analyzed the effect of exercise on these
variables, we found a significant reduction, especially in AT
older rats, in the following anxiety-related indexes: latency,
time spent in peripheral squares, grooming, urination, and
fecal pellets. As expected, AT middle-aged rats crossed
greater distances than the remaining animals, showing a
higher exploratory activity and locomotive efficiency. Con-
sistent with this observation, the increase in the time spent
in peripheral areas in SC older rats was accompanied by a
decrease in the time spent in the central platform.

The decrease in urination in old AT animals can be
explained by reduced emotional reactivity in relation to the
controls of the same age. We believe that this was not
because of differences in the amount of drinking water. As
runner rats drink more than controls because they are
more prone to dehydration, we would expect an increase in
the diuresis; however, the opposite occurred, the old SC
urinated more often, showing higher levels of anxiety. We
also rule out any pathology that may have affected the
renal function. The biochemical parameters of our rats,
evaluated every 6 months, were always within normal
values.

The results from the OF showed an increase in indica-
tors of anxiety-related behaviors with age, in disagreement
with a previous report (Torras-Garcia et al., 2005) that
found a significant and progressive decrease of anxiety in
middle-aged (17 months) and old (24 months) animals
when compared with young animals (3 months). They also
indicated that regular moderate exercise had an anxiolytic
effect, particularly important in old age, demonstrating its
benefit in the management of stress, by reduced emotional
reactivity.

Regarding EPM, and although data showed some
overlap in certain anxiety-related indexes measured in the
OF, we detected differences in behavioral responses,
which can be attributed to the design characteristics, re-
lated to the type and degree of stressors (Nosek et al.,
2008).

Aging affected critical indicators of anxiety such as
latency and open arm entries. Aged rats increased the
latency in relation to middle-aged animals, regardless of
exercise, showing a similar trend that reported in the OF,
and the number of entries into the open arms significantly
decreased. These responses again showed an increase in
the levels of anxiety with age. The locomotive activity,
evaluated by the number of entries to the closed arms, was
decreasing with age. This behavior correlated with an in-
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crease in the number of entries to open arms and the time
spent on them, in relation to age-matched controls.

The exercise also affected most of the variables indic-
ative of anxiety in the EPM: latency, number and time
spent in open arms, time spent in closed arms, number of
fecal pellets, and urination. AT rats, regardless of age, had
rearing and thigmotaxis behaviors significantly higher than
SC rats, indicating a greater interest in exploring. This
response was also different from that observed in the OF.
Possibly the differences may be caused by the physical
environment of the EPM, with more choices than the open
field (Roy et al., 2009).

The decrease in urination in AT animals, regardless of
age, can be explained by reduced emotional reactivity in
relation to the SC rats. We believe that this was not be-
cause of differences in the amount of drinking water.

The results in the EPM showed the same trend de-
tected in the OF, aging caused an increase in anxiety-
related behaviors, and the aerobic training had an anxio-
lytic effect that was particularly notorious in older runners.
This response was consistent with reports of Fulk et al.
(2004), who subjected young rats to chronic moderate
exercise on the treadmill for 10 weeks, and subsequently
tested in the OF and EPM.

Finally, we want to discuss some conceptual and meth-
odological aspects of our forced exercise model and its
relationship to stress response as we observed in our rats.

Running, like other stressors, poses a threat to homeo-
stasis that triggers the activation of both the sympathetic
nervous system, thus resulting in epinephrine production,
and the hypothalamic-pituitary-adrenal axis (HPA axis) re-
sulting in glucocorticoid production. This is because of the
increased demand for energy in somatic tissues. Stress
exerts complex effects on the brain, periphery, and behav-
ior dependent on the temporal profile and intensity of the
stressor. The runner gets adapted to running over time
(homotypic stress), and at different points during adapta-
tion to the same stressor, the response to a different
stressor (heterotypic stress) might be amplified or attenu-
ated (Stranahan et al., 2008).

Different authors (Naylor et al., 2005; Campbell et al.,
2009) reported that running initially causes an activation of
the HPA axis resulting in increases of the circulating cor-
ticosterone. These levels are gradually restored to normal
values with the long-term running. In rodents, aging is
associated with elevated basal glucocorticoid secretion
and prolonged stress-induced glucocorticoid release. Im-
paired shut-off of the glucocorticoid stress response may
be associated with loss of glucocorticoid feedback inhibi-
tion of the HPA axis (Segar et al., 2009). This explains, at
least in part, the anxiolytic effect of chronic exercise when
the animals were exposed to a new stressor (OF or EPM)
as well as the amplification of the behavioral response,
especially in older ones.

The chronic running (repetitive stressor) shows contro-
versial effects on function, shape, and proliferative capac-
ity of brain cells that impact certain cognitive and behav-
ioral parameters. Several researchers agree that long pe-
riods of voluntary running become stressful events that

decrease the hippocampal progenitor proliferation, possi-
bly through a general increase in some stress parameters
and the opioid system (Droste et al., 2003; Joëls et al.,
2007). According to Naylor and colleagues (2005) the
voluntary exercise had a biphasic effect on the hippocam-
pal progenitor proliferation in the adult rat that seemed to
be dependent on the level of running activity. For example,
rats that ran 9 days showed a remarkable increase in the
neuronal proliferation, whereas rats that chronically ran for
24 days showed suppression of neurogenesis by 50%.
They also observed a parallel increase of corticosterone
levels, particularly during the lights-off cycle. Our results in
the radial maze contradict some of these observations: the
negative effects of chronic stimulation of the HPA axis, or
the possible suppression of neurogenesis, even though
this phenomenon took place, cannot explain the remark-
able memory and learning levels achieved by runners.
However, other authors emphasize the positive effects of
chronic running on hippocampal function. In the brain of
runners, dendritic branching and the density of dendritic
spines are increased. These morphological alterations are
indicative of enhanced synaptic function, which could play
a critical role in facilitating hippocampal negative feedback
on the HPA axis. Also, the regulation of hippocampal glu-
cocorticoid receptor (GR) in rats may be duration-depen-
dent of stressor (Stranahan et al., 2008).

Exercise is a paradoxical stressor, whether it is volun-
tary or forced, because the adaptive response to physical
training is dual, “hormetic.” Findings from studies of animal
models and human populations suggest that hormesis
(beneficial effects of low levels of stress) is an effective
protection against many different diseases. Such stress-
resistance mechanisms can be bolstered by diverse envi-
ronmental factors including exercise, dietary restriction,
cognitive stimulation, and so forth. (Mattson, 2008).

The training phenomenon called supercompensation
was first described by Folbrot in 1941, and later discussed
by Hans Selye, who called it the general adaptation sín-
drome (GAS). The GAS theory is the basis of training, and
explains the hormetic response to effort. The greater the
degree of adaptation to the training process, the greater
the potential for high levels of functional performance.
Supercompensation that occurs after exercise, therefore,
is a relationship between work and regeneration that leads
to homeostatic adaptations to higher levels, as well as to
metabolic and neuropsychological amplification (Bompa
and Haff, 2009).

The voluntary wheel running, considered a controlla-
ble, predictable, and rewarding stressor by many research-
ers, does not allow modeling this type of stimulation.
Therefore, it is a non-specific exercise. The understanding
of critical issues such as bioenergetic properties, volume
and quality of exercise, and the impact of the timing of the
presentation of training stimuli on the timeline allow mod-
ulating the adaptive response to the chronic effort, even
direct it in a specific way. These characteristics determine
the nature of the response and the extent of the findings.
Therefore, the outcomes in forced and voluntary models,
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although they seem to share some features, are not com-
parable because they are not the same.

Most studies examining the effects of wheel-running
house animals are carried on a “one per cage basis” to
facilitate quantification of individual activity levels. How-
ever, the social isolation can activate per se the HPA axis,
making the animals more prone to the deleterious effects
of stress. Running-induced elevations in corticosterone are
prolonged in socially isolated runners. This suggests that
social isolation can influence the response of runners to
both a homotypic and a heterotypic stressor (Stranahan et
al., 2008).

Although the traditional view has primarily focused on
the negative effects of stress on a variety of somatic sys-
tems, emerging data support the idea that certain forms of
stress can enhance cellular function. One of the desirable
effects of the training is the increase in the homeostatic
capacity through supercompensation. It is reasonable to
assume that in the nervous system also, for example, at
hippocampal level, adaptation occurs by the phenomenon
of supercompensation. This response could be one reason
that partially explains why our forced runners showed
higher cognitive performance, whereas voluntary runners
showed an initial increase in the neurogenesis, and sub-
sequently a temporary stabilization followed by a gradual
decline or suppression because of lack of adequate stim-
ulation (Lucassen et al., 2010).

Although running indeed activates a number of sys-
tems related to the stress response, other mechanisms
exist to reduce and compensate this reactivity. For exam-
ple, the increase of the corticosterone level or the gener-
ation of reactive oxygen species (ROS) are part of the
hormetic effects of the exercise because, in parallel, it also
increases the resistance to stress, and overall the antiox-
idant capacity at the systemic level (Goto and Radák,
2010), acting as a protective factor (or neuroprotective),
and not as a risk factor.

A recent work of Bayod and colleagues (2011) con-
firms and reinforces our results. They chronically subjected
rats to treadmill running (9 months), and then examined
the effects of long-term moderate training on adult middle-
aged male rat cortex and hippocampus in order to identify
the cellular mechanisms behind the effects of exercise.
Chronic running induced an increase in IGF-1, a potent
survival factor for neurons and oligodendrocytes; the up-
regulation of sirtuin 1, a protein activated by stress that can
extend life and protect cells against energy deprivation and
oxidative stress; the stimulation of mitocondrial biogenesis
and the prevention of signs of neurodegeneration, mainly
in the hippocampus of the exercised animals.

In brief, upon the basis of the overall results obtained in
the RM, OF, and EPM, we conclude that the mild-moder-
ate stress produced during aerobic exercise results in
favorable homeostatic adaptations that protect organisms
against more severe stress or anxiety-related disorders,
and the age-dependent cognitive decline.

As this report is a longitudinal study over the life we
cannot know at what stage of the life cycle the deleterious
effects of aging are higher than the exercise effects. Per-

haps, it would be appropriate to set more cutoffs. We also
want to emphasize that this work is part of a larger project
involving numerous measurements at the cellular, morpho-
logical, and physiological levels that will be presented and
discussed in future publications.

CONCLUSION

In summary, the magnitude and quality of adaptive re-
sponse to chronic physical activity depend on the type of
exercise and the cumulative effect of its application. In the
present study, we demonstrated that aerobic exercise
practiced throughout life, acted on a time and dose-depen-
dent manner, produced plastic effects on the brain and
behavior, and that these effects were modulated by age.
Considering the results of the three tests in a broader
context, we conclude that aging increased anxiety-related
behaviors, and moderate and regular exercise improved
the cognitive performance, and positively affected emo-
tional aspects of behavior, leading to a better management
of stress. These beneficial effects were important in old
age.

Our work also provides new evidence of the neuropro-
tective and restorative properties of regular physical activ-
ity on the cognitive decline associated with aging, and its
ability to reverse the potentially negative effects of inactiv-
ity. The mechanisms underlying these effects appear to
operate throughout life when they are properly stimulated,
but still do not know if they are the same through the years
or stop acting when the exercise ends. Research in human
exercise physiology and several observations in animal
models suggest that it is unlikely that the adaptive mech-
anisms triggered by aerobic exercise do the same through-
out life. Could there be similar responses in young and old
subjects, but mediated by different mechanisms? Could
there be a “priming effect” that functions as a cognitive
reserve in the elderly? Which among these structural and
functional changes are stable, partially or completely re-
versible beyond the period of exposure to the experience?
There are still many questions to answer.

Finally, the knowledge of the physiological response to
exercise in the long term will contribute to the development
of non-pharmacological strategies aimed at the prevention
and treatment of the deterioration of brain health, and the
design of therapies for the physical and neurocognitive
rehabilitation of older people.
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