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Exercise-Associated Changes in the Corticosterone
Response to Acute Restraint Stress: Evidence for
Increased Adrenal Sensitivity and Reduced Corticosterone

Response Duration
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INTRODUCTION

Voluntary wheel running has been shown to promote stress
resistance, a reduced response to stressor exposure, in
humans (Broocks et al, 2001) and rodents (Greenwood et al,
2005; Greenwood et al, 2003). In humans, exercise is
associated with a reduced incidence of stress-related
psychopathology (De Moor et al, 2006; Dunn et al, 2001;
Herring et al, 2010; Lawlor and Hopker, 2001), and in
rodents, voluntary wheel running is associated with reduced
anxiety- and depression-like behaviors (Binder et al, 2004;
Fox et al, 2008; Greenwood et al, 2005; Greenwood et al,
2003; Salam et al, 2009; Sciolino et al, 2012). For example,
we have shown that 2 weeks of home cage wheel running in
C57BL/6] mice reduces acoustic startle amplitude, reduces
stress-induced hyperthermia, diminishes anxiety-like beha-
vior in the open field, and reduces the anxiogenic effect of
the serotonin agonist m-chlorophenylpiperazine (mCPP,
Fox et al, 2008; Salam et al, 2009).

Dysfunction within the hypothalamic pituitary adrenal
(HPA) axis, often assessed through measurement of the
HPA-axis end product corticosterone (CORT), is a hallmark
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Exercise promotes stress resistance and is associated with reduced anxiety and reduced depression in both humans and in animal models.
Despite the fact that dysfunction within the hypothalamic pituitary adrenal (HPA) axis is strongly linked to both anxiety and depressive
disorders, the evidence is mixed as to how exercise alters the function of the HPA axis. Here we demonstrate that 4 weeks of voluntary
wheel running was anxiolytic in C57BL/6] mice and resulted in a shorter time to peak corticosterone (CORT) and a more rapid decay of
CORT following restraint stress. Wheel running was also associated with increased adrenal size and elevated CORT following systemic
administration of adrenocorticotropic hormone. Finally, the HPA-axis response to peripheral or intracerebroventricular administration of
dexamethasone did not suggest that wheel running increases HPA-axis negative feedback through GR-mediated mechanisms. Together
these findings suggest that exercise may promote stress resilience in part by insuring a more rapid and shortened HPA response to a
stressor thus affecting overall exposure to the potentially negative effects of more sustained HPA-axis activation.
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of many stress-related psychopathologies (de Kloet et al,
2005; Holsboer, 2001; Kellner et al, 1997; Yehuda et al,
1998). Wheel running also changes HPA-axis function; for
example, wheel running produces elevated CORT at the
onset of the diurnal active period in both rats and mice
(Adlard and Cotman, 2004; Droste et al, 2003; Fediuc et al,
2006; Stranahan et al, 2006) and is consistently associated
with enlarged adrenals (Campeau et al, 2010; Droste et al,
2007; Droste et al, 2003; Droste et al, 2006; Nyhuis et al,
2010; Sasse et al, 2008). The HPA-axis response to both
acute (Campbell et al, 2009; Campeau et al, 2010; Droste
et al, 2007; Droste et al, 2003; Droste et al, 2006) and
repeated (Nyhuis et al, 2010; Sasse et al, 2008) stress is also
altered in wheel-running rodents. Thus, the changes
observed in HPA-axis outcomes following wheel running
mirror those of chronic stress in some cases (adrenal
enlargement, diurnal CORT), and demonstrate stress
resistance in others (response to stress).
Exercise-associated changes in the HPA-axis response to
stress could be the result of changes in CORT release, CORT
response termination, or both. Changes in CORT release
from the adrenals could result from changes in adrenal
sensitivity to adrenocorticotropic hormone (ACTH), or
changes in the release of ACTH from the pituitary (Cone
et al, 1993). Although several studies have found adrenal
enlargement in wheel-running rodents, few studies have
directly assessed whether the enlargement leads to increased
adrenal sensitivity to ACTH (see Campbell et al, 2009). One
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mechanism by which termination of CORT release from the
adrenals may be achieved is through glucocorticoid
receptor (GR)-mediated negative feedback at multiple sites,
including the hippocampus and pituitary (Herman et al,
2005). Indeed, studies have shown that GR expression in
wheel-running mice is altered leading to the possibility that
enhanced negative feedback following HPA-axis activation
may be expected (Droste et al, 2003). However, to our
knowledge, no study has assessed whether wheel running
alters negative feedback in the HPA axis.

The goals of the current study are to investigate whether
voluntary wheel running in mice alters the time course of
the CORT response to restraint stress, and whether these
changes are associated with altered sensitivity to ACTH
and/or GR-mediated enhancement of negative feedback
within the HPA axis.

MATERIALS AND METHODS
Subjects

Six-week-old male C57BL/6] mice were obtained from
Jackson Laboratories (Bar Harbor, Maine) and housed for
a 14-day acclimation period prior to the start of all experi-
ments. Mice were housed in groups of four in standard
acrylic cages (24cm (W) x45cm (D) x20cm (H)) in an
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) approved conventional animal
facility for the duration of the experiment. Mice were
maintained on a 12-h light/dark cycle (lights on at 0700
hours (ZT0)) with ad lib access to food and water. All
procedures were approved by the University of Vermont
Animal Care and Use Committee. All mice provided
wheel access (running) had ad lib access to a running wheel
for the full duration of the study following baseline startle
testing.

Startle Testing

A Dbaseline (pre-wheel access) acoustic startle test was
conducted as previously described (Salam et al, 2009). The
mean startle amplitude for each mouse across the 30 trial
tests was computed for use in statistical analyses. Startle was
again assessed on days 14 and 28. Startle testing was
conducted in all mice prior to HPA-axis manipulations.

Blood Collection and CORT Assay

All blood was obtained by cutting a small portion of the tail
(2 mm) and drawing down gently on the tail to collect blood
into EDTA-coated centrifuge tubes. Approximately 100 pl of
blood was collected from each animal and immediately
centrifuged (3000 r.p.m., 4 °C). Blood plasma was collected
and stored at — 20 °C until processing. For CORT assess-
ment, plasma was heated at 75°C for 1h to disassociate
CORT from CORT binding globulin (Buck et al, 2011).
Following heat treatment, samples were processed using a
broad-spectrum CORT enzyme immunoassay (Enzo Scien-
tific, Farmingdale, NY, detection limit 27 pg/ml) per the
manufacturer’s instructions. The interassay coefficient of
variance was 9.66%.
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Experiment 1

Experiment 1 was designed to examine the CORT response
to restraint stress in wheel-running and sedentary mice.
Running mice (n = 62) were given ad lib wheel access for 28
days prior to restraint testing to match the access period
used in previous studies of HPA-axis function (Droste et al,
2003; Droste et al, 2006); sedentary mice (n=62) did not
have wheel access.

Restraint Stress

Mice were restrained in 50 ml centrifuge tubes modified to
allow for air circulation for 30 min. Blood was collected via
tail cut prior to (0 min), during (10, 20, and 30 min), and
following (60 min, 90 min, 120 min) restraint stress using a
between-subjects design.

Active-Phase CORT Measurement

On days 14 and 28, a subset of mice used in the restraint
stress study were utilized to assess CORT at the onset of the
active phase (ZT12, n=8 per group) as elevated CORT
levels have been observed at this time point in wheel-
running animals (Adlard and Cotman, 2004; Droste et al,
2003; Fediuc et al, 2006). A second subset of mice (n =8 per
group) was also sampled 1h into the active phase of the
light cycle (ZT13) to ensure that exercising animals had
sufficient time to engage in activity prior to sampling.

Assessment of Organ Weight

Following restraint, a subset of the mice (n =38 per group)
were utilized for assessment of adrenal and thymus weight
by an experimenter blind to experimental condition. The
thymus and adrenals were removed from each mouse and
defatted prior to being weighed.

Experiment 2

Experiment 2 examined CORT suppression following
administration of the synthetic GR agonist, dexamethasone,
in running and sedentary mice. Following baseline startle
testing mice were assigned to sedentary (n=50) and
running (n=>50) groups. Startle amplitude from four
running and four sedentary mice were not analyzed due
to equipment malfunction during the baseline startle
measure; however, these animals were included in the
central DST analysis.

Peripheral Dexamethasone Suppression Test

Peripheral HPA-axis negative feedback was assessed follow-
ing an ip injection of dexamethasone (0.0, 0.01, and
0.05mg/kg, Sigma-Aldrich, St Louis, MO, dissolved in
ethanol prior to dH,0 dilution (2% ethanol by volume)) in
a within-subjects design (n =20 running, n =19 sedentary).
The peripheral DST took place over a 5-day period with
injections occurring on days 1, 3, and 5. Dose was randomly
assigned by cage such that each cage received each of the
three doses over the three test days. Blood samples were
collected 6h after dexamethasone administration as de-
scribed previously (Bartolomucci et al, 2004; Groenink et al,
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2002; Robertson et al, 2005). Mice with plasma CORT values
greater than 3 SD from the mean at each concentration
within each group were removed from analysis (four
exercising and three sedentary mice).

Central Dexamethasone Suppression Test

Dexamethasone does not readily cross the blood-brain
barrier (Cole et al, 2000). In order to examine whether there
were changes in GR-associated feedback inhibition of the
HPA-axis mediated by regions within the central nervous
system, we infused dexamethasone into the cerebral
ventricles (ICV, central). Central negative feedback within
the HPA axis was assessed in a between-subjects design
(n =30 running, n =31 sedentary). Dexamethasone (0.04%
ethanol by volume) was administered using an acute and
rapid ICV injection technique described previously
(Pelleymounter et al, 2000; Risbrough et al, 2004). For the
acute ICV injections, mice were lightly anesthetized with
isoflurane and a 30-gauge needle affixed to a 10 pl Hamilton
syringe was inserted through the skin and skull and into the
lateral ventricle at a site identified as the apex of an
equilateral triangle with its base between the eyes. The
needle was fitted with a plastic sleeve as a ‘stop’ in order to
achieve a 4.0mm injection depth. Dexamethasone (0ng,
1ng, 2ng; in 2 pul) was slowly infused over a period of 10s.
Blood was collected 4h after dexamethasone administra-
tion. Immediately following blood sampling, mice were
anesthetized and rapidly decapitated. Injection sites were
localized by placing a drop of cresyl violet onto the injection
site of overlying cortex. A coronal cut was then made at the
injection site. Cresyl violet staining through the injection
track into the ventricle verified a successful injection. A
single exercising mouse and a single sedentary mouse were
removed from the central DST analysis due to blood in the
ventricle and missed injection location, respectively.

Peripheral and Central Dexamethasone Suppression
Test with an Intermediate Dose

Because the low dose of dexamethasone (0.01 mg/kg ip, 1 ng
ICV) failed to produce suppression while the high doses
(0.05mg/kg ip, 1.5ng ICV), produced complete suppres-
sion, a second cohort of animals (n=16 ip, n=16 ICV, 8
animals per group) were examined at an intermediate dose
of dexamethasone (0.025 mg/kg ip, 1.5 ng ICV).

Experiment 3

The results of Experiment 1 demonstrated that the rise time
of the CORT response to restraint stress was more rapid,
which may have been mediated by increased adrenal
sensitivity, and is notable given the observation that wheel
running has been associated with increased adrenal size
(Campeau et al, 2010; Droste et al, 2007; Droste et al, 2003;
Droste et al, 2006; Nyhuis et al, 2010; Sasse et al, 2008).
Experiment 3 directly assessed whether the CORT response
to exogenous ACTH challenge was increased in running
mice. Following acclimation to the colony, mice underwent
startle testing and were assigned to running (n=16) and
sedentary (n=16) groups. Two sedentary mice and one
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running mouse were removed from startle analysis due to
equipment malfunction.

ACTH Challenge

Twenty-four hours after the 28-day startle test, mice were
challenged with either a low (5 pg/kg ip, n = 8 per group) or
high (50 pg/kg ip, n =28 per group) dose of ACTH (Sigma-
Aldrich, St Louis, MO, dissolved in saline). Prior to ACTH
challenge, blood was sampled at 0800 hours to establish a
baseline level of CORT. Mice were then given an injection of
dexamethasone (0.05mg/kg) in order to limit endogenous
ACTH release (Dijkstra et al, 1996; Han et al, 1998;
Michopoulos et al, 2012; Otsuka et al, 2012). This dose of
dexamethasone was chosen as it exhibited equivalent CORT
suppression in both groups following peripheral adminis-
tration in Experiment 2. Four hours after the dexametha-
sone injection, blood collection was immediately followed
by ACTH injection. Blood was again collected 30 and 90 min
after the ACTH injection. Mice remained in the laboratory
during the course of the ACTH challenge.

Statistical Analysis

Startle results were assessed using a mixed model ANOVA
with test day as the within-subject factor and group as the
between-subject factor. Significant interactions were followed
by paired sample f-tests. Restraint stress CORT measure-
ments were analyzed by two-way (group X time) ANOVAs
followed by lower-order ANOVAs and independent sample
t-tests. Adrenal and thymus weights were calculated as a
percentage of body weight and compared using independent
sample -tests. Active-phase CORT measurements in Experi-
ment 1 were analyzed using two-way (day X group) ANOVAs
for each time point. Peripheral DST results were assessed
using a mixed model ANOVA with dose as the within-subject
factor and group as the between-subject factor. Central DST
results were assessed using a two-way (group X dose)
ANOVA. Significant main effects were followed by paired
(peripheral DST) and independent (central DST) sample
t-tests. To avoid confounding animal cohorts, results from
second cohort central and peripheral DSTs were analyzed
separately. Second cohort peripheral DST results were
assessed using a mixed model ANOVA with dose as the
within-subject factor and group as the between-subject
factor. Second cohort central DST results were analyzed by
independent sample t-test. High-dose and low-dose ACTH
challenge results were analyzed separately using mixed
model ANOVAs with group as the between-subject factor
and time as the within-subject factor. The ANOVA was
followed by independent sample t-tests.

RESULTS
Experiment 1

Acoustic startle. Wheel running resulted in reduced
startle amplitude in mice given 4 weeks access to a running
wheel (Figure 1). Significant main effects of startle day
(F(2,244) =26.36, p<0.001), and group (F(1,122)=6.04,
p<0.01), were qualified by a significant interaction (day X
group F(2,244) =12.76, p<0.001). Only in running mice



1500+

JRunning B Sedentary
o 2l
]
:E 1000- Tk Tk
-
E o
< T
2
E 5004
2]
u T T T
) ,\bt .‘_'b o ,\b q‘"b

Test Day

Figure | Mean startle amplitude (arbitrary unit+SEM) during the
4-week wheel-running period in Experiment |. Running mice demonstrated
reduced startle amplitude compared with baseline on days |4 and 28 of
wheel access. ¥**p<0.00| in comparison with respective test day O.

300+ Restraint

- *%

£ -e- Running
= -8 Sedentary
£ 2004

)

c

5

]

§ 100 #H
=

o

[&]

3 102030 60 90 120
Time (minutes)

Figure 2 Mean plasma corticosterone concentrations (ng/ml+ SEM)
during restraint stress procedure. Running mice demonstrated an elevated
response compared with sedentary animals at 20 min, and also retumed to
baseline more rapidly. **p<0.01 running in comparison with sedentary at
time 20. ##p <0.01 sedentary time 120 in comparison with sedentary time 0.

was startle amplitude reduced compared with baseline (pre-
wheel access) levels. Running mice demonstrated reduced
startle amplitude at day 14 (#(61) =6.77, p<0.001), and 28
(t(61) =7.03, p<0.001).

Restraint stress response. Restraint produced a CORT
response in both sedentary and running mice (time,
F(6,114) =111.04, p<0.001, Figure 2). The main effect of
time interacted significantly with group (time X group,
F(6,114) =4.92, p<0.001). The peak CORT response
observed in running and sedentary mice did not differ
(t(14) =0.71, p=0.49). However, the CORT response
peaked earlier and decayed more rapidly in running mice.
CORT levels in running mice were elevated compared with
sedentary mice following 20 min of restraint (#(14) = 3.70,
p<0.01). Levels of CORT following restraint stress decayed
to baseline in running mice at 120min (#(22)= — 1.87,
p=0.08). In contrast to running mice, CORT levels in
sedentary mice remained elevated above baseline levels at
120 min (#(22) =3.52, p<0.01).

Body, adrenal, and thymus weights. Body weight did not
differ between running and sedentary mice. A significant
difference in total adrenal weight (normalized for body
weight) was observed between running and sedentary mice
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Figure 3 (a) Adrenal and (b) thymus weights following 28 days of wheel

running (mg £ SEM). Total and right adrenal weights (normalized to body
weight) were elevated in running mice compared with sedentary controls.
Thymus weights were similar in running and sedentary mice. *p <0.05 in
comparison with sedentary animals.

(#(71) =2.06, p<0.05), an effect that was driven by an
increase in the size of the right adrenal (#(71)=2.36,
p<0.05, Figure 3a). No difference in left adrenal size was
observed between groups. There were no differences in
thymus weights between running and sedentary mice
(Figure 3b). These findings are consistent with the results
of others in demonstrating that wheel running in C57BL/6]
mice produces adrenal enlargement consistent with HPA-
axis activation (Droste et al, 2003) without the thymal
involution typically observed alongside adrenal enlarge-
ment in stressed animals (Bhatia et al, 2011; Kour and Bani,
2011; Réus et al, 2012).

Active-phase CORT. No differences in the CORT response
were observed between running and sedentary mice
(Figure 4). CORT samples obtained at ZT12 on days 14
and 28 were similar in running and sedentary mice (group,
F(1,14) = 0.73, p = 0.41, day, F(1,14) = 0.308, p = 0.59, day X
group, F(1,14)=2.06, p=0.17, Figure 4a). CORT levels
observed 1h into the active period were similar in running
and sedentary mice on days 14 and 28 of wheel access
(group, F(1,14) =0.37, p =0.55, Figure 4b). An effect of day
(F(1,14) =7.41, p<0.05), was observed in mice sampled at
ZT13. The main effect of the day did not interact with group
(day X group, F(1,14) =0.02, p =0.90) suggesting that the
decrease in CORT observed on day 28 in the mice sampled
at ZT13 was consistent across both levels of group. Thus, no
difference in CORT at the onset of the active phase was
observed between running and sedentary mice.
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Figure 4 (a) ZT12 and (b) ZT13 corticosterone samples following |4
and 28 days of wheel running (ng/ml = SEM). Corticosterone at the onset
of the active phase did not differ between running and sedentary mice at
any sample point.

Experiment 2

Acoustic startle. As in Experiment 1, wheel access resulted
in reduced startle amplitude. Significant effects of startle day
(F(2,180) =23.97, p<0.001), and group (F(1,90)=5.35,
p<0.05) were observed. A significant interaction (day X
group F(2,180)=6.30, p<0.01) was supported by reduced
startle amplitude in running mice at day 14 (#(45)=7.07,
p<0.001), and 28 (#(45)=4.87, p<0.001) when compared
with baseline.

Peripheral DST. Systemic dexamethasone suppressed en-
dogenous CORT equally in both running and sedentary mice
(Figure 5). A significant effect of dose was observed following
peripheral ~ dexamethasone injection  (F(2,60) = 24.95,
p<0.001, Figure 5). The effect of dose was apparent in both
groups (dose X group, F(2,60)=0.73, p=0.49, group,
F(1,30) =0.00, p=0.99) and was evident as a reduction in
plasma CORT when mice were administered the 0.05 mg/kg
dose (0.05mg/kg v. vehicle, exercise, #(15) =4.89, p<0.001,
sedentary, #(14) =7.06, p<0.001). The intermediate dose of
dexamethasone produced similar results (Figure 5 inset). A
significant effect of dose was evident (F(2,26)=12.19,
p<0.001) although a supporting interaction was not present
(dose X group, F(2,26) =0.25, p =0.78), nor was an effect of
wheel access designation (group F(1,13) =2.06, p =0.18).

Central DST. Central dexamethasone suppressed endo-
genous CORT equally in both running and sedentary mice
(Figure 6). ICV dexamethasone injection resulted in a
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Figure 6 Mean plasma corticosterone (ng/ml £ SEM) response following
ICV dexamethasone administration in running and sedentary mice following
28 days of wheel access. Dexamethasone 2ng resulted in reduced
corticosterone in running and sedentary mice. Administration of an
intermediate dose of dexamethasone (750ng/ml) did not produce
divergent results (inset). *p<0.05, **p<00l in comparison with
respective Ong dose.

significant reduction in plasma CORT (dose, F(2,53) =7.47,
p<0.001, Figure 6). The reduction in plasma CORT was
evident in both groups (dose X group, F(2,53)=0.42,
p=0.66, group, F(1,53)=0.05, p=0.83). The 2ng dexa-
methasone dose produced a significant reduction in plasma
CORT when compared with vehicle injection in running
(#(20) =2.1, p<0.05) and sedentary (#(20) =3.71, p<0.01)
animals. Similarly, there was no difference in suppression
between running and sedentary mice at a second more
intermediate (1.5 ng, #(14) =0.40, p =0.69) dose suggesting
that the lack of a group effect is not attributable to selection
of doses on the extremes of the dose-response curve
(Figure 6 inset).

Experiment 3

Acoustic startle. As in experiments 1 and 2, running
resulted in reduced startle amplitude. An effect of startle day
(F(2,54) = 6.28, p<0.01) was observed, that was qualified by
a significant interaction (day X group, F(2,54)=3.34,
p<0.05). A significant reduction in startle amplitude was
evident at day 28 (#(14) =3.17, p<0.01) in running mice.
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Adrenal sensitivity. Exogenous ACTH administration
resulted in greater plasma CORT in running mice suggesting
increased adrenal sensitivity following 4 weeks of wheel
access (Figure 7). A significant effect of time was observed
following administration of 50 ug/kg ACTH (F(3,42) =71.11,
p<0.001). However, an interaction was not apparent (time X
group, F(3,42)=0.04, p=0.99, group, F(1,14)=0.00,
p=0.99). In contrast to the effect of high-dose ACTH,
running and sedentary mice demonstrated different sensi-
tivity to low-dose (5 pg/kg) ACTH. A significant interaction
suggested that running mice were more sensitive to
exogenous ACTH administration (time F(3,42)=15.45,
p<0.001, group (F(1,14)=6.28, p<0.05, time X group,
F(3,42) =6.9, p<0.01). Running mice produced a larger
elevation in plasma CORT 30min after ACTH injection
((14) =2.93, p<0.05).

DISCUSSION

Voluntary wheel running in mice resulted in an altered
CORT response to stress. Following 30 min of restraint, the
CORT level was not different in wheel-running and
sedentary mice. However, wheel-running mice reached
peak CORT levels significantly faster than sedentary mice
and subsequently reached baseline CORT levels more
quickly following termination of the stressor. The earlier
time to peak CORT may have been the consequence of
increased adrenal sensitivity, and wheel-running mice
showed larger adrenal size and an enhanced CORT response
to exogenous ACTH administration. However, despite the
observation that the CORT response to stress was shorter
lived in wheel-running mice, we did not observe changes in
either peripheral or central HPA-axis negative feedback.
Consistent with previous work from our laboratory (Fox
et al, 2008; Salam et al, 2009), wheel running was associated
with reduced anxiety-like behavior. However, it was unclear
whether the observed changes in the HPA axis actually
contributed to the anxiolytic effect of wheel running. The
HPA-axis changes may be a consequence of the reduced
anxiety following wheel running that results from running-
induced changes in central anxiety circuits. Alternatively,
the altered HPA-axis function and reduced anxiety-like
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behavior may be mediated by independent mechanisms
following wheel running. However, the fact that stress prior
to the onset of wheel running interferes with both the
anxiolytic effect of wheel running (Hare et al, 2012) and, in
an HPA-axis-dependent fashion, the running-associated
increase in neurogenesis (Stranahan et al, 2006) suggests
that HPA-axis activation and the effects of wheel running
are linked. More research is needed to understand the role
of the HPA-axis in the beneficial effects of wheel running.

Unlike previous studies (Adlard and Cotman, 2004;
Droste et al, 2003; Fediuc et al, 2006; Stranahan et al,
2006), we did not observe a running-induced increase in
CORT in the early stages of the active phase. Although
several studies have shown increased CORT at the onset of
the active period in wheel-running rodents, it is unclear
whether this increase reflects a true increase in CORT (ie, an
increase in peak CORT), or an activity-dependent CORT
release. Indeed, Girard and Garland (2002) showed that
wheel running immediately prior to blood sampling
positively predicted plasma CORT concentration. It is
important to note that mice in the current study were
group housed, whereas studies demonstrating increased
active-phase CORT were conducted on individually housed
animals. Thus, it is reasonable to expect that each animal
with wheel access in an individually housed condition was
engaged in wheel running just prior to sampling. However,
in the group housing conditions used in the current study,
we cannot be certain that each mouse was engaged in wheel
running preceding the sample period. Indeed, we have
shown that although mice share the running wheel over the
course of the 12h active phase, individual mice tend to
occupy the wheel for very brief (<30s) epochs of time over
the course of the 12 h (Salam et al, 2009). Thus, it is possible
that an activity-induced increase in CORT at the onset of
the active phase was washed out either by sampling mice
within the cage that had not recently run or that had run for
a very short period of time. Nevertheless, our data indicate
that wheel running is not universally associated with an
increase in active-phase peak diurnal CORT.

Consistent with previous reports, wheel running was
associated with an increase in adrenal size (Campeau et al,
2010; Droste et al, 2007; Droste et al, 2003; Droste et al,
2006; Nyhuis et al, 2010; Sasse et al, 2008). Several studies
have shown that stress-induced ACTH release is similar, or
reduced, in wheel-running rodents when compared with
sedentary controls (Droste et al, 2007; Droste et al, 2003;
Fediuc et al, 2006; but see Campeau et al, 2010). In the
present report, the rapid stress-induced peak CORT
response and the augmented response to low-dose ACTH,
suggested a wheel running-associated enhancement in
adrenal sensitivity that was consistent with the increased
adrenal size in wheel-running mice. However, it is
important to note that adrenal enlargement does not always
lead to increased sensitivity to ACTH. Studies have shown
that chronic stress (Michopoulos et al, 2012; Reber et al,
2007; Uschold-Schmidt et al, 2012) and GR mutations
(Karanth et al, 1997) result in adrenal hypertrophy but
reduced CORT release following ACTH challenge. Thus, the
increased adrenal sensitivity observed here may represent
an adaptive change that allows mice with wheel access to
mount a more rapid response when exposed to a challenge
that results in ACTH release.
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We did not find evidence for enhanced negative
feedback in wheel-running mice using the DST either
peripherally or centrally. One mechanism by which HPA-
axis negative feedback is initiated is by GR activation in
the pituitary, hippocampus, prefrontal cortex, and hy-
pothalamus during periods of elevated CORT (Herman
et al, 2005). Wheel running alters the ratio of miner-
alocorticoid to GR in the hippocampus in a manner that
likely increases the capacity for negative feedback (Droste
et al, 2007; Droste et al, 2003). However, in the current
studies, the DST assessed feedback inhibition under basal
CORT release conditions. It is possible that wheel running-
associated HPA-axis changes promote more rapid feed-
back under stress conditions. Because stress levels of
CORT are achieved more rapidly in wheel-running mice,
negative feedback mechanisms may be engaged more
quickly resulting in more rapid termination of the CORT
response as observed in Experiment 1.

Although the peak stress-induced CORT response did not
differ in wheel-running and sedentary mice, the earlier peak
and more rapid decay of the response suggest the possibility
of a change in the pattern of CORT exposure following
stress in wheel-running mice. The HPA-axis response to
stressors consists of a sequence of adaptive responses that
may have adverse consequences if they are inadequate, or
prolonged (Charmandari et al, 2005). Rodents with wheel
access typically show a more finely tuned response to
stressors, mounting a more robust response than sedentary
animals to those with physical components such as forced
swim or restraint that would demand sufficient mobiliza-
tion of energy resources (Campbell et al, 2009; Droste et al,
2007; Droste et al, 2003; Droste et al, 2006), and a more
curtailed response to those that are purely psychogenic,
such as loud noise or novel cage exposure that would
require less energy (Campeau et al, 2010; Droste et al, 2007;
Droste et al, 2003). A similar finding is observed in humans
in that exercise blunts the HPA-axis response to a single
exposure of oral mCPP a 5HT-2C agonist with anxiogenic
properties (Broocks et al, 1999; Broocks et al, 2001). Taken
together, these findings suggest that exercise may improve
control over the HPA-axis response to stress, producing a
more efficient response that is enhanced or diminished
depending upon the nature of the stressor.

In the current study, wheel running reduced anxiety-like
behavior, which was concurrent with a more rapid CORT
response and CORT decay to restraint stress, increased
adrenal size, and increased sensitivity to ACTH. The HPA-
axis changes observed in wheel-running animals suggests
that wheel running enhanced central control over the HPA-
axis response to subsequent stressors. Many of the negative
effects of stress are attributed to chronic exposure to
elevated glucocorticoid levels (Sapolsky, 2003). Given the
data reported here, and previously, it appears that wheel
running renders animals particularly resilient, capable of
producing a robust stress response while limiting the harm
that may result from overexposure to glucocorticoids
during times of stress. An understanding of the mechanisms
by which running induces alterations in stress-responsive
regions, and whether these changes provide resistance to
the effects of glucocorticoid overexposure, are necessary to
determine the utility of the running-associated changes
observed here.
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