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Abstract

Exercise increases resistance against stress-related disorders such as anxiety and depression.
Similarly, the perception of control is a powerful predictor of neurochemical and behavioral
responses to stress, but whether the experience of choosing to exercise, and exerting control over
that exercise, is a critical factor in producing exercise-induced stress resistance is unknown. The
current studies investigated whether the protective effects of exercise against the anxiety- and
depression-like consequences of stress are dependent on exercise controllability and a brain region
implicated in the protective effects of controllable experiences, the medial prefrontal cortex. Adult
male Fischer 344 rats remained sedentary, were forced to run on treadmills or motorised running
wheels, or had voluntary access to wheels for 6 weeks. Three weeks after exercise onset, rats
received sham surgery or excitotoxic lesions of the medial prefrontal cortex. Rats were exposed to
home cage or uncontrollable tail shock treatment three weeks later. Shock-elicited fear
conditioning and shuttle box escape testing occurred the next day. Both forced and voluntary
wheel running, but not treadmill training, prevented the exaggerated fear conditioning and
interference with escape learning produced by uncontrollable stress. Lesions of the medial
prefrontal cortex failed to eliminate the protective effects of forced or voluntary wheel running.
These data suggest that exercise controllability and the medial prefrontal cortex are not critical
factors in conferring the protective effects of exercise against the affective consequences of
stressor exposure, and imply that exercise perceived as forced may still benefit affect and mental
health.
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Introduction

Exercise can increase resistance against stress-related psychiatric disorders such as anxiety
and depression (Babyak et al., 2000; Smits et al., 2008; Herring et al., 2010). One critical
but relatively unexplored area of inquiry is the identification of which features of exercise
are critical for producing the neuroplastic changes required for exercise-induced stress
resistance (Cotman et al., 2007; Greenwood & Fleshner, 2011; Ota & Duman, in press). One
potential mechanism is the psychological variable of perceived control over exercise.
Studies in both humans and rodents reveal that restriction of choice or control is aversive
(Clubb & Mason, 2003; Sullivan & Lewis, 2003; Crombez et al., 2008) while the
opportunity to exert control is beneficial for physiology, neurochemistry and mental health
(Leotti et al., 2010). Rats, for example, that are exposed to a controllable stressor during
which they learn to turn a wheel to escape from shock, are protected against anxiety- and
depression-like behaviors produced by later exposure to an uncontrollable stressor (Amat et
al., 2006, 2010).

If choosing to exercise is a critical signal required for stress resistance, then exercise-
induced stress resistance should be sensitive to exercise controllability. Whether those who
may perceive exercise as being forced, such as military personnel, professional athletes or
those to whom exercise is prescribed by their healthcare providers, still maximally benefit
from the mental health benefits of exercise is unknown. The variable effects of forced
treadmill training (TT) on animal models of anxiety and depression (Chaouloff, 1994;
Dishman et al., 1996; Burghardt et al., 2004; Fulk et al., 2004; Trejo et al., 2008; Salim et
al., 2010; Lalanza et al., 2012) are in contrast to the consistently protective effects of
voluntary wheel running in animal models of stress-induced anxiety (Dishman, 1997;
Greenwood et al., 2003, 2012; Kasimay et al., 2006; Fox et al., 2008; Van Hoomissen et al .,
2011; Sciolino & Holmes, 2012; Sciolino et al., 2012; Greenwood & Fleshner, in press).
Although these animal data are consistent with exercise controllability being an important
factor in determining whether exercise increases stress resistance, there are many factors
other than controllability that differ between typical TT paradigms and wheel running. These
differences include the distance, duration and pattern of exercise, as well as administration
of aversive stimuli required to force the animals to exercise. The current studies utilise a
novel forced wheel-running paradigm of a similar behavioral pattern to that of voluntary
wheel running, in order to determine whether controllability over exercise is an important
variable in the development of exercise-induced stress resistance.

If exercise-induced stress resistance is sensitive to exercise controllability then it should also
be dependent on a neural substrate sensitive to behavioral control. The ventral medial
prefrontal cortex (mPFC) is a region implicated in the etiology and treatment of stress-
related psychiatric disorders (Drevets et al., 1997; Goldwater et al., 2009; Sacher et al.,
2012) and thought to be critical for stress resistance produced by the experience of control
(Maier & Watkins, 2010). Activity and plasticity in the mPFC, for example, underlies the
long-lasting protective effect of prior experience with controllable stress (Amat et al., 2006;
Maier et al., 2006). Although not aversive (Belke & Wagner, 2005; Greenwood et al .,
2011), voluntary exercise might be considered a type of controllable stress. Indeed, exercise
stimulates sympathetic nervous system and hypothalamic— pituitary—adrenal axis activity
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(Fediuc et al., 2006; Campbell et al., 2009), two hallmarks of the stress response. It is
possible that the experience of controllable exercise produces plasticity in the mPFC similar
to that produced by controllable stress, thereby enabling stress resistance. The second goal
of the present studies is to determine the involvement of the mPFC in exercise-induced
stress resistance using excitotoxic lesions of the mPFC. The results of these studies will
begin to reveal which features of exercise are critical for its stress-buffering and mental
health benefits, and could have important implications for the design and prescription of
exercise protocols to stress-vulnerable populations.

Methods and materials

Animals

Young adult (6—7 weeks upon arrival) male Fischer 344 rats (Harlan, Indianapolis, IN,
USA) were housed in a temperature (22 ° C)- and humidity-controlled environment ona 12 :
12-h light : dark cycle. Although both outbred Sprague-Dawley (Greenwood et al., 2003)
and inbred Fischer 344 (Greenwood et al., 2005a) rats allowed 6 weeks of voluntary access
to running wheels are protected against the anxiety- and depression-like behavioral
consequences of uncontrollable stress, Fischer 344 rats were used in the current studies
because of the lesser variability in running behavior in this strain than in outbred rats. Rats
acclimatised to the colony for 1 week prior to manipulation. Rats were weighed weekly and
had ad libitumaccess to food (Lab Chow) and water during their active and inactive cycles.
Food and water were weighed three times per week. The University of Colorado Animal
Care and Use Committee approved all experimental protocols.

Exercise protocols

Rats were randomly assigned to one of five conditions: sedentary, TT, forced wheel running
(FW), voluntary wheel running (VW), or voluntary wheel running in an environment
matched to the FW group (VW-m). All rats were individually housed during the inactive
cycle in Nalgene Plexiglas cages (45 x 25.2 x 14.7 cm). Rats in the sedentary group were
randomly assigned to either remain in these cages (Fig. 1A) or, to control for effects of
handling and potential enrichment provided by a wheel, were placed five nights per week
into locked wheels (Lafayette Instruments, Lafayette, IN, USA), during the active cycle
(Fig. 1B). Behavior of the sedentary groups (N = 6 per group) was indistinguishable within
stress conditions, so these groups were pooled and sedentary groups represent rats from both
treatment conditions.

At the start of the active cycle, rats in the TT condition were forced to run on three-lane
treadmills (Columbus Instruments, Columbus, OH, USA,; Fig. 1C) motivated by foot shocks
(0.3 mA). TT occurred five times per week following a progressive schedule designed to
facilitate acclimation to the TT procedure and minimise the number of foot shocks required
(Table 1). Rats were returned to their home cages after TT, which lasted a maximum of 50
min.

At the beginning of the active cycle, all rats in the FW group were removed from their home
cages and placed in their assigned motorised running wheel (Lafayette Instruments; Fig.
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1D). These wheels (1.1 m circumference) could not be turned voluntarily by the rat. Instead,
forced wheels were driven by a motor controlled by the Activity Wheel Monitor software
(Lafayette Instruments) according to a protocol pre-programed by the experimenters and
designed to closely approximate rats’ natural voluntary running behavior based on analyses
of prior experiments. This pattern is characterised by brief bouts of running (average of 2.04
+ 1.95 min) at various speeds (range 4-17 m/min) interspersed with frequent periods of no
running (range 0.33-30 min). FW rats were confined to the forced wheels for the entire
active cycle and were returned to their home cages at the start of the sleep cycle. Pilot
experiments revealed that rats forced to wheel-run with no prior running experience were
tumbled about in the wheel and hung onto the wheel rungs rather than running. Five days of
prior experience with voluntary running minimised these non-running behaviors. For this
reason, all rats in the FW condition were placed nightly into Lafayette voluntary wheels
(Fig. 1F) for five consecutive nights during the first week of the study. We have previously
reported that 3 weeks of VW is an insufficient duration of voluntary exercise to prevent the
behavioral consequences of uncontrollable stress (Greenwood et al., 2005a). It is therefore
unlikely that these 5 days of voluntary exercise would contribute to any observed effects of
FW on behavior. At day 8 of the study (following 5 days of voluntary running and 2 days of
no running), rats in the FW condition began the FW protocol. In order to familiarise FW rats
with forced running, FW rats were forced to run only 170 m during the first day of FW.

Rats in the VW group had running wheels (1.1 m circumference; Mini Mitter, Bend, OR,
USA) mounted on the inside of their home cage (Fig. 1E). Wheels in the cages of VW rats
were locked on the 6th and 7th days of each week; thus VW rats had ad libitum access to
their wheels 5 days/week. To control for handling and environmental differences between
the Lafayette forced wheels and the Mini Mitter voluntary wheels, rats in the VW-m
condition were placed during the active cycle into Lafayette voluntary wheels (Fig. 1F). All
rats were exposed to their assigned exercise protocol 5 days/week for 6 weeks prior to
exposure to stress or no-stress conditions. The 6-week duration of exercise was chosen
because we have previously observed that several behavioral and neurochemical effects of
voluntary exercise, such as resistance against behavioral effects of stress (Greenwood et al.,
2005a) and neuroadaptations in the central serotonergic system (Greenwood et al., 2005a,b),
take between 3 and 6 weeks to develop. Revolutions were automatically recorded by the
Activity Wheel Monitor or Vital View software.

Surgical procedures

Following 3 weeks of the sedentary, FW, VW or VW-m conditions, rats were randomly
assigned to either receive sham surgery or bilateral excitotoxic lesions of the ventral portion
of the mPFC, including the prelimbic and infralimbic cortices. Rats were anesthetised with
ketamine (75 mg/kg i.p.) and medetomidine (0.5 mg/kg i.p.) and mounted in a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA, USA). Holes were drilled through the
skull above the mPFC. Ibotenic acid (10 pg/uL; Sigma, St Louis, MO, USA) in 0.1 » sodium
phosphate buffer was infused at a rate of 0.1 pL/min through a 25-gauge, blunt-tipped, 1.0
pL Hamilton syringe attached to a microinjector unit (David Kopf Instruments) mounted on
the stereotaxic apparatus (total volume 0.2 uL per hemisphere). The target site was 2.5 mm
anterior, £0.5 mm lateral and 4.6 mm ventral from bregma, based on the rat brain atlas by
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Paxinos & Watson (1998). The needle remained in place for 5 min to allow for diffusion.
Sham rats received the identical treatment except that no injections were made. Lesions
were verified with NeuN immunohistochemistry as in our prior work (Greenwood et al.,
2010). NeuN-labeled sections were inspected under a light microscope and locations of
lesions were recorded. All rats were allowed to recover for 3 days in their home cages
(wheels in VW cages were locked) prior to resuming their exercise protocols.

Stressor induction procedures

Rats were randomly assigned to be either left in their home cages or restrained in Plexiglas
tubes and exposed to uncontrollable tail shock consisting of 100 x5-s tail shocks (1.5 mA)
delivered on a random ITI-1 min schedule as described previously (Greenwood et al., 2003;
Strong et al., 2011). The entire stress procedure lasted 2 h and was started within 3 h of the
start of the inactive cycle.

Behavioral testing

Behavioral testing occurred 24 h after no stress or uncontrollable stress treatment. Pre-shock
freezing, shock-elicited freezing, and shuttle box escape behavior on a fixed ratio-2 (FR-2)
escape contingency took place sequentially in shuttle boxes (20 inches (~51 cm) wide x10
(~25) deep x 12 (~30) high; Coulbourn Instruments, Whitehall, PA, USA) following our
previously published protocols (Greenwood et al., 2003; Strong et al., 2011). All behavioral
tests were administered between 4 and 6 h following the start of the inactive cycle by an
experimenter blind to treatment condition of the animals. These behaviors were assessed
because exaggerated fear and shuttle box escape deficits produced by uncontrollable stress
have been argued to represent animal analogs of human stress-related psychiatric disorders
(Weiss et al., 1994; Maier & Watkins, 1998) and can be prevented by 6 weeks of VW
(Greenwood et al., 2003, 2005a; Greenwood & Fleshner, 2008). Half of the non-stressed,
non-operated rats in each group were killed 2 h following behavioral testing, and thymus,
adrenals and spleens were removed and weighed.

Treadmill test to exhaustion

Half of the non-stressed, non-operated rats in each group continued their assigned running
protocols for 1 week following behavioral testing. Following 2 days of treadmill
acclimatisation, consisting of 10 min of forced running at 10 m/min at a 5% grade, all rats
were tested in a treadmill test to exhaustion. Following a 5-min warm-up (10 m/min), speed
was increased to 20 m/min (5% grade) and time to volitional exhaustion was recorded.
Exhaustion was defined as a failure to keep pace with the treadmill, represented by
administration of 10 consecutive foot shocks (Campisi et al., 2003).

Statistical analysis

Average daily distance, average speed while running, and average duration of running bout
prior to a 10-min period of no running were calculated, and group comparisons were made
using repeated-measures avova. Repeated-measures aova Was used to compare body weight
gain between groups. Run time to exhaustion and organ weights were compared with anova.
Shock-elicited freezing scores were collapsed into 10 x 2-min blocks and analysed with two-
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way (exercise condition x stress) repeated-measures anova. Escape latencies were collapsed
into five blocks of five trials and also analysed with two-way (exercise condition x stress)
repeated-measures avova. Average shock-elicited freezing and average FR-2 escape latencies
displayed by rats used in the mPFC lesion study were compared using three-way anova With
exercise condition, stress and lesion condition as factors. Simple regression analysis was
used to determine relationships between distance run and various dependent measures. All
analyses were followed by Fisher’s protected least significant difference (PLSD) post hoc
tests when appropriate. Alpha was set at 0.05 for each analysis.

Running behavior

An experimental timeline appears in Fig. 2A. The distance and pattern of FW running
closely resembled that of VW running. Average daily running distance (Fig. 2B; F15 300 =
5.01, P < 0.0001), average speed while running (Fig. 2C; (F15300 = 11.26, P < 0.0001), and
average length of running bout prior to a 10-min period of no running (Fig. 2D; (F10 220 =
3.38, P =0.0004) all differed between exercise conditions. Rats in the TT group (n=17) ran
less distance, but at faster speeds, than rats in other groups. Rats in the FW group (n = 18)
ran distances similar to the VW group (n = 16), but the VW-m group (n = 13) ran the
greatest distance. Although FW rats ran more slowly than rats in other groups, the average
duration of running bout prior to a 10-min rest was generally similar between groups, with
the exception of the VW-m group which ran the longest bouts between 10-min rests. The
fact that rats in the VW-m were confined to their wheels for the entire active cycle could
explain why these rats ran greater distances and had longer running bouts than rats in the
VW group. Indeed, during the first week of running, when rats in the FW condition were
voluntarily running in an environment identical to the VW-m group, bout length of FW and
VW-m groups were similar to each other and longer than those of the VW group. Body
weight gain over the duration of the experiment was significantly influenced by exercise
condition (Fa4 498 = 11.09, P < 0.0001), and rats in the FW condition gained the least
amount of weight (Fig. 2E).

Both voluntary and forced exercise prevented the behavioral consequences of
uncontrollable stress

Final group sizes were as follows: Sedentary—No Stress, n = 12; Sedentary—Stress, n = 12;
TT-No Stress, n = 8; TT-Stress, n = 9; FW-No Stress, n = 9; FW-Stress, n = 9; VW-No
Stress, n = 8; VW-Stress, n = 8; VW-m-No Stress, n = 5; and VW-m-Stress, n = 8. Figure 3
shows the effects of exercise condition on fear and escape behaviors. Freezing behavior
prior to the FR-1 trials was minimal and did not differ between groups (Fig. 3A, Pre-shock).
The main effects of exercise (F47g = 6.79, P < 0.0001), stress (F1 7g = 30.15, P < 0.0001)
and time (Fg 702 = 129.42, P < 0.0001), as well as the interactions between exercise and
stress (F4,7g = 9.3, P < 0.0001) and time and stress (Fg 702 = 2.12, P = 0.02) on shock-
elicited freezing were all significant (Fig. 3A). Starting by the third freezing block, the
Sedentary-Stress group differed from all other groups except the TT-Stress group, which
differed from all other groups starting at the fourth freezing block, except the Sedentary—
Stress group. Mean shock-elicited freezing is shown in Fig. 3B. FR-1 escape latencies did
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not differ between groups (Fig. 3C). The main effects of exercise (F4 7 = 19.77, P <
0.0001), stress (F1 7 = 39.99, P < 0.0001) and time (F 312 = 9.2, P < 0.0001), as well as the
interactions between exercise and stress (F4 7g = 8.39, P < 0.01), exercise and time (F1¢ 312
=40.51, P < 0.0001) and exercise, stress and time (F16 312 = 2.7, P < 0.001) on FR-2 escape
behavior were all significant. Sedentary and TT rats exposed to stress escaped from FR-2
trials more slowly than rats in all other groups during all five escape blocks. The FW-No
Stress group escaped faster than the Sedentary—No Stress group starting in the third escape
block. The Sedentary—Stress group differed from the TT—Stress group starting in the third
block of FR-2 trials. The average FR-2 escape behavior is shown in Fig. 3D. No reliable
correlations between running distance and behavior were revealed. Interestingly, the
behavior of the TT—Stress group did not correlate with the number of shocks received by
rats in this group during TT.

Despite the small group sizes included in these analyses due to the limited number of non-
stressed rats, anova revealed that thymus weight (F4 13 = 4.23, P = 0.02), adjusted adrenal
weight (F4 13 = 7.53, P = 0.002), adjusted spleen weight (F4 13 = 7.88, P = 0.002) and run
time to exhaustion (F4 19 = 3.07, P = 0.04) all differed between groups (Table 2).
Interestingly, all exercise groups except the FW group (P = 0.19) ran longer than sedentary
rats prior to exhaustion. Daily food consumption during the 6 weeks of exercise did not
differ between groups (F3 44 = 1.76, P = 0.17; data not shown).

The mPFC was not required for exercise-induced stress resistance

The extent of lesions produced by ibotenic acid is shown in Fig. 4. Only rats with lesions
which included the majority of the prelimbic and infralimbic cortices were included. In
some cases, lesions extended dorsally into the cingulate gyrus and ventrally into the dorsal
peduncular cortex (Fig. 4A). Figure 4B demonstrates NeuN immunoreactivity in the mPFC
of a rat exposed to sham surgery, and Fig. 4C shows the lack of NeuN immunoreactivity in
mPFC of a rat injected with ibotenic acid. An experimental timeline is shown in Fig. 5A.
Behavior of VW and VW-m groups (n = 4-7) was indistinguishable, so the VW groups
represent animals pooled from both VW and VW-m groups. Final group sizes had n = 8-14.
Rats in the VW group ran a greater distance than rats in the FW group, regardless of lesion
(F2’1920 =8.19, P =0.0006; Flg 5B).

Both forced and voluntary wheel running again prevented the exaggerated fear (Fig. 6A) and
escape deficit (Fig. 6B) produced by uncontrollable stress, and this protective effect of
exercise was not dependent on an intact mMPFC. avova revealed significant main effects of
exercise (Fp 128 = 13.13, P < 0.0001) and stress (F1 108 = 17.65, P < 0.0001), and a
significant interaction between exercise and stress (F; 12g = 8.39, P = 0.0004) on shock-
elicited freezing. Similarly, avova revealed significant main effects of exercise (Fp 127 =
42.43, P < 0.0001) and stress (F 127 = 23.4, P < 0.0001), and a significant interaction
between exercise and stress (F; 127 = 36.09, P < 0.0001) on average FR-2 escape latency.
Lesions of the mPFC had no impact on fear or escape behavior regardless of exercise or
stress condition.
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Discussion

The current experiments explored the role of exercise controllability and the mPFC in the
protective effect of exercise against anxiety- and depression-like behavioral consequences of
uncontrollable stress. Consistent with previous work (Greenwood et al., 2003, 2005g;
Greenwood & Fleshner, 2008), uncontrollable stress produced exaggerated fear and
interfered with shuttle box escape learning in sedentary rats, and these anxiety- and
depression-like effects were prevented by 6 weeks of VW. Because restriction of choice is
aversive, and forced exercise is often anxiogenic or without effect in rodent anxiety tests, the
assumption has been that exercise must be voluntary in order to enable resistance against
affective consequences of stress. If this is the case, then exercise-induced stress resistance
should be dependent upon exercise controllability and a neural substrate sensitive to the
experience of control, such as the mPFC. Little work, however, has investigated whether
control over exercise is a feature critical for producing stress resistance.

Although exercise can have variable effects in animal tests of baseline anxiety, voluntary
exercise consistently produces anxiolytic effects in models of stress-induced anxiety (see
Sciolino & Holmes, 2012; Greenwood & Fleshner, in press, for reviews). For this reason,
rats in the current study were exposed to uncontrollable stress, and anxiety- and depression-
like behaviors were assessed the next day. Forced exercise on a treadmill failed to prevent
the behavioral consequences of stressor exposure. Several factors, including the experience
of shock or the smaller distances run during TT compared to wheel running, could have
contributed to the inability of TT to prevent stress-induced behaviors. As the number of
shocks received by the TT group during training was unrelated to these rats’ behavior, and if
anything rats in the FW appeared more chronically ‘stressed’ than TT rats (based on the lack
of body weight gain of the FW group), it is possible that the aversive nature of the foot
shocks did not directly contribute to the lack of protection produced by TT. Moreover,
distances run by voluntary running groups were unrelated to behavior here and in prior
studies (Greenwood et al., 2003, 2005a), suggesting running distance is not a primary factor
influencing exercise-induced stress resistance. Differences in the rewarding nature of
running on a treadmill vs. a wheel could instead be an important difference. It is possible
that a wheel is a preferred, or more rewarding, apparatus than a treadmill. Indeed, when
given the choice between typical round wheels or more complex wheels requiring rats to
jump over hurdles or across gaps, rats will prefer to run on the more complex wheel
(Kavanau, 1967). Exercise on a more complex apparatus such as a wheel could therefore
elicit greater exercise reward than exercise on a treadmill, regardless of controllability. If
exercise reward is critical to stress-resistance produced by exercise, then potential
differences in exercise reward between TT and forced wheel running could thus explain why
TT failed to produce stress resistance. The pattern of exercise could also be a critical
difference between TT and wheel running. Whereas voluntary wheel runners (and FW in the
current studies) seldom run for more than a few minutes at a time prior to a break of at least
a few seconds (Eikelboom & Mills, 1988), TT rats were forced to run for up to 50 min
continuously. Additionally, running by the forced and voluntary wheel runners was
distributed throughout the active cycle, whereas TT rats’ running was restricted to the
minutes immediately following the start of the active cycle. It is possible that the repeated
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alternation between brief running bouts and periods of rest that are characteristic of a natural
rodent running pattern are critical for enabling stress resistance.

Using a novel paradigm that forced rats to run in wheels following a distance, duration and
pattern that closely resembled voluntary running, we found that forced wheel running was
just as effective at preventing the affective consequences of stress as voluntary exercise.
These data suggest that choosing to exercise, and exerting control over that exercise, is not
required for the development of stress resistance. These results are exciting because they
suggest for the first time that people who may perceive exercise as being forced could still
benefit from the protective effects of exercise against stress-related psychiatric disorders.
Although future work is needed to determine whether a particular pattern of forced exercise
is critical for stress resistance, this knowledge could inform the development of novel
exercise programs designed to encourage those in stress-vulnerable populations to exercise.

Five days of voluntary running prior to the FW protocol was necessary to allow the rats in
the FW group to learn to run on wheels prior to exposure to motorised wheels. We have
previously reported that 2—-3 weeks of voluntary exercise is an insufficient duration to
prevent (Greenwood et al., 2005a) or reverse (Greenwood et al., 2007) the behavioral
consequences of uncontrollable stress, or to produce significant conditioned place preference
to a chamber paired with the after-effects of nightly voluntary exercise (Greenwood et al.,
2011). It is therefore highly unlikely that the initial 5 days of voluntary exercise contributed
to the protective effects of subsequent forced wheel running. However, it remains possible
that this initial 5 days of voluntary exercise somehow enabled the protective effects of later
forced wheel running. Future studies using a forced exercise design that does not utilise
prior voluntary running will be required to rule out this possibility. Nevertheless, the current
paradigm of familiarisation with the motor pattern required for wheel running followed by
forced exercise could more closely resemble the human condition of forced exercise than
forced wheel running alone, as people who might perceive exercise as being forced are
likely to at least be familiar with the motor skills required to perform the exercise.

Forced exercise, like voluntary exercise, might also be considered a form of controllable
stress in that FW rats would learn to run in order to avoid being tumbled about in the
motorised wheel. Similar mechanisms, therefore, might underlie the protective effect of
forced exercise, voluntary exercise and controllable stress. Despite evidence that the mPFC
is critical for stress resistance produced by controllable stress, lesions of the mPFC did not
restore the affective consequences of stress in forced or voluntarily exercising rats. These
data do not imply that the mPFC is not sensitive to exercise. In fact, exercise can improve
executive function attributed to the mPFC in humans (Colcombe & Kramer, 2003). Rather,
these data suggest that the mPFC is not required for exercise-induced stress resistance and
that exercise recruits a mechanism for stress resistance that is distinct from stressor
controllability.

Other than exercise controllability, additional factors could be important for eliciting the
neuroplastic changes required for stress resistance produced by voluntary or forced exercise.
These include central noradrenergic systems activated in parallel to peripheral sympathetics
during exercise (Garcia et al., 2003), entrainment of central circadian or diurnal rhythms
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(Fleshner & Greenwood, in press), and/or repeated activation of brain reward pathways
(Nestler & Carlezon, 2006; Greenwood et al., 2011). In fact, the preferred voluntary pattern
of running performed by the forced and voluntary wheel running groups could uniquely
entrain rhythms or activate reward circuitry. Additionally, factors released from muscle or
liver during exercise, such as insulin-like growth factor, could directly or indirectly signal
the brain and result in the plasticity required for stress resistance (Trejo et al., 2001; Fabel et
al., 2003; Ding et al., 2006; Duman et al., 2009; Kobilo et al., 2011). The current data
indicate that fitness per se may not be a critical factor, however, as rats in the FW group did
not run longer than sedentary rats during an exhaustive treadmill test. Future work is
required to determine whether forced and voluntary exercise confer stress resistance via
similar or independent signaling mechanisms.
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Fig. 1.
Photographic depictions of the exercise conditions. (A) Sedentary, (B) Sedentary Lafayette

locked wheel, (C) Treadmill training apparatus, (D) Lafayette motorised running wheel, (E)
Mini Mitter voluntary running wheel, (F) Lafayette voluntary running wheel. Arrow 1
indicates the wheel locking mechanism. Arrow 2 indicates the motor.
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Fig. 2.

(A) Experimental timeline. Rats either remained sedentary or were exposed to treadmill
training (TT), forced wheel running (FW), voluntary wheel running (VW), or voluntary
wheel running matched to the environmental conditions of the forced wheel condition (VW-
m) for 5 days/week for 6 weeks. (B) Average daily running distance ran by rats in each
exercise condition. (C) Average speed during running bouts. (D) Average duration of a bout
of continuous running prior to a 10-min period of no running. Rats in the TT group are not
included because these rats ran only one bout during each TT session. (E) Body weight at
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baseline (BL) and over the course of the 6-week experiment. Data represent group means +
SEM; *P < 0.05 relative to all other groups, ®P < 0.05 relative to VW and VW-m groups, °P
< 0.05 relative to FW group.
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1998) Following 6 weeks of the sedentary or exercise conditions, rats were exposed to 100
uncontrollable tail shocks (stress) or remained in their home cages (no stress). Shock-elicited
freezing and shuttle box escape behavior were measured sequentially 24 h later. (A)
Percentage time spent freezing (in 2-min blocks) prior to (pre-shock) and after
administration of two fixed ratio-1 (FR-1) foot-shock trials. (B) Average percentage time
spent freezing during the 20-min post-shock freezing period. (C) Escape latency during
FR-1 trials, during which rats were only required to run through the shuttle box door once to
terminate shock, and blocks of five FR-2 trials, during which two shuttle crosses were
required to terminate shock. (D) Average FR-2 escape latency across all 25 FR-2 escape
trials. Although TT failed to prevent the exaggerated fear and shuttle box escape deficits
following stress, FW, VW and VW-m prevented the behavioral consequences of stress. Bars
represent means + SEM; %P < 0.0001 relative to all groups except each other, *P < 0.01
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relative to all other groups and ®P < 0.05 relative to Sedentary—No Stress, VW-Stress and
VW-m-Stress groups.
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Fig. 4.
(A) Graphic reconstruction of excitotoxic lesions of the medial prefrontal cortex caused by

injections of ibotenic acid. Dark gray and light gray represent the smallest and largest
lesions included in the analyses, respectively. Illustrations are adapted from the atlas of
Paxinos & Watson (1998). (B) Representative photomicrograph (5% magnification) showing
a coronal section of the mPFC of a rat exposed to sham surgery and processed for NeuN
immunohistochemistry (appearing as black-stained nuclei). (C) Representative
photomicrograph (5x magnification) showing a coronal section of the medial prefrontal
cortex of a rat exposed to lesion surgery and processed for NeuN immunohistochemistry.
Note the lack of NeuN immunoreactivity in the prelimbic (PL) and infralimbic (IL) regions
in the lesioned rat compared to the sham-operated rat. Cgl, cingulate gyrus; DP, dorsal
peduncular cortex.
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(Ag Experimental timeline. Following 3 weeks of the sedentary, FW, VW or VW-m
conditions, rats received either sham surgery (sham) or bilateral lesions of the medial
prefrontal cortex (Lesion). Rats were exposed to no stress or stress 3 weeks later, and tested
behaviorally in shuttle boxes the next day. (B) Average daily distance run by rats in the FW
(sham and lesion), VW Sham and VW Lesion groups for 10 days prior to, and 14 days
following, lesion or sham surgery. Rats in the VW groups ran greater distances than rats in
the FW group and lesions of the mPFC did not influence running behavior. Bars represent
means + SEM. *P < 0.05 relative to all groups.
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Following 3 weeks of the sedentary, FW or VW conditions, rats underwent sham surgery or
received bilateral injects of ibotenic acid into the medial prefrontal cortex (Lesion). Three
weeks later, rats were exposed to 100 uncontrollable tail shocks (Stress) or remained in their
home cages (No Stress). Shock-elicited freezing and shuttle box escape behavior were
measured sequentially 24 h later. (A) Average time spent freezing during the 20-min
observation period following administration of two fixed ratio-1 foot shock trials. (B)
Average FR-2 escape latency across all 25 FR-2 escape trials. Stressor exposure produced
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exaggerated shock-elicited fear and interfered with shuttle box escape in sedentary rats
regardless of lesion. These behavioral consequences of uncontrollable stress were prevented
by both FW and VW regardless of whether the medial prefrontal cortex was lesioned 3
weeks prior to stress. Bars represent means £ SEM. *P < 0.0001 relative to all groups except
each other.
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Table 1

Treadmill training protocol

Day Time(min) Speed (m/min)
1-4 10 10
5 10 12
6-7 No training
8 5 10
10 14
9-10 5 14
10 20
11-12 5 14
15 20
13-14  No training
15 5 14
20 20
16-17 5 14
30 20
18 5 14
35 20
19 5 14
40 20
20-21 Notraining
22-26 5 14
45 20
27-28 No training
29-33 5 14
45 20
34-35 No training
36-40 5 14
45 20
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