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Abstract
Humans who exercise are less likely to suffer from stress-related mood disorders. Similarly, rats
allowed voluntary access to running wheels have constrained corticosterone responses to mild
stressors and are protected against several behavioral consequences of uncontrollable stress which
resemble symptoms of human anxiety and depression, including exaggerated fear and deficits in
shuttle box escape learning. Although exercise conveys clear stress resistance, the duration of time
the protective effects of exercise against the behavioral consequences of uncontrollable stress
persist following exercise cessation is unknown. The current studies investigated 1) whether
exercise-induced stress resistance extends to social avoidance, another anxiety-like behavior
elicited by uncontrollable stressor exposure, and 2) the duration of time the protective effects of
exercise persist following forced cessation of exercise. Six weeks of wheel running constrained
the increase in corticosterone elicited by social exploration testing, and prevented the reduction in
social exploration, exaggerated shock-elicited fear, and deficits in escape learning produced by
uncontrollable stress. The protective effect of voluntary exercise against stress-induced
interference with escape learning persisted for 15 days, but was lost by 25 days, following
cessation of exercise. An anxiogenic effect, as revealed by a reduction in social exploration and an
increase in fear behavior immerged as a function of time following cessation of exercise. Results
demonstrate that the protective effect of voluntary exercise against the behavioral consequences of
uncontrollable stress extends to include social avoidance, and can persist for several days
following exercise cessation despite an increase in anxiety produced by forced cessation of
exercise.
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1.0 Introduction
Physical activity is one of the few environmental manipulations known to increase stress
resistance. The stress resistance conferred by physical activity can be observed on many
levels, from neuroendocrine [5,11,16,41] and immunological [15,17,37], to behavioral
[4,9,12,20]. Laboratory rats allowed voluntary access to running wheels, for example, are
protected against the development of anxiety- and depression- like behavioral consequences
of exposure to a variety of stressors. Investigation of the powerful stress resistance produced
by exercise could provide insight into novel therapeutic or preventative strategies, including
the design of exercise programs optimal for mental health.

Exposure to uncontrollable stress produces a sequelae of behaviors in rodents which
resemble symptoms of human stress-related psychiatric disorders. We have observed that
rats allowed 6 weeks of voluntary access to running wheels are protected against many of
these behavioral consequences of uncontrollable stress, including exaggerated fear
conditioning [24], interference with shuttle box escape [9,13,24], and potentiation of the
rewarding effects of morphine [39]. In addition to these behaviors, uncontrollable stress
reduces social exploratory behavior [6], an effect argued to resemble anxiety [7]. Social
avoidance produced by uncontrollable stress is dependent on hyperactivation of serotonin
(5-HT) neurons in the dorsal raphe nucleus (DRN) [6]. Six weeks of wheel running
constrains activity of DRN 5-HT neurons during uncontrollable stress [24]; therefore we
might expect that 6 weeks of wheel running would also prevent the stress-induced reduction
in social exploration. One goal of the current studies is to test this hypothesis.

To date, every animal study investigating the behavioral effects of exercise on anxiety- or
depression-like behaviors of which we are aware have exposed the animals to stress or
behavioral testing within 24 hours following the last exercise bout. In our own experiments,
rats are typically allowed access to their wheels before and after stressor exposure, and are
tested for stress-induced behaviors the morning following a night of voluntary activity. It is
unlikely that the protective effect of exercise against the behavioral consequences of stress is
permanent. The second goal of the current studies, therefore, is to identify how long the
protective effect of voluntary exercise persists following forced cessation of exercise. This
knowledge could have important implications for the effects of human exercise
participation, which is often discontinuous [34].

2.0 Materials and methods
2.1 Animals

Male, Fischer F344 rats (total N = 161) were housed in a temperature (22°C) and humidity-
controlled environment and were maintained on a 12:12 h light/dark cycle (lights on 0600–
1800). Experimental rats were 6–7 weeks old upon arrival to the animal colony. Juvenile
rats used for the social exploration tests were housed in groups of 6 and were 28–32 days old
(90 – 100 g) at the time of testing. Animals acclimatized to these housing conditions for 1
week prior to any experimental manipulation. Experimental animals were individually
housed in Nalgene Plexiglas cages (45 × 25.2 × 14.7 cm). Care was taken to minimize
animal discomfort during all procedures. All experimental protocols were approved by the
University of Colorado Animal Care and Use Committee.

2.2 Voluntary wheel running
Animals were randomly assigned to either remain sedentary with no wheels (Sedentary
condition) or were housed in cages with attached running wheels (Mini Mitter, Bend, OR;
Run condition) that were rendered immobile with a metal stake during the 1 week
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acclimatization period. Prior studies indicate that sedentary rats housed without a wheel or
with a locked wheel behave similarly following uncontrollable stress [20]. Following the
acclimatization period, all wheels were unlocked and rats in the run condition were allowed
voluntary access to their wheels. Daily wheel revolutions were recorded digitally using Vital
View software (Mini Mitter) and distance was calculated by multiplying number of
revolutions by wheel circumference (1.081 m).

2.3 Uncontrollable stress
Rats were randomly assigned to be left undisturbed in their home cages (No Stress) or were
restrained in Plexiglass tubes (23.4 cm long and 7.0 cm in diameter) and exposed to 100, 5 s,
1.5 mA (average ITI of 1 min) uncontrollable tail shocks (Stress) following our previously
published protocols [22,24,27]. All rats were stressed during their inactive (light) cycle,
between 0800 and 1000. This tail shock protocol was used because tail shock is a consistent,
quantifiable stressor that is known to produce behaviors in rats that resemble symptoms of
stress-related mood disorders, including reductions in social exploratory behavior,
exaggerated fear conditioning, and deficits in instrumental escape learning [7,31].

2.4 Behavioral testing
2.4.1 Social exploration testing—The juvenile social exploration test described by
Christianson et al. [7] was used here. Testing for baseline juvenile social exploration
occurred 1 week prior to uncontrollable stress. During social exploration testing, each adult
experimental subject was placed into separate, plastic cages identical to their home cages
with bedding and a plastic, filter-top lid between 0700 – 0800 h. After 1 h, a 28–32-day-old
male juvenile was introduced to the cage for 3 min and exploratory behaviors (sniffing,
pinning and allogrooming) were timed by an observer blind to treatment. After the test the
juvenile was removed and the experimental rat was returned to the home cage. Baseline
testing was used to reduce neophobia to the social exploration procedure. Two rats (one
sedentary and one physically active) displayed less than 20 seconds of social exploration
during the baseline testing and were excluded from the study.

One week after baseline testing, and 24 h following uncontrollable stress or no stress, rats
were again tested for social exploratory behaviors as described for the baseline test.
Different juvenile rats were used for the two social exploration tests, so that experimental
rats were not exposed repeatedly to the same juvenile. Following the completion of social
exploration testing, rats that were tested for freezing and escape behaviors (Experiment 2)
were transferred to brightly lit shuttle boxes. Social exploration occurred prior to fear and
escape behavioral testing so that shock administration during fear and escape testing
wouldn’t interfere with social exploration behavior.

2.4.2 Shock-elicited freezing and escape behavior—Shock-elicited freezing and
escape behavior were assessed as previously described [22,24]. Briefly, freezing behavior,
defined as the absence of all movement except that required for respiration, was observed
for 10 min immediately after placement of the rats into the shuttle boxes. Freezing was
scored using a random sampling procedure whereby rats were either scored as freezing or
not freezing every 10 seconds by an observer blind to the treatment condition of the animals.
Rats then received 2 fixed ratio-1 (FR-1) foot shocks (0.7 mA, 1 min ITI), escape from
which was possible by crossing through the shuttle box door to the opposite side of the
shuttle box. The 2 FR-1 trials were followed by a 20 min, post-shock freezing observation
period. Freezing immediately following shock presentation is a measure of fear conditioned
to cues present in the shuttle box [14]. Following the post-shock freezing period, rats
received 25 FR-2 foot shocks (0.6 mA, 1 min ITI). If rats failed to perform the FR-2
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contingency within 30 s, the shock was terminated and a 30 s escape latency was recorded
for that trial.

2.5 Assessment of corticosterone
Trunk blood was collected from non-stressed, sedentary and exercised rats that were either
naïve to behavioral testing, or immediately after a juvenile social exploration test
(Experiment 1). Plasma corticosterone levels were assessed using the Corticosterone
Enzyme Immunoassay Kit (Assay Designs; Ann Arbor, Michigan) following the
manufacturer’s instructions. Samples were diluted 1:50 in Steroid Displacement Reagent
made by adding 5.0 μl of the concentrated Steroid Displacement Reagent to 10.0 ml of
Assay Buffer 15.

2.6 Procedures
The first experiment tested the hypothesis that 6 weeks of wheel running would 1) prevent
the reduction of social exploratory behavior produced by uncontrollable stress and 2)
attenuate the slight increase in corticosterone elicited by the mild stress of the social
exploration testing procedure. Baseline social exploration tests were conducted following 5
weeks of the sedentary or exercise conditions. One week later, during which exercised rats
were allowed access to their running wheels, rats were exposed to no stress or uncontrollable
tail shock. Social exploration testing occurred 24 h later. Rather than being tested for
conditioned fear and shuttle box escape behaviors, non-stressed rats in Experiment 1 were
sacrificed immediately following social exploration for assessment of plasma corticosterone.
In order to determine the effect of the social exploration testing procedure and prior wheel
running on corticosterone, corticosterone values from rats exposed to social exploration
were compared to sedentary and exercised rats naïve to social exploration behavioral testing.

The goal of the second experiment was to determine if the protective effects of voluntary
exercise against the behavioral consequences of uncontrollable stress persist for up to 25
days following forced cessation of exercise. At 7–8 weeks of age, wheels in the cages of rats
assigned to the voluntary exercise condition were unlocked and remained unlocked for 6
weeks. All rats started exercising at the same time to avoid potential confounds associated
with varying the age of onset of exercise. Following 6 weeks of the sedentary or exercise
conditions, wheels in the cages of the exercised rats either remained unlocked and mobile
(Run 0), or were rendered immobile with a metal stake. Rats were then exposed to no stress
or uncontrollable stress the next day, 4, 14, or 24 days later. Behavioral testing for social
exploration, shock-elicited fear, and shuttle box escape occurred 24 h following no stress or
uncontrollable stress, so that exercised rats were forced to remain sedentary for either 0 days
(Run 0), 5 days (Run 5), 15 days (Run 15), or 25 days (Run 25) prior to behavioral testing.
Cohorts of non-stressed and stressed sedentary rats were tested at each time point. In
experiment 2, cage crossings during the 3 min exploration test were also recorded as a
measure of locomotor activity. A cage crossing was counted whenever all 4 paws belonging
to the experimental rat crossed over line dividing the center of the cage (perpendicular to the
long edge of the cage).

2.7 Statistical analysis
Body weights and running data were analyzed using repeated measures ANOVA. Plasma
corticosterone and total time spent exploring during the 3 minute social exploration test
(during experiment 1) was compared using a 2 (sedentary vs. run) by 2 (no stress vs. stress)
ANOVA. Post-shock freezing data were averaged into 10, 2 minute blocks and analyzed
with 2 (no stress vs. stress) by 5 (sedentary vs. Run 0 vs. Run 5 vs. Run 15 vs. Run 25)
repeated measures ANOVA. Number of cage crossings and time spent exploring during
experiment 2, average % freezing during the pre-shock freezing period and over the entire
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20 minute post-shock freezing period, as well as average FR-1 and FR-2 escape latencies
were compared using 2 (no stress vs. stress) by 5 (sedentary vs. Run 0 vs. Run 5 vs. Run 15
vs. Run 25) ANOVAs. Post-hoc within group comparisons using Fisher PLSD tests were
performed when required. Significance was set at p < 0.05.

3.0 Results
3.1 Experiment 1

3.1.1 Body weight and running behavior—Average body weight gain over the course
of the experiment is shown in Figure 1A. Rats in the Sedentary and Run groups weighed
similar amounts prior to the start of voluntary running. All rats gained weight over time (F
(6, 168) = 812.7; p < 0.0001), but exercised rats gained less weight than sedentary rats (F (6,
168) = 16.6; p < 0.0001). Average weekly distance run is shown in Figure 1B. Weekly
running distance increased steadily over the course of the experiment (F (5, 70) = 15.3; p <
0.0001) from 8.1 ± 0.92 km during week 1 to a peak of 23.8 ± 2.12 km during week 4.
Similar to our prior observations in F344 rats [22,23], running distance plateaued during the
final 3 weeks of wheel running.

3.1.2 Social exploration—Group sizes for experiment 1 were as follows: Sedentary, No
Stress (n =7), Sedentary, Stress (n = 8), Run, No Stress (n =8), Run, Stress (n =7). Exposure
to stress reduced social exploration in sedentary rats and 6 weeks of prior wheel running
blocked the stress-induced reduction of social exploration (Figure 2A). The main effects of
exercise (F (1, 26) = 13.01; p < 0.01), stress (F (1, 26) = 11.58; p < 0.05), and the interaction
between exercise and stress (F (1, 26) = 4.2; p < 0.05) were all significant. Post-hoc
comparisons revealed that rats in the Sedentary, Stress group explored the juvenile less than
rats in all other groups (Figure 2A).

3.1.3 Corticosterone—Group sizes were as follows: Sedentary, No Social Exploration
Testing (n = 6), Sedentary, Social Exploration Testing (n = 7), Run, No Social Exploration
Testing (n = 6), Run, Social Exploration Testing (n = 7). Exposure to the social exploration
procedure increased corticosterone in sedentary, but not physically active, rats (Figure 2B).
The main effects of exercise (F (1, 22) = 8.79; p < 0.01) and social exploration testing (F (1,
22) = 7.93; p < 0.05), as well as the interaction between exercise and testing (F (1, 22) =
6.37; p < 0.05) were all significant. Post-hoc comparisons revealed that corticosterone levels
in rats belonging to the Sedentary, Social Exploration Testing group were higher than all
other groups.

3.2 Experiment 2
3.2.1 Body weight and running behavior—Figure 3 depicts the design of experiment
2. Average body weight gain over the course of the experiment is shown in Figure 4A. As in
the first experiment, rats in the Sedentary and Run groups weighed similar amounts prior to
the start of voluntary running. All rats gained weight over time (F (6, 612) = 1234.3; p <
0.0001), but physically active rats gained less weight than sedentary rats (F (6, 612) = 7.16;
p < 0.0001). Average weekly distance run is shown in Figure 4B. Weekly running distance
increased steadily over the course of the experiment from 10.46 ± 0.6 km during week 1 to a
peak of 31.9 ± 2.56 km during week 5 (F (5, 350) = 51.04; p < 0.0001).

3.2.2 Behavior—Behavior of sedentary rats tested at the different time points was
indistinguishable, and sedentary rats were similarly impacted by stress regardless of age;
thus rats in the Sedentary, No Stress and Sedentary, Stress groups tested at the various time
points (n = 4–5/group) were pooled to yield one Sedentary, No Stress group (n = 17) and
one Sedentary, Stress group (n = 16). Non-stressed and stressed physically active rats were
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tested at each time point following wheel lock, resulting in the following group sizes: Run 0,
No Stress (n = 4); Run 0, Stress (n = 8); Run 5, No Stress (n = 8); Run 5, Stress (n = 13);
Run 15, No Stress (n = 8); Run 15, Stress (n = 13); Run 25, No Stress (n = 8); Run 25, Stress
(n = 9). Escape latency data from 1 rat in the Run 15, No Stress were not included in the
analyses because the data were lost due to a hardware malfunction.

Cage crossings during the 3 min social exploration test are shown in Figure 5A and social
exploration behavior is shown in Figure 5B. Rats with a history of wheel running performed
fewer cage crossings during the social exploration test compared to sedentary rats (F (4, 94)
= 3.09; p = 0.01), and stressor exposure reduced the number of cage crossings (F (1, 94) =
34.5; p < 0.0001). Stress reduced cage crossings regardless of history of prior physical
activity (F (4, 94) = 0.71; p > 0.05). Stress reduced social exploration in sedentary rats, and
6 weeks of wheel running again prevented the stress-induced reduction in social exploration
behavior. ANOVA revealed that both the main effect of exercise (F (4, 94) = 7.08; p <
0.0001) and the interaction between exercise and stress (F (4, 94) = 2.5; p = 0.04) on social
exploration were significant. Post-hoc analyses revealed that stress reduced social
exploration in sedentary rats only (p < 0.001, mean difference = 19.27). At no point
following exercise cessation did stressor exposure reduce social exploration if rats had prior
access to a running wheel. Interestingly, however, previously physically active rats whose
wheels were locked 25 days prior to behavioral testing displayed a reduction in social
exploration in the absence of stress. The Run 25, No Stress and Stress groups differed from
all other groups, except the Sedentary, Stress group.

Freezing behavior across 2 minute blocks prior to and following the 2 FR-1 trials is shown
in Figure 6A–D. Pre-freezing was minimal and did not differ between groups. Exposure to
stress potentiated shock-elicited freezing in sedentary rats and, similar to our previous
reports [22,24], 6 weeks of wheel running prevented the effect of stress on shock-elicited
freezing. Repeated measures ANOVA revealed significant main effects of exercise (F (4,
94) = 12.3; p < 0.0001), stress (F (1, 94) = 9.47; p < 0.01), and time (9, 846) = 34.6; p <
0.0001) on shock-elicited freezing behavior. The interactions between exercise and stress (F
(4, 94) = 2.47; p = 0.04) and exercise and time (F (36, 846) = 1.78; p < 0.01) were also
significant. Average shock-elicited freezing behavior is shown in Figure 6E. Post-hoc
comparisons revealed that stress potentiated shock elicited freezing behavior in sedentary
rats only (p < 0.0001, mean difference = −31.53). At no time point following exercise
cessation did stress potentiate freezing behavior in rats with a history of wheel running.
Exercise cessation by itself, however, increased shock-elicited freezing as a function of time
following wheel lock. Rats in both the Run 15, No Stress and Stress groups displayed higher
shock-elicited freezing than rats in the Sedentary, No Stress (p = 0.04, mean difference =
16.43; p = 0.001, mean difference = 21.86, respectively), Run 0, No Stress (p = 0.01, mean
difference = −28.54; p = 0.002, mean difference = −33.97, respectively), and Run 0, Stress
(p = 0.03, mean difference = −19.88; p = 0.003, mean difference = −25.31, respectively)
groups. Similarly, rats in the Run 25, No Stress and Stress groups displayed higher shock-
elicited freezing compared to rats in all other groups except the Sedentary, Stress group and
both Run 15 groups.

Six weeks of wheel running prevented the shuttle box escape deficit produced by
uncontrollable stress and this effect persisted at least 15 days following forced cessation of
exercise (Figure 7). The protective effect of exercise against the escape deficit, however,
was no longer present 25 days following forced cessation of exercise. The mean FR-1
escape time was 1.08 ± 0.55 seconds and neither exercise (F (4, 94) = 0.72; p > 0.05) nor
stress (F (1, 94) = 1.22; p > 0.05) altered FR-1 escape latency (data not shown). The main
effects of exercise (F (4, 93) = 14.09; p < 0.0001) and stress (F (1, 93) = 17.5; p < 0.0001),
as well as the interaction between exercise and stress (F (4, 93) = 4.7; p < 0.01) on FR-2
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escape latency were all significant. Post-hoc comparisons indicated that sedentary rats
exposed to stress escaped slower than all other groups including the Sedentary, No Stress (p
< 0.0001, mean difference = −14.56) and Run 25, Stress (p = 0.01, mean difference = −6.8)
groups. At no time point did FR-2 escape latencies of non-stressed physically active rats
differ from that of non-stressed sedentary rats.

4.0 Discussion
Here we report the novel finding that the protective effect of voluntary exercise against the
behavioral consequences of uncontrollable stress extends to include the anxiety-like
reduction in social exploratory behavior. Moreover, exercise-induced resistance against the
behavioral consequences of uncontrollable stress, including the reduction in social
exploration, exaggerated fear, and the shuttle box escape deficit, persists between 15 and 25
days following forced exercise cessation despite the emergence of anxiety-like behaviors
(social avoidance and exaggerated shock-elicited fear) in regularly-exercising rats denied
access to their wheels. Similar to the attenuation of hypothalamic-pituitary-adrenal axis
responses to other mild stressors such as noise, saline injection, and exposure to a novel
environment following voluntary exercise [5,10,11], we report that 6 weeks of wheel
running also attenuates the corticosterone response to the social exploration procedure,
which includes both exposure to a novel cage and a juvenile. If our findings extend to
humans, the current results imply that although forced cessation of exercise is potentially
anxiogenic, people with a history of regular physical activity need not exercise every day in
order to maintain exercise-induced stress resistance.

Despite the clear anxiolytic effects of physical activity in humans [33,38], the effects of
exercise on anxiety in rodent models of baseline and conflict anxiety remain equivocal (e.g.
[3,4,12,19]). What is becoming clear, however, is that anxiolytic effects of exercise in
rodents seem to be most robust following exposure to manipulations, be they environmental
or pharmacological, which can increase anxiety beyond that elicited by the tests alone (for a
review, see [21]). Using a variety of anxiety tests including open field, light-dark box, the
hole-board test, fear conditioning, and acoustic startle, for example, exercise has been
observed to prevent anxiety elicited by 24 hours of sleep deprivation [46], oxidative stress
[40], experimentally-induced colitis [29], uncontrollable stress [21,24], morphine
withdrawal [35], acute administration of a selective 5-HT reuptake inhibitor [25], and the
non-selective serotonin (5-HT) 2 receptor agonist mCPP [18]. The current results indicate
that the anxiolytic effect of voluntary exercise also includes protection against
uncontrollable stress-induced social avoidance. Because stressor exposure reduced
spontaneous motor activity in all groups regardless of history of wheel running, the
protective effect of wheel running against the behavioral consequences of uncontrollable
stress observed in the current study are likely independent of a potential effect of exercise on
motor activity. In fact, rats with a prior history of wheel running performed even fewer cage
crossings during the social exploration procedure than sedentary rats; despite spending more
time actively exploring the juvenile. The protective effect of exercise against stress-induced
anxiety thus appears to be a relatively robust, consistent observation that extends across
many stressors and rodent anxiety tests. This is interesting considering the human data
suggesting the anxiolytic effects of exercise are most robust in individuals who are most
susceptible to anxiety [43].

We have previously reported that the protective and therapeutic effects of voluntary exercise
against the behavioral consequences of uncontrollable stress take time to develop. Whereas
2–3 weeks of wheel running fails to prevent [22] or reverse [26] the behavioral
consequences of stress, 6 weeks of wheel running does both [22,26 ]. The current study
investigated a similar question: if, and for how long, the protective effect of wheel running
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would persist following termination of exercise. Following 6 weeks of voluntary exercise,
rats’ access to wheel running was denied by locking the wheels to prevent rotation. Stressor
exposure and behavioral testing then occurred at various time points later. Inclusion of both
non-stressed and stressed rats at each time point following wheel lock allowed the
investigation of not only the duration of the persistence of the protective effect of wheel
running against the behavioral consequences of uncontrollable stress, it also allowed us to
determine the effect of forced cessation of exercise on anxiety-like behavior. Interestingly,
anxiety-like behavior emerged in previously physically active rats following forced exercise
cessation. Exaggerated shock-elicited fear emerged in non-stressed, previously physically
active rats 15 days following wheel lock, and this exaggerated fear was even more robust in
the group of previously physically active rats tested 25 days after wheel lock. Similarly, a
reduction in social exploratory behavior emerged in previously physically active rats 25
days following forced exercise cessation. The impact of forced exercise cessation was
behaviorally specific, as locking the wheel did not by itself impair escape behavior. This
divergence suggests that forced exercise withdrawal might selectively impact the
neurocircuitry underlying social and fear behaviors, but not escape learning. The basolateral
amygdala has been implicated in social avoidance and exaggerated fear behavior [7,44],
whereas the dorsal striatum is a region critical for the deficit in escape learning following
stressor exposure [44]. Forced cessation of exercise could therefore most readily impact
anxiety-like behaviors involving the amygdala. These results suggest that forced cessation of
exercise could be stressful and anxiogenic to rats with a history of habitual exercise. Indeed,
this interpretation is consistent with prior data reporting forced cessation from voluntary
exercise produces signs of stress in rats, such as increased aggression [28], and clinical
observations indicating withdrawal from regular exercise can promote negative mood,
including anxiety [2,36]. Similar to the anxiogenic effect of forced exercise cessation
observed in the current study, withdrawal from drugs of abuse is also associated with
increases in anxiety in rodents [8,42]. This similarity suggests that exercise and abusive
drugs could produce some similar plastic changes in neural circuitries underlying anxiety
elicited by withdrawal from habitual rewarding stimuli.

The protective effect of exercise against the social avoidance and impaired escape behavior
produced by stressor exposure clearly remained intact for as long as 15 days following
forced exercise cessation. Although levels of freezing started to increase in rats forced to
stop exercising 15 days prior to behavioral testing, stressor exposure did not increase
freezing at this time point any more than exercise cessation alone; despite the freezing level
being far from maximal. The protective effect of exercise against stress-induced exaggerated
fear, therefore, also appears to remain intact for at least 15 days following forced withdrawal
from exercise. Resistance against the behavioral consequences of uncontrollable stress
produced by voluntary exercise thus appears to be an enduring effect. Rats in this study
began running at a relatively young age of 6–7 weeks. It would thus be interesting to
determine if similar, lasting stress resistance can be conferred by exercise initiated at an
older age, or even more permanent protection can be conferred if rats begin exercising at an
even younger age.

Rats tested 25 days after forced exercise withdrawal were clearly no longer protected against
the deficit in escape learning produced by uncontrollable stress. The protective effect of
voluntary exercise against at least some of the behavioral consequences of uncontrollable
stress thus appears to dissipate by 25 days following exercise cessation. Because of the
dramatic increase in anxiety behaviors expressed by previously physically active rats 25
days following wheel lock, it is difficult to determine whether the protective effect of wheel
running against social avoidance and exaggerated fear are similarly dissipated by this point.
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It is interesting that the anxiety-like behaviors produced by exercise cessation weren’t
apparent immediately after wheel lock (e.g. at the 5 day time point), but instead took
between 15 to 25 days to be revealed. Perhaps the exercise-induced neuronal plasticity that
protects physically active rats from the behavioral consequences of uncontrollable stressor
exposure also protects the animals from the potential stress of forced exercise withdrawal.
Indeed, the protective effect of wheel running against the behavioral consequences of
uncontrollable stress take at least 3 weeks to develop [22]. Here we show that a similar time
period of approximately 25 days is required for this protection to dissipate. The enduring
anxiety-like behavioral impact of forced withdrawal from exercise may thus only become
apparent as these plastic changes fade. Additional studies will be required to determine the
duration of time the anxiety-like effects of forced exercise withdrawal persist.

The current data could help provide insight into the mechanisms by which exercise increases
stress resistance. Because the protective effects of wheel running against the behavioral
consequences of uncontrollable stress persist at least 15 days following exercise cessation,
there should be some physiological change elicited by wheel running that is also long-
lasting. The increase in brain-derived neurotrophic factor (BDNF) in the hippocampus
elicited by exercise has been suggested to be important for some behavioral effects of
exercise [45]. The persistence of the increase in BDNF following termination of voluntary
exercise remains equivocal, however; with one study reporting a rapid decrease in BDNF
mRNA in the hippocampus of spontaneous hypertensive rats following termination of long-
term voluntary exercise [47], and another reporting an increase in BDNF protein in the
hippocampus of C57BL/6 mice that persisted for 2 weeks following exercise cessation [1].
These conflicting data, along with our prior report that the protective effects of wheel
running against stress-induced exaggerated fear and interference with shuttle box escape are
independent of hippocampal BDNF [27], suggest that other factors might be involved.
Given the important role of 5-HT in stress, anxiety, and the behavioral consequences of
uncontrollable stress [30,32]; exercise-induced plasticity in the 5-HT system [20,23] might
linger following exercise cessation and could contribute to the maintenance of exercise-
induced stress resistance.
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Research Highlights

• Voluntary exercise prevents stress-induced social avoidance

• Voluntary exercise attenuates mild stress-evoked increases in corticosterone

• Forced cessation of exercise increases anxiety-like behaviors in rodents

• Exercise-induced stress resistance endures following forced cessation of
habitual exercise
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Figure 1.
Male Fischer 344 rats used in experiment 1 remained sedentary or were allowed voluntary
access to running wheels for 6 weeks. A. Mean weekly body weight change (grams) of
sedentary and physically active (6 wk Run) rats. B. The mean distance (kilometers) ran each
week by the physically active rats. Values represent group means ± SEM. BL, Baseline.
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Figure 2.
Male Fischer 344 rats remained sedentary or were allowed voluntary access to running
wheels for 6 weeks (6 wk Run). A. Rats were exposed to 100 uncontrollable tail shocks
(Stressed) or remained in their home cages (No Stress). Time spent exploring (seconds) was
assessed in a juvenile social exploration test 24 hours later. B. Rats either remained in their
home cages (No Social Exploration Testing) or were exposed to the social exploration
testing procedure (Social Exploration Testing). Trunk blood was collected immediately after
social exploration testing and corticosterone was assessed. None of the rats used in Figure
2B were exposed to uncontrollable tail shock stress. Values represent group means ± SEM.
* p < 0.05 relative to all other groups.
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Figure 3.
Timeline for experiment 2. Following 1 week of habituation to the colony following arrival,
male Fischer 344 rats remained sedentary or were allowed voluntary access to running
wheels for 6 weeks. Following 6 weeks of the sedentary or exercise conditions, wheels in
the cages of the exercised rats either remained unlocked and mobile (Run 0), or were
rendered immobile with a metal stake. Rats were then exposed to no stress or uncontrollable
tail shock stress the next day, or 4, 14, or 24 days later. Behavioral testing occurred 24 h
later, so that exercised rats were forced to remain sedentary for either 0 days (Run 0), 5 days
(Run 5), 15 days (Run 15), or 25 days (Run 25) prior to behavioral testing. Groups of non-
stressed and stressed sedentary rats were tested at each time point.
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Figure 4.
Male Fischer 344 rats used in experiment 2 remained sedentary or were allowed voluntary
access to running wheels for 6 weeks prior to wheel lock. A. Mean weekly body weight
change (grams) of sedentary and physically active (6 wk Run) rats. B. The mean distance
(kilometers) ran each week by the physically active rats. Values represent group means ±
SEM. BL, Baseline.
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Figure 5.
Male Fischer 344 rats remained sedentary (Sed) or were allowed voluntary access to running
wheels for 6 weeks. Following 6 weeks of the sedentary or exercise conditions, wheels in
the cages of the exercised rats either remained unlocked and mobile (Run 0), or were
rendered immobile with a metal stake. Rats were then exposed to no stress (No Stress) or
uncontrollable stress (Stress) the next day, or 4, 14, or 24 days later. Behavioral testing
occurred 24 h later, so that exercised rats were forced to remain sedentary for either 0 days
(Run 0), 5 days (Run 5), 15 days (Run 15), or 25 days (Run 25) prior to behavioral testing.
A. Number of spontaneous cage crossings performed by experimental rats during the 3
minute juvenile exploration test. * p < 0.05 relative to respective No Stress groups. B. Time
spent exploring (seconds) in a juvenile social exploration test. Values represent group means
± SEM. θ p < 0.05 relative to all other groups except Run 25 No Stress and Run 25 Stress
groups. * p < 0.05 relative to all other groups except Sed Stress group.
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Figure 6.
Male Fischer 344 rats remained sedentary (Sed) or were allowed voluntary access to running
wheels for 6 weeks. Following 6 weeks of the sedentary or exercise conditions, wheels in
the cages of the exercised rats either remained unlocked and mobile (Run 0), or were
rendered immobile with a metal stake. Rats were then exposed to no stress (No Stress) or
uncontrollable stress (Stress) the next day, or 4, 14, or 24 days later. Behavioral testing
occurred 24 h later, so that exercised rats were forced to remain sedentary for either 0 days
(Run 0), 5 days (Run 5), 15 days (Run 15), or 25 days (Run 25) prior to behavioral testing.
A. – D. Freezing behavior prior to (Pre Freezing) and immediately following 2 foot shocks
in a shuttle box expressed by non-stressed and stressed rats immediately following 6 weeks
of wheel running or sedentary conditions (A), or 5 (B), 15 (C), or 25 (D) days following
forced exercise cessation. The sedentary data are repeated in each graph for ease of
comparison. E. The average % time spent freezing during the 20 minute post-shock freezing
period. Values represent group means ± SEM. * p < 0.05 relative to the Sed No stress, Run 0
No Stress, and Run 0 Stress groups. ** p < 0.001 relative to the Sed No stress, Run 0 No
Stress, and Run 0 Stress, Run 5 No Stress, and Run 5 Stress groups.
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Figure 7.
Mean escape latencies (seconds) for 25, FR-2 escape trials measured in a shuttle box. Male
Fischer 344 rats remained sedentary (Sed) or were allowed voluntary access to running
wheels for 6 weeks. Following 6 weeks of the sedentary or exercise conditions, wheels in
the cages of the exercised rats either remained unlocked and mobile (Run 0), or were
rendered immobile with a metal stake. Rats were then exposed to no stress (No Stress) or
uncontrollable stress (Stress) the next day, or 4, 14, or 24 days later. Behavioral testing
occurred 24 h later, so that exercised rats were forced to remain sedentary for either 0 days
(Run 0), 5 days (Run 5), 15 days (Run 15), or 25 days (Run 25) prior to behavioral testing.
Values represent group means ± SEM. * p < 0.05 relative to all other groups except Sed
Stress group; ** p < 0.0001 relative to all other groups except Run 25 Stress group.
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