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Article history: Although physical activity reduces anxiety in humans, the neural basis for this response is unclear. Rodent
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is controversial whether exercise exerts anxiolytic-like potential in rodents. Evidence is reviewed to
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evaluate the effects of wheel running, an experimental mode of exercise in rodents, on behavior in tests
of anxiety and on norepinephrine and galanin systems in neural circuits that regulate stress. Stress is

ii;;\;veirds: proposed to account for mixed behavioral findings in this literature. Indeed, running promotes an adaptive
Emotioyn response to stress and alters anxiety-like behaviors in a manner dependent on stress. Running amplifies
Enrichment galanin expression in noradrenergic locus coeruleus (LC) and suppresses stress-induced activity of the LC
Exercise and norepinephrine output in LC-target regions. Thus, enhanced galanin-mediated suppression of brain
Fear norepinephrine in runners is supported by current literature as a mechanism that may contribute to the
Galanin stress-protective effects of exercise. These data support the use of rodents to study the emotional and
Locus coeruleus neurobiological consequences of exercise.

Norepinephrine © 2012 Elsevier Ltd. All rights reserved.
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1. Anxiety and its treatment

Fear and anxiety-related behavior are adaptive responses that
span across the phylum and serve to protect the organism from
threat (Belzung and Philippot, 2007). However, mental pathol-
ogy occurs when these responses are excessive, persistent, and
clinically impairing in humans, according to the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IVR) (American
Psychiatric Association, 2000). Anxiety is the most prevalent type
of mental disorder in the general population (Kessler et al., 2009).
Anxiety defines a class of disorders that contain an assortment of
diagnoses (i.e., panic, agoraphobia, phobias, obsessive-compulsive
disorders, posttraumatic or acute stress disorder, and generalized
anxiety disorder), each of which possess a unique prevalence, pat-
tern of symptoms, course, and treatment (American Psychiatric
Association, 2000). Anxiety disorders exact a pervasive toll on
the individual and impair numerous aspects of quality-of-life by
inducing physical, social, emotional, and occupational dysfunction
(Mendlowicz and Stein, 2000). The lifetime prevalence of DSM-IVR
anxiety is about 31% and the 1 year prevalence is about 19% in the
US alone, according to World Mental Health surveys (Kessler et al.,
2009). The annual cost of treating anxiety in the US is $42.3 billion
as assessed by the most recent national survey in 1990 (Greenberg
et al., 1999; see also Konnopka et al., 2009). Thus, anxiety disorders
incur substantial cost to both the individual and society.

Pharmacotherapy is often a first-line of treatment for anxiety
(Jameson and Blank, 2010; Weisberg et al., 2007). Yet, current
drug therapies for anxiety have many limitations, including the
high financial expense, delay in onset, limited efficacy, unwanted
side effects, dependence, and stigma associated with consuming
and depending on pharmaceuticals (Davidson, 2009; Huffman and
Alpert, 2010). A need to develop novel treatments to fulfill these
shortcomings exists. Physical inactivity is a risk factor for men-
tal pathology (Abu-Omar et al., 2004; Dunn et al., 2001; Goodwin,
2003) and physical activity improves psychological risk factors
(Lavie et al., 2011), which suggests that involvement in physi-
cal activity contributes to normal mental health. Exercise may
offer additional benefits that leading anxiety therapies cannot (e.g.,
social acceptance of exercise as a healthy behavior, low financial
costs, limited side effects, physical health benefits). Evidence accu-
mulated extensively over the past 30 years suggests that physical
activity is a promising candidate for the treatment of anxiety.

Physical activity protects against the onset of anxiety and treats
anxiety symptoms in healthy people and medical patients, despite
age, sex, or other medical conditions (Herring et al., 2010; U.S.
Department of Health and Human Services, 2008). The effective-
ness of exercise is comparable to or better than many standard
forms of anxiety treatment (Carek et al., 2011; Petruzzello et al.,
1991; Wipfli et al., 2008). Quantitative reviews suggest that exer-
cise reduces anxiety with a small-to-moderate magnitude of
effectiveness that can be seen after short- and long-term treat-
ment (Conn, 2010; Herring et al., 2010; Long and Van Stavel, 1995;
Petruzzello et al., 1991; Wipfli et al., 2008). Population data show
that as the weekly frequency of exercise increases the risks for anx-
iety decreases (Goodwin, 2003). Moderate-to-high intensities of
exercise yield larger treatment effects on anxiety than low inten-
sities, as further supported by intervention studies (Conn, 2010).
However, a dose-response relation or specific duration or mode of
exercise thatis especially well suited for treating anxiety is yet to be
confirmed using randomized controlled trials, likely because such
studies are presently scarce (Dunn et al., 2001; Larun et al., 2006;
Wipflietal., 2008). Nonetheless, there is evidence that acute aerobic
exercise and training produces immediate and lasting improve-
ments in anxiety symptoms (Herring et al., 2012; Petruzzello et al.,
1991), whereas the beneficial effects of a resistance exercise may
depend on characteristics of the exercise regimen such as intensity

and duration (Bibeau et al., 2010). Together, these data suggest
that physical activity can serve as an alternative or complement
to current treatments for anxiety.

The neurobiological mechanisms that support the anxiolytic
potential of exercise are unclear. Rodent models of anxiety are
essential to permit mechanism-driven investigation into the neu-
ral basis of exercise. The contribution of rodent models was key
to establish that exercise has neurogenic, neurotrophic, and neuro-
plastic effects that underlie improvements in learning and memory
(for review see van Praag, 2009). However, it is presently contro-
versial whether voluntary exercise reduces anxiety-like behavior
in rodents. Evaluation of such evidence is critical at this juncture,
as it will help determine whether rodent models should be used
to understand the role exercise has on anxiety and its underlying
neurobiology. Thus, the primary aim of this review is to evaluate
current evidence of voluntary wheel running in behavioral tests of
anxiety in rodents. We conclude that rodent models can indeed be
used to understand the effects of exercise on anxiety and propose
that the behavioral efficacy of exercise depends on stress. We also
identify variables that may impact the relationship between volun-
tary exercise and anxiety-like behavior, while drawing attention to
limitations in the literature and recommending research to further
understand this relationship. A secondary aim is to examine how
wheel running alters neurotransmission involving norepinephrine
and galanin in circuits that regulate stress and anxiety. We propose
that wheel running promotes an adaptive response to stress via
norepinephrine-galanin mediated brain mechanisms.

This review will focus on evidence from studies that used vol-
untary exercise. Evidence from other experimental paradigms (e.g.,
treadmill running, swimming) will not be included due to the
confounded influence of stress and well-documented difference
between free-choice wheel running and forced exercise in motor
and affective behavior (Burghardt et al., 2004; Dishman et al., 1996;
Forristall et al., 2007; Gorton et al., 2010; Leasure and Jones, 2008;
Liuetal.,2009), brain signaling systems (Dishman et al., 1996; Dunn
etal., 1996; Leasure and Jones, 2008; Liu et al.,2009; van Praag et al.,
1999), and other physiological systems sensitive to stress (Hayes
et al., 2008; Moraska et al., 2000). Stress increases wheel running
in a manner that is blocked by an anxiolytic drug (Uchiumi et al.,
2008), suggesting that voluntary exercise is not itself a stressor.
Exercise also protects against stress at the neurobiological, neu-
roendocrine, and neuroimmune level (for review see Greenwood
and Fleshner, 2008, 2011; Sothmann et al., 1996). Although volun-
tary exercise has qualities of a stressor (e.g., activates sympathetic
nervous system, HPA axis, and other stress-responsive brain cir-
cuitry), it deserves unique classification and examination from
other stressors because it is engaged voluntarily and is neuro-
protective, predictable, controllable, and rewarding (Belke and
Wagner, 2005; Cotman and Engesser-Cesar, 2002; Greenwood
et al,, 2011; Stranahan et al., 2008; Werme et al., 2002).

2. Tests and models of anxiety in rodents

The distinction between tests and models of anxiety is an impor-
tant consideration in this review because their use, alone or in
combination, may influence the interpretation of behavioral out-
comes produced by voluntary exercise. Tests and models are tools
that are user-defined by their application in research and do not
possess “hereditary titles” (Kalueff et al., 2007). Tests of anxiety
are commonly used once in a study as a bioassay or screen to
characterize anxiolytic drugs or to phenotype rodents (e.g., genetic
knockouts). Tests of anxiety are optimized under specific envi-
ronmental parameters, validated mainly by benzodiazepines, and
include the Geller and Vogel conflict, defensive burying, elevated
plus maze, fear potentiated startle, hole board, open field, social
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interaction, and ultrasonic vocalization (for review see Lister, 1990;
Treit et al., 2010). Although it is relevant to note that many of these
tests can become models and induce persistent anxiety-relevant
features in studies that measure the lasting consequence of expo-
sure to the test itself, they are more commonly used as a test on
one occasion with no further testing. Thus, as generally used in the
biomedical literature and in every study examined in the present
review, tests of anxiety allow a means to collect dependent vari-
ables to characterize behavior (hereafter referred to as baseline
responding). Models of anxiety exhibit validity (e.g., construct, etio-
logical, face validity) that tests do not necessarily possess and can
produce relatively stable and persistent anxiety-related traits after
induction by an experimental manipulation (hereafter referred
to as evoked responding). Common stress-evoked models include
uncontrollable stress, chronic unpredictable stress, and maternal
deprivation. However, tests of anxiety are unfittingly referred to as
‘models’ of psychopathology throughout biomedical when used as
a screen (for reviews see Holmes, 2003; van der Staay, 2006). This
terminology misuse muddles the theoretical purpose (independent
vs. dependent variable) and implicitly assumes that tests possess
forms of validity that were not necessarily evoked. Thus, this mis-
nomer may affect how one assigns value to data and places results
into logical frameworks.

The bulk of basic research employing voluntary wheel running
used tests of anxiety as screens to measure baseline responding
(i.e., without the use of a model or assessing evoked responding
after exposure to an experimental stressor; Binder et al., 2004;
Burghardt et al., 2004; Collins et al., 2009; Dishman et al., 1996;
Droste et al., 2007; Dubreucq et al., 2010b; Duman et al., 2008;
Falls et al., 2010; Fuss et al.,, 2010a, b; Garcia-Capdevila et al.,
2009; Grace et al., 2009; Hopkins and Bucci, 2010a,b; Leasure and
Jones, 2008; Pietropaolo et al., 2006). However, several reports
measured the influence of wheel running on evoked responding
in tests of anxiety by exposing rodents to a stressor (Dishman et al.,
1997; Fox et al., 2008; Greenwood et al., 20053, 2003a, 2008, 2007;
Lancel et al., 2003; Masini et al., 2011; Salam et al., 2009; Sciolino
et al.,, 2012) or stress-based models of anxiety (De Chiara et al.,
2010; Maniam and Morris, 2010; Zheng et al., 2006). Based on evi-
dence available to date, we propose that the behavioral efficacy of
exercise in tests of anxiety is influenced by stress, including stress-
based models of anxiety. The stress response is any event that
moves an organism away from homeostasis and can be adaptive
when elicited short-term in a threatening environment. However,
stress can become maladaptive and contribute to the develop-
ment/exacerbation of anxiety when excessive, uncontrollable, and
persistent (Maier and Watkins, 2005; McEwen et al.,2012; McEwen
and Gianaros, 2011). In the present review, we try to avoid making
assumptions about emotional states and complex cognitive pro-
cesses in rats that may not exist and/or cannot be directly measured
(Cryan et al., 2005; Holmes, 2003; Steimer, 2011), but focus more
on the variables that are manipulated and measured in the experi-
ments. We therefore refer to stress in the context of an independent
variable rather than assuming that it has produced anxiety in
rodents.

3. Effects of wheel running on anxiety-like behavior and
fear learning

3.1. Wheel running offers anxiolytic-like potential in a manner
dependent on stress

The effect of exercise is at odds when assessing baseline
responding in tests of anxiety (see Table 1). Chronic wheel run-
ning produces anxiolytic-like (Binder et al., 2004; Dishman et al.,
1996; Dubreucq et al., 2010a; Duman et al., 2008; Falls et al., 2010;

Gorton et al., 2010; Hopkins and Bucci, 2010a; Salam et al., 2009),
anxiogenic-like (Burghardt et al., 2004; Fuss et al., 2010a, b; Grace
et al., 2009), and null effects (Pietropaolo et al., 2006) in rodents.
Discrepancies between these reports on exercise and affect can
be attributed to differences in experimental parameters, including
social rearing conditions (Stranahan et al., 2006; Stranahan et al.,
2008), time of day of behavioral testing (Hopkins and Bucci, 2010b),
type of sedentary comparison group (no wheel vs. locked wheel)
(Dubreucq et al., 2010b), duration or distance of wheel running
(Burghardt et al., 2004; Burghardt et al., 2006; Greenwood et al.,
20054, 2007), sex of subjects (Pietropaolo et al., 2008), time of test-
ing relative to the last wheel access (Duman et al., 2008), as well
as aversiveness of the testing environment, handling history, and
genetic background (Lister, 1990; Takahashi et al., 2008). Although
these experimental parameters likely moderate the relationship
of wheel running and emotion, no single variable is expected to
reliably account for inconsistent effects of exercise across tests of
anxiety when stress was not experimentally manipulated. Instead,
wheel running produces inconsistent effects on baseline respond-
ing in tests of anxiety likely due to a variety of internal and/or
external variables that ultimately influence the impact of stressors
on the organism.

Wheel runners are resistant to the toll of stressors or stress-
evoked models of anxiety (see Table 2). It is important to note
that benefit of exercise on evoked responding in an array of tests
of anxiety is mainly due to stress-induced impairment in seden-
tary, but not exercise rodents (De Chiara et al., 2010; Dishman
et al., 1997; Fox et al.,, 2008; Greenwood et al., 2005a, 2003a,
2008, 2007; Maniam and Morris, 2010; Masini et al., 2011; Sciolino
et al., 2012; Zheng et al., 2006). Reliable detection of the benefi-
cial consequences of wheel running may result only when stress is
experimentally manipulated because the effects of exercise inter-
act with stress to alter responding in a manner that behavioral
screens can detect. Experimental evidence that bolsters this con-
clusion suggests that differences between exercise and sedentary
rats on evoked responding in tests of anxiety emerge after expo-
sure to repeated injection/drug stress, but not in the absence of
such stress (Fox et al., 2008; Sciolino et al., 2012). For example,
rats that were allowed access to a running wheel for 3 wk exhib-
ited anxiolytic-like behaviors across several tests if the rat had a
history of repeated stress, but failed to produce these effects in
exercised rats tested under baseline conditions of stress or intense
stress evoked by a high dose of an anxiogenic drug (see Fig. 1).
The central thesis of this review is that the anxiolytic-like benefit
of chronic voluntary exercise emerges after exposure to mild-to-
moderate intensity stress, wherein the level of stress an animal
experiences is deliberately induced by an experimenter or inher-
ent in the experimental design (e.g., aversiveness of the housing
or testing environment, rearing and handling conditions) and/or
modified by other factors that influence stressor responsiveness
(e.g., genetics, maternal history; see Fig. 2). Although no evidence
directly shows that physically active animals are more anxious than
sedentary animals following extremely high intensity stress, this is
a possibility based on research that shows anxiogenic-like effects
of exercise in select populations (e.g., high runners; Fuss et al.,
2010a,b). The thesis of this review is further evaluated below by
examining the impact of exercise on baseline responding in tests
of anxiety, followed by examining the impact of exercise on stress-
evoked responding.

3.1.1. Effects of wheel running on baseline responding in tests of
anxiety

3.1.1.1. Affect-modulated startle. The startle reflex is a muscu-
lar contraction to an abrupt stimulus (e.g., tone, light, air puff)
that likely serves to avert injury from attack (for review see
Koch and Schnitzler, 1997). Select isoforms of anxiety, including
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Table 1
Summary of the effects of wheel running on baseline responding in tests of anxiety.
Behavioral test Exercise is Wheel Distance Sex Strain/species Housed Sed Ctrl Reference
anxiolytic? access (d) ran (km/d)
Acoustic startle Y 142 4.5 M C57BL/6] G L (Falls et al., 2010)
Y 142 5 M C57BL/6N G L (Salam et al., 2009)
- 28 10 M C57BL/6NCrl S L (Cacciaglia et al., 2011)
- 60? nd F C57BL6/] G L (Pietropaolo et al., 2006)
- 90 4 F,M WT mice S L (Pietropaolo et al., 2008)
Dark:light box N 21 8 M C57BL/6] S L (Fuss et al., 2010a)
Y 24 6-7 M C57BI6/N S A/L (Dubreucq et al., 2010b)
N 26 9-12 M C57BL/6] S L (Fuss et al., 2010b)
- 282 3-4 M,F 129xC57Bl6 G A (Garcia-Mesa et al., 2011)
Y 28 4 M C57BL/6N S A (Binder et al., 2004)
N 28 10 M C57BL/6NCrl S L (Cacciaglia et al., 2011)
Defensive withdrawal - 21 4 M Sprague S A (Sciolino et al., 2012)
Elevated plus maze - 122 5 M,F Sprague G A (Brocardo et al., 2011)
- 192 2 M Long Evans G A (Hopkins and Bucci, 2010b)
N 20 1-2 M Sprague S A (Grace et al., 2009)
- 21 4 M Sprague S A (Sciolino et al., 2012)
Y 28 4 M C57BL6/N S A (Binder et al., 2004)
Y 28b 5 M Sprague G-S A (Hopkins and Bucci, 2010a)
Y 21-28 12-14 M C57Bl/6 S A (Duman et al., 2008)
- 283¢ <1-5 M Wistar G A (Garcia-Capdevila et al., 2009)
Y 300 1.5 M C57Bl/6 G L (Gorton et al., 2010)
N 28 or 56 6 M Sprague S L (Burghardt et al., 2004)
- 60? nd F C57BL6/] G L (Pietropaolo et al., 2006)
Y,N 90 4 F,M WT mice S L (Pietropaolo et al., 2008)
Elevated zero maze Nd 21 8 M C57BL/6] S L (Fuss et al., 2010a)
N 25 9-12 M C57BL/6] S L (Fuss et al., 2010b)
N 28 10 M C57BL/6NCrl S L (Cacciaglia et al., 2011)
Hole board - 28 4 M C57BL/6N S A (Binder et al., 2004)
- 282 3-4 M,F 129xC57BI6 G A (Garcia-Mesa et al., 2011)
Novel cage/container Y 282 3-4 M,F 129xC57Bl16 G A (Garcia-Mesa et al., 2011)
Y 28 4-7 M Sprague S A (Collins et al., 2009)
Y 28 6 M Sprague S A (Droste et al., 2007)
Y 42 2 M Sprague S A (Masini et al., 2011)
Novel food - 602 nd F C57BL6/] G L (Pietropaolo et al., 2006)
Open field - 122 5 M,F Sprague G A (Brocardo et al., 2011)
Yy 142 5 M C57BL/6N G L (Salam et al., 2009)
nd | 192 2 M Long Evans G A (Hopkins and Bucci, 2010b)
-l 20 1-2 M Sprague S A (Grace et al., 2009)
N 21 8 M C57BL/6] S L (Fuss et al., 2010a)
N 21 9-12 M C57BL/6] S L (Fuss et al., 2010b)
Ne e 21-28 12-14 M C57BL6/] S A (Duman et al., 2008)
-l 283¢ <1-5 M Wister G A (Garcia-Capdevila et al., 2009)
nd < 282 3-4 M,F 129xC57Bl16 G A (Garcia-Mesa et al., 2011)
-fnd 28 4 M C57BL/6N S A (Binder et al., 2004)
N 28 or 56 6 M Sprague S L (Burghardt et al., 2004)
- 37 3-5 M CB; KO & WT mice S L (Dubreucq et al., 2010a)
- 56> <1 F Long Evans G L (Leasure and Jones, 2008)
Y 4 56 3 M Sprague S A (Dishman et al., 1996)
- 60? nd F C57BL6/] G L (Pietropaolo et al., 2006)
nd < 90 4 F,M WT mice S L (Pietropaolo et al., 2008)
Shock probe defensive burying - 21 4 M Sprague S A (Sciolino et al., 2012)
Social interaction Y 142 5 M C57BL/6N G L (Salam et al., 2009)
- 56 6 M Sprague S L (Burghardt et al., 2004)
Stress-induced hyperthermia Y 142 5 M C57BL/6N G L (Salam et al., 2009)

Abbreviations:-,no effect on anxiety; 4, increased locomotion; |, reduced locomotion; <>, did not alter locomotion; A, absent wheel controls; CB1, cannabinoid type I receptor;
F, female; G, group housing; KO, knockout; L, locked wheel controls; M, male; nd, no data; N, anxiogenic; S, single housing; Sed Ctrl, sedentary controls; WT, wild type; Y,
anxiolytic. Footnotes: *wheel was shared; Pexercise was restricted; ‘resistance created in wheel; deffect depends on hippocampal neurogenesis; ¢effect depends on time of
testing relative to last wheel access; fmeasured object recognition during test. Notes: Open field reported as changes in center time/entries/distance from the walls followed
by changes in locomotion. Wheel access is reported at behavioral testing and underlining indicates behaviorally ineffective durations. Mean distance ran is reported around
the time of behavioral testing and was divided by the number of subjects per cage when the wheel was shared.

posttraumatic stress disorder and obsessive compulsive disorder,
are distinguished by exaggerated baseline startle and/or dimin-
ished ability to inhibit startle (Braff et al., 2001; Pole, 2007).
Emotive-laden stimuli can be used to enhance or diminish star-
tle (Grillon and Baas, 2003; Lang and McTeague, 2009; Risbrough,

2010). Whether acute exercise reduces such measures of startle in
humans is presently unclear. An acute exercise session was not suf-
ficient to alter baseline startle or affect-modulated startle in healthy
individuals, nor did it alter prepulse inhibition in those with high-
trait anxiety (Duley et al., 2007; Smith and O’Connor, 2003; Smith



Table 2

Summary of the effects of wheel running on stress-evoked responding in tests of anxiety.

Behavioral test Stressor Stressor regimen Exercise relieves Wheel Distance Sex  Strain/species  Housing  Sed Ctrl Reference
stressor? access (d) ran (km/d)
Acoustic startle mCPP (0.1-1 mg/kg) 1x Y? 14 45 M C57BL/6N G L (Fox et al., 2008)
Dark:light box Maternal deprivation PND 2-14 (180 min/d) Y 84b <1 F Sprague G nd (Maniam and Morris, 2010)
Defensive withdrawal FG7142 (30 mg/kg) 1x - 21 4 M Sprague S A (Sciolino et al., 2012)
Saline inject or FG7142 10d (1x/d) Y 21 4 M Sprague S A (Sciolino et al., 2012)
(7.5mg/kg)
Elevated plus maze FG7142 (30 mg/kg) 1x Y 21 4 M Sprague S A (Sciolino et al., 2012)
Saline inject or FG7142 10d (1x/d) Y 21 4 M Sprague S A (Sciolino et al., 2012)
(7.5 mg/kg)
Maternal deprivation PND 2-14 (180 min/d) Y 84b <1 F Sprague G nd (Maniam and Morris, 2010)
Open field Chronic mild stress 28d (1x/d) -(Y) 14,28,0r 42 nd M Sprague S A (Zheng et al., 2006)
Repeated social stress 3d (3 hour/d) Y (Y)d 15 nd M C57/BI6 G A (De Chiara et al., 2010)
Uncontrollable tail shocks 1 session Y(-) 42 3 M Fisher344 S nd (Greenwood and Fleshner, in
press)
Shock probe defensive FG7142 (30 mg/kg) 1x - 21 4 M Sprague S A (Sciolino et al., 2012)
burying
Saline inject or FG7142 10d (1x/d) Y 21 4 M Sprague S A (Sciolino et al., 2012)
(7.5 mg/kg)
Shuttle box escape, Uncontrollable foot shocks 1 hour session Y 14 or 42 2or3 M Fisher344 S A (Greenwood et al., 2007)
freezing
Uncontrollable tail shocks 1 session Y 210r42 2o0r3 M Fisher344 S L (Greenwood et al., 2005a)
Uncontrollable tail shocks 1 session Y 42 4 M Sprague S L (Greenwood et al., 2003a)
Fluoxetine (10 mg/kg) 1x Y 42 3 M Fisher344 S A (Greenwood et al., 2008)
Uncontrollable foot shocks 20-45 min session Y 63-84¢ 1.5 F Sprague S A (Dishman et al., 1997)

Abbreviations:-,did not reduce effects of stressor; A, absent wheel controls; F, female; G, group housing; L, locked wheel controls; M, male; mCPP, metachlorophenylpiperazine; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; S, single housing; Sed Ctrl, sedentary controls; Y, reduced the toll of stressor. Footnotes: 2exercise produces anxiolytic-like response when stressor is not present; Pexercise wheel was shared; “exercise
was restricted; dexercise effects were dependent on cannabinoid CB; receptors; °resistance created in wheel. Notes: Wheel access is reported at the time of behavioral testing, wherein underlining indicates behaviorally inef-
fective durations. Mean distance ran is reported at behavioral testing and divided by the number of subjects per cage when the wheel was shared. Open field data are reported first as changes in center time/entries followed by

changes in locomotion in parentheses. All drugs listed above were given via an intraperitoneal route.
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from Sciolino et al. (2012). Data are reported as mean + SEM (n=_8-10). ***p <0.001, **p <0.01 vs. sedentary; ##p<0.001, #p <0.01, #p <0.05 vs. chronic FG7142; *p<0.05 vs.
exercise rats treated with chronic vehicle, both sedentary and exercise rats treated with acute FG7142, and exercise rats treated with chronic FG7142; ~"p<0.001 vs. chronic
vehicle; ““p<0.001, “p<0.01, ¢p<0.05 vs. pooled no inject groups. Abbreviations: EX, exercise; FG, FG7142; SED, sedentary; VEH, vehicle.

etal,,2002; Tiemanetal.,2001). Yet, the impact of a chronic exercise
regimen on the startle reflex remains to be elucidated.

While some reports suggest that a history of wheel running
reduces baseline startle (Falls et al.,2010; Salam et al., 2009), others
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Fig.2. Astress-based model to explain the influence of wheel running in tests of anx-
iety. The relationship between voluntary wheel running and performance in tests
of anxiety is non-monotic and influenced by the level of stress the animal is expe-
riencing. Anxiolytic-like effects of exercise are expected to occur because wheel
running interacts with stress to alter behavior. The impact of mild-to-moderate
levels of stress reveals anxiolytic-like benefits of exercise, whereas null or anx-
iogenic findings occur outside of this range (in blue area). The level of stress an
animal experiences can be deliberately induced by an experimenter or inherent in
the experimental design (e.g., aversiveness of the housing or testing environment,
rearing and handling conditions) and/or modified by other factors that influence
stressor responsiveness (e.g., genetics, maternal history). This model is adapted from
the Yerkes-Dodson law (Broadhurst, 1957; Yerkes and Dodson, 1908).

show that running does not alter this measure (Cacciaglia et al.,
2011; Pietropaolo et al., 2006, 2008). Prepulse inhibition of the
acoustic startle response is consistently unaltered by wheel run-
ning (Lau et al., 2009; Pietropaolo et al., 2006; Salam et al., 2009).
In line with the idea that a history of wheel running produces bene-
ficial effects on startle, mice that ran on a wheel for 2 wks exhibited
reduced acoustic startle amplitude relative to sedentary counter-
parts (Salam et al., 2009). Reductions in baseline startle were not
seen after short durations of wheel running (3 days after), but were
detected 1 wk after and persisted as long as the mice were allowed
to run (up to 12 weeks). Thus, reduced startle after wheel running
likely occurs from adaptations that result from repeated running.
Further, wheel running and sedentary rodents both exhibit com-
parable reductions in startle as acoustic stimuli are repeatedly
presented, which suggests that wheel running exerts an influence
on startle independent of habituation (Pietropaolo et al., 2006;
Salam et al., 2009). Reports that show reduced baseline startle after
wheel running originate from a laboratory that uniquely tested for
startle during the light phase of the light:dark cycle, whereas those
showing null effects stem from laboratories that tested during the
dark phase; cf. Cacciaglia et al. (2011) and Pietropaolo et al. (2006,
2008). Diurnal variations in startle may explain why these reports
are at odds, as startle exhibits circadian rhythmicity (Horlington,
1970; Ison and Foss, 1997; Miller and Gronfier, 2006). Specifically,
startle is about half the amplitude in the light versus the dark phase,
and the effects of pharmacological agents may be more evident
when startle is measured in the light phase (Brick et al., 1984;
Chabot and Taylor, 1992a,b; Flood et al., 2007). Thus, testing in the
light phase may produce better experimental conditions to reveal
treatment-induced reductions in startle by wheel running. How-
ever, it is also possible that divergent effects of wheel running are
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due to inherent or external levels of stress that affect startle (Zhang
etal,2011).

3.1.1.2. Exploration. Most research on exercise characterized
anxiety-like behavior using tests that rely heavily on locomo-
tion. Exploration-based tests are time-restricted to elicit a typical
response and include examples like the elevated plus and zero
mazes, hole board, dark:light box, and open field tests (for review of
tests see Lister, 1990; Treit et al., 2010). Responding in exploration-
based tests relies on unconditioned, spontaneous behavior in
a novel testing apparatus that is designed to elicit approach-
avoidance conflict. These tests likely evoke a degree of neophobia,
exploration, fear, and motivation, although the weight of each is
probably different in each test. Attesting to the differences across
tests of exploration, the degree of overlap is suggested to be very
low (estimated at approximately <20% overlap; Ramos, 2008).
However, an important unifying theme of all exploration-based
conflict tests is the reliance on locomotor activity (File, 1985, 2001).
File offers particularly useful advice in a review on the use of tests
of exploratory behavior to study anxiolytic agents, writing, “. . .the
use of tests of exploratory behavior to screen for new potential
“benzodiazepine-like” compounds is somewhat hazardous, unless
accompanied by other tests and carefully interpreted” (File, 1985).
Applying and extending this advice to understand exercise, we are
reminded that such tests are GABA-ergic sensitive (and possibly
preferential) and warned against overreliance or oversimplification
of anxiety-like behavior from exploration-based tests (as they are
often confounded by locomotor activity and result from numerous
impinging drives). Nonetheless, exploration-based tests are impor-
tant to profile anxiolytics, including exercise regimens.

3.1.1.2.1. Dark:light tests. Rodent behavior in the dark:light
box is driven by the conflict to avoid brightly illuminated spaces
against the need to explore this novel environment (for review see
Crawley, 1985; Lister, 1990; Treit et al., 2010). The defensive with-
drawal test is a validated variant of the dark:light box, which has
a proportionally smaller dark enclosure (Crawley, 1981; Heinrichs
et al,, 1997; Pare et al., 2001; Pritchard et al., 1991; Roman and
Arborelius, 2009; Smagin et al., 1996; Smith et al., 1998; Stone et al.,
1995; Takahashietal., 1989; Yang et al., 1990). Typically, anxiolytic-
like responding is defined by decreased latency to enter, increased
time spent, and/or increased entries in the lit compartment.

In dark:light tests, wheel running reduces (Binder et al., 2004;
Dubreucq et al., 2010b), enhances (Cacciaglia et al.,2011; Fuss et al.,
2010a; Fuss et al., 2010b), or does not alter (Garcia-Mesa et al.,
2011; Sciolino et al., 2012) baseline anxiety-like behavior. System-
atic factors likely account for differing results and may include the
control group comparison, amount of wheel running, and level of
stress the animal experiences. The sedentary comparison group
likely contributes to reliable detection of anxiolytic-like effects
of exercise in the dark:light test, as every report demonstrating
this effect compared behavior against a sedentary group without
a blocked wheel. For example, Chaouloff and colleagues (2010b)
showed that the beneficial effects of wheel running in the dark:light
box were present only when compared to sedentary controls that
did not have a blocked wheel. Comparisons to no-wheel sedentary
controls probably maximizes the difference between experimen-
tal groups, as a blocked wheel offers some degree of exercise (e.g.,
hanging, climbing; Koteja et al., 1999) and environmental enrich-
ment (Lehmann and Herkenham, 2011; Schrijver et al., 2002). The
amount of wheel running may also contribute to the detection of
anxiogenic behavior in the dark:light box, which emerges in mice
that ran approximately more 8 km per day (see Table 1). In sup-
port of this explanation, qualities of the training regimen (Leasure
and Jones, 2008) and the amount of neurogenesis in the hippocam-
pus is a necessary factor that determines the affective consequence
of exercise in the dark:light box (Fuss et al., 2010a). Also, strong

associations exist between the number of cells exhibiting a marker
of hippocampal neurogenesis (DCX) and anxiogenic-like behavior
in dark:light test, with an inverse correlation observed between
time in the lit side and exits from dark side and positive corre-
lation observed between initial latency to exit and the extent of
exploration of the lit side (Fuss et al., 2010b). Together, these data
suggest that wheel running has the potential to exert benefits on
baseline anxiety-like behavior in the dark:light box, although addi-
tional factors likely moderate baseline anxiety (e.g., high amounts
of running, sedentary control group, stress).

3.1.1.2.2. Elevated mazes. Rodent behavior in the elevated
maze is theorized to be the product of the endogenous drive to
avoid unprotected open spaces versus the motivation to explore a
novel environment (for review see Dawson and Tricklebank, 1995;
Walf and Frye, 2007; Wall and Messier, 2001). The elevated plus
and zero maze are comparable in concept, sensitivity to detect
anxiolytic/anxiogenic agents, and design, except the elevated zero
maze has the O-shape modification that eliminates the potential
confound of a central hub (Braun et al., 2011; Kulkarni et al., 2007;
Shepherd et al., 1994). Typical anxiolytic-like behavior in the ele-
vated mazes consists of increased open arm time and entries, as
well as a concomitant decrease in time spent on the closed arms.

The effects of wheel running in the elevated maze are mixed
when baseline responding is measured in tests of anxiety. For
instance, baseline anxiety-like behavior in the elevated mazes
was reduced (Binder et al.,, 2004; Duman et al., 2008; Gorton
et al.,, 2010; Hopkins and Bucci, 2010a; Pietropaolo et al., 2008),
increased (Burghardtetal., 2004; Cacciaglia etal.,2011; Graceetal.,
2009; Pietropaolo et al., 2008), or not changed (Brocardo et al.,
2011; Garcia-Capdevila et al., 2009; Hopkins and Bucci, 2010b;
Pietropaolo et al., 2006; Sciolino et al., 2012) in runners that were
not exposed to an experimental stressor. It is possible that inconsis-
tent evidence in the elevated maze results from effects of exercise
on locomotion or differences across studies in running distance.
A subset of studies showed that wheel running reduces locomo-
tor activity in the elevated maze (e.g., distance traveled, number of
total, closed, or full arm entries; Binder et al., 2004; Cacciaglia et al.,
2011; Dumanetal.,2008; Fuss etal.,2010b; Gortonetal.,2010),and
traditionally doses of drugs that impair locomotion confound inter-
pretation of anxiety-like properties (Rodgers et al., 1997). However,
the effect of exercise on baseline anxiety-like behavior in the ele-
vated plus maze is still mixed even after excluding studies with
locomotor confounds. High amounts of running likely contribute
to detection of anxiogenic behavior in the elevated maze (see also
section 4.1.1.1 Cacciaglia et al., 2011; Fuss et al., 2010a,b), although
a minority of reports also show anxiolytic-like effects after high
amounts of running (Duman et al., 2008). Collectively, we con-
clude that wheel running exerts anxiolytic potential in the elevated
mazes, but the effect of exercise is likely influenced by additional
factors (e.g., distance of wheel running, stress).

Comparing the effects of wheel running across studies using
the elevated maze is difficult because the behaviors measured are
diverse, such that reports that conclude the same effect of wheel
running produce different alterations in dependent variables.
Therefore, it is recommended that future studies demonstrate
alterations in complementary behaviors in the elevated mazes (e.g.,
increased open arm time corresponds with decrease closed arm
time), which will add confidence in conclusions about exercise
that are based on data generated from these tests. Future studies
interested in teasing apart the affective consequences of exercise
in the elevated maze should establish a dose-response relation-
ship by testing log-base distance and durations of wheel running.
Such research would add valuable insight to evaluate whether there
is a threshold or an optimal level of characteristics (e.g., distance,
duration, frequency) that define exercise that are needed to acquire
beneficial emotional consequences. Indeed, a minimal duration of
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wheel running is necessary to see changes in the elevated maze
(Burghardt et al., 2004) and restricted wheel access is also effec-
tive in reducing inherent levels of anxiety-like behavior in the
elevated plus maze (Gorton et al., 2010; Hopkins and Bucci, 2010a).
The efficiency the elevated maze offers allows the “dose-response”
question of exercise to be tested with relative ease, which is of high
translational relevance in recommending exercise regimens.

3.1.1.2.3. Hole board. The hole board test permits quantifica-
tion of both directed (towards holes in floor board of arena) and
general (in entire arena) exploratory activity in a novel testing
arena (Casarrubea et al., 2011; Crawley, 1985; File and Wardill,
1975; Kliethermes and Crabbe, 2006; Lister, 1990; Ohl et al., 2001).
An anxiolytic-like response in this test is generally defined by an
enhancement of hole-directed behavior. To date, only a couple of
reports tested the effects of wheel running in the hole board test,
both of which reported no effect of 4 weeks of wheel running in
this assay. Wheel runners and sedentary controls were not differ-
ent in the expression of head dipping in the Bossier’s four hole
board test (Garcia-Mesa et al., 2011). In the modified hole board
test that contains 23 centrally-located holes, exercised mice did
not reliably differ on anxiety-related measures relative to seden-
tary mice as measured by the time spent or entries on the hole
board (Binder et al., 2004). Exercised mice also exhibited reduced
line crosses in the hole board test, which suggests that locomotor
effects can be dissociated from head-dipping exploration (Binder
et al., 2004). Not enough data are available from the hole board
test to credibly interpret the effects of wheel running. It remains
to be determined whether behavior in this test is systematically
altered by stress and/or characteristics of running (e.g., duration,
frequency).

3.1.1.2.4. Open field. The open field is a spacious arena used
to characterize spontaneous locomotor activity and exploratory
behaviors relevant to the study of anxiety (for review see Calabrese,
2008; Crawley, 1985; Lister, 1990). Similar to other approach-
avoidance tests, rodent behavior in the open field is speculated
to result from the need to avoid the center, unprotected portion
of arena versus the impetus to explore a new environment. Most
investigations show that rodents given access to a running wheel
later exhibit reduced locomotor activity in the novel open field
(Burghardt et al., 2004; Duman et al., 2008; Fuss et al., 2010a,b;
Garcia-Capdevila et al., 2009; Grace et al., 2009; Hopkins and Bucci,
2010b; Salam et al., 2009), although some reports show no effect on
locomotion upon initial exposure to the open field (Brocardo et al.,
2011; Dubreucq et al.,, 2010a; Garcia-Mesa et al., 2011; Leasure
and Jones, 2008; Pietropaolo et al., 2006; Pietropaolo et al., 2008).
Comparing across studies, running-induced decreases in locomo-
tion in the open field persist across characteristics of the subject
(species, strain, sex, housing), exercise regimen (duration, distance
ran, restricted, shared, resistance), and experimental test (duration,
lighting, measure of locomotion). Evidence does not suggest that
the open field is more aversive to wheel runners (De Chiara et al.,
2010; Salam et al., 2009; Zheng et al., 2006). Among the reports
that show wheel running does not alter locomotion, wheel running
failed to alter anxiety-relevant behaviors like center time or entries
in the open field relative to sedentary controls (Dubreucq et al.,
2010a; Leasure and Jones, 2008; Pietropaolo et al., 2006). Reduced
locomotion in the open field is not likely due to running-induced
fatigue because runners resume exercise after behavioral testing
(unpublished observation), exhibit enhanced performance in the
rotorod test (Salam et al., 2009), and are no different from seden-
tary controls on locomotion in an activity or home cage (Dubreucq
et al., 2010a; Fuss et al., 2010a). Also, a strong positive correlation
between open field locomotor activity and running distance exists
during the active portion of the day, such that increases in locomo-
tion are associated with increases in running distance (Pietropaolo
et al., 2008). The fact that wheel running decreases locomotor

activity limits meaningful interpretation of the effects of exercise
on emotion-relevant behavior in the open field. Indeed, it is well
accepted that inferring emotion from exploratory behavior is inac-
curate when confounds in locomotion exist. Thus, we suggest that
the open field is not well suited to infer the emotional consequences
of wheel running, but is appropriate to observe alterations in loco-
motion or demonstrate locomotor confounds that could influence
other tests of emotion.

3.1.1.3. Novelty. Though all of the paradigms reviewed above typ-
ically involve an element of novelty as an aversive stimulus, some
paradigms place particular emphasis on novelty as the independent
variable, and therefore fit appropriately into a separate category
of tests. Novelty is speculated to provoke fear in rodents as mea-
sured by reduced exploration and enhanced avoidance in tests
that evoke an approach-avoidance conflict (Blanchard et al., 1974;
Montgomery, 1955; Montgomery and Monkman, 1955). Several
reports suggest that wheel running minimizes the effects of novelty
on spontaneous behavior (Collins et al., 2009; Droste et al., 2007;
Garcia-Mesa et al., 2011; Masini et al., 2011). During exposure to a
small novel cage or container, exercised rats exhibit more resting
(i.e., more lying and/or stationary behaviors) and less non-resting
behaviors (i.e., rearing, walking, grooming), all of which are dis-
played in an undisturbed rodent during the daytime (Collins et al.,
2009; Droste et al., 2007; Garcia-Mesa et al., 2011; Masini et al.,
2011). Exercise also reduced the effects of novelty on HPA and
autonomic functioning, as rats allowed to run exhibited reduced
plasma ACTH and corticosterone, heart rate, and body temperature
after exposure to a novel cage/container compared to sedentary
rats (Droste et al., 2007, 2003; Masini et al., 2011). However, run-
ners and sedentary controls did not statistically differ in the latency
to consume novel chocolate pellets (Pietropaolo et al., 2006). Inter-
pretation of this result is limited because the stress of novelty per
se was not induced (i.e., similar mean latency to consume standard
chow and novel chocolate in exercise and sedentary conditions).
Further, the mean latency to consume the novel chocolate tended
to be lower in the exercise condition relative to a sedentary con-
trol, which may be meaningful because the research was based
on a small sample (n=5-6) and statistical analyses that included
other groups. More research is necessary to determine whether
wheel running reduces food neophobia, preferably as assessed by
measures with less nutritional/energetic confounds (e.g., latency to
approach the novel food). Together these data suggest that wheel
running promotes adaptive coping to the stress of a novel environ-
ment.

3.1.1.4. Social interaction. Under normal conditions, rodents spon-
taneously engage in social interaction, whereas isolation produces
an array of behavioral and neurochemical abnormalities (for review
see Fone and Porkess, 2008; Hall, 1998; Olsson and Westlund,
2007). In the social interaction test, a pair of rodents is allowed to
interact in an arena and the time spent engaged in active social
behaviors with an unfamiliar mate is measured (File and Hyde,
1978; Lapiz-Bluhm et al., 2008). Anxiogenic drugs reduce social
interaction, whereas this behavior is increased by anxiolytics (File,
1980; File and Baldwin, 1987). Wheel running also has the poten-
tial to increase social interaction. For example, Salam et al. (2009)
showed that exercised mice that were group housed exhibited
increased time/frequency sniffing, following, grooming, and climb-
ing a novel conspecific, relative to non-exercising mice. However,
Burghardt et al. (2004) showed that exercise and sedentary rats
kept singly housed were no different in the time spent in contact or
active pursuit of a novel conspecific. Differences in the social history
of the subject (single vs. group housed) or social mate (potentially
non-matched vs. matched for social history) may account for dif-
ferences in social interaction after wheel running. Indeed, isolation
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in the juvenile period or adulthood increases aggression and alters
social interaction and exploratory behavior in rodents (Arakawa,
2005; Douglas et al., 2004; Fone and Porkess, 2008; Van Den Berg
et al,, 1999). Adolescent rodents that were socially reared prefer
a compartment previously paired with similarly housed partners,
whereas isolates do not exhibit this preference (Douglas et al.,
2004). In any case, although data on wheel running and social
interaction is limited, they are consistent with the conclusion that
exercise offers anxiolytic potential.

3.1.1.5. Structured threat. Threat initiates defensive behaviors that
are analogous across human and non-human animals (Blanchard
et al., 2001a,b; Shuhama et al.,, 2007). Defensive behaviors are
speculated to be perturbed in those with anxiety disorder, and
accordingly are modified by anxiolytics (Archer, 1979; Griebel et al.,
1995a,b; Marks, 1977; Treit et al., 1986; Treit et al., 1981). Struc-
tured tests of threat like the shock probe test and anxiety/defense
battery initiate an array of defensive behaviors that are not nec-
essarily measured in standard tests of anxiety (Blanchard and
Blanchard, 2003; De Boer and Koolhaas, 2003; Treit et al., 1986).
Consistent with the idea that the effects of exercise and stress inter-
act, evidence shows that exercise failed to reliably alter measured
behavior in the shock probe defensive burying test in rats that were
exposed to no experimental stressor (Sciolino et al., 2012). More
research is needed to comprehensively understand the conditions
under which exercise alters defensive behavior and structured tests
of threat should prove useful.

3.1.2. Effects of wheel running on stress-evoked responding in

tests of anxiety

3.1.2.1. Affect-modulated startle. Wheel running consistently pro-
duces astress-protective effect in the acoustic startle test of anxiety.
For example, wheel running mitigated light-induced and mCPP-
induced potentiation of acoustic startle in mice (Fox et al., 2008;
Salam et al., 2009). Startle data are consistent with the hypoth-
esis that the anxiolytic-like benefit of wheel running emerges
after exposure to mild-to-moderate intensity stress. For example,
exercise-induced reductions in startle were dependent on the dose
of the anxiogenic agent mCPP, such that only the highest 1 mg/kg
i.p. dose increased startle in exercised mice relative to vehicle
(Fox et al., 2008). Since wheel running alters factors that modu-
late startle, such as arousal (Edgar et al., 1991; Hanagasioglu and
Borbely, 1982; Welsh et al., 1988), attention (Hopkins et al., 2009;
Robinson et al., 2011), and motivation (Eisenstein and Holmes,
2007; Greenwood et al., 2011; Lett et al.,, 2001; Rozeske et al.,
2011; Werme et al., 2002), it is particularly relevant to determine
whether these factors influence the effects of wheel running on
startle. Collectively, these data suggest that chronic wheel running
has the ability to modulate startle in a manner that is beneficial and
potentially stress-dependent.

3.1.2.2. Exploration. The ability of wheel running to ameliorate the
effects of stress in exploration-based tests of anxiety is clear. In
the dark:light box, wheel running prevented the effects of mater-
nal deprivation on anxiety-like behavior as measured by the time
spent and entries in the lit area (Maniam and Morris, 2010). Wheel
running also facilitated locomotor habituation in the defensive
withdrawal test in rats exposed to repeated injection stress or
pharmacological stress using the anxiogenic [3-carboline FG7142
(7.5mg/kg x 10 days) (Sciolino et al., 2012). However, a high dose
of FG7142 (30 mg/kg i.p. x 1 day) dramatically suppressed locomo-
tor activity and produced intense immobility and avoidance in this
test regardless of whether rats ran on a wheel, which could imply
that the beneficial effects of exercise are not sufficient to over-
come intense stressors. In the elevated plus maze, sedentary rats
exhibited anxiety-like behavior after exposure to either repeated

injection stress or maternal deprivation as measured by reduced
open arm time, open arm entries, and head dips, whereas exercise
rats were resilient to this effect of stress (Maniam and Morris, 2010;
Sciolino et al., 2012). In the open field, wheel running mitigated the
deficits in locomotion induced by chronic mild stress or social stress
(De Chiara et al., 2010; Zheng et al., 2006). Uncontrollable tailshock
stress increased the time spent in the center of the open field in
wheel runners (relative to no-stress), whereas stress produced an
opposite or anxiety-like effect in sedentary rats (Greenwood and
Fleshner, in press). These data clearly demonstrate that wheel run-
ning offers stress resilience in an array of exploration-based tests
of anxiety.

3.1.2.3. Shuttle box escape and freezing after shock-elicited fear.
Uncontrollable or inescapable stress is a model of anxiety that
evokes deficits of shuttle box escape and exaggerated freezing
in tests conducted 24-72 hour later, whereas controllable or
escapable stress does not (for reviews see Maier and Watkins,
1998; Maier and Watkins, 2005). Uncontrollable stress induced
by shock (e.g., 100 shocks/session) produces behavioral sequelae
that generalize to environments separate from the fear context
and sensitize neural systems that mediate fear. Wheel running
does not alter shock-elicited fear per se, but blocks the behav-
ioral impairment later displayed after uncontrollable stress (for
review see Greenwood and Fleshner, 2011). Wheel running is
repeatedly shown to ameliorate the effects of uncontrollable stress
induced by shock on shuttle box escape and freezing (Dishman
et al., 1997; Greenwood and Fleshner, 2008; Greenwood et al.,
20054, 20034, 2008). Of note, the benefit of exercise after uncon-
trollable stress is displayed after 6 weeks of wheel running, but
not before then (Greenwood et al., 2005a, 2003a, 2008, 2007),
which suggests that some benefits of exercise become apparent
after long durations. Wheel running also protected against the shut-
tle box escape deficit and exaggerated freezing produced by an
acute dose of the selective serotonin reuptake inhibitor fluoxe-
tine (Greenwood et al., 2008). The effects of wheel running after
shock-elicited fear are robust and suggest that exercise offers stress
resilience.

3.1.2.4. Structured threat. Burying in the shock probe test is an
active defensive behavior that is increased by stress or anxiogenic
manipulations (Lapiz-Bluhm et al., 2008). The advantage of this
measure, in contrast with the majority of those discussed above,
is that it assesses active as well as passive behavioral responses to
aversive stimuli. We observed that wheel runners do not exhibit
the increase in burying that sedentary rats display after repeated
injection stress or pharmacological stress using the anxiogenic [3-
carboline FG7142 (Sciolino et al., 2012). Furthermore, the effect
of exercise in this paradigm may depend on the level of evoked
stress. A high dose of FG7142 (30 mg/kg i.p. x 1 day) produced
intense immobility and hindered other defensive behaviors in
the shock probe test regardless of whether rats ran on a wheel
(see Fig. 1). These findings once again support the model pro-
posed herein that the anxiolytic potential of exercise depends on
stress.

3.2. Wheel running improves fear learning

Exercise improves learning and memory and prevents cogni-
tive decline in humans and non-human animals (for review see
Dishman et al., 2006; Lista and Sorrentino, 2010). Fear condition-
ing is associative learning that permits an organism to use relevant
cues in the environment to predict threat (for reviews see Ehrlich
et al., 2009; Fanselow and Poulos, 2005; LeDoux, 2003; McNally
and Westbrook, 2006). In the context of this review, it is relevant
to evaluate whether the effects of exercise on fear drive or produce
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Table 3
Summary of the effects of wheel running on fear learning.

Behavioral test Exercise improves Wheel Distance Sex Strain/species Housed Sed Ctrl Reference
fear conditioning? access (d) ran (km/d)

Fear potentiated startle Y 142 4.5 M C57BL/6] G L (Falls et al., 2010)

Passive avoidance Y 282 1 M C57BL/6] G L (Samorajski et al., 1985)
- 282 2-3¢ M BALB/c G L (Liu et al., 2009)

Fear conditioned freezing Y4fand ¢ 192 2 M Long Evans G A (Hopkins and Bucci, 2010b)
yds 21 7 M Long Evans S A (Van Hoomissen et al., 2004)
ydh 22 7 M Long Evans S A (Van Hoomissen et al., 2011)
ydi 26 6-7 M C57BI6/N S AJL (Dubreucq et al., 2010b)
—d 28 10 M C57BL/6NCrl S L (Cacciaglia et al., 2011)
Yd and -¢ 30 2-5 M Long Evans S A (Baruch et al., 2004)
yd 42 4 M Fisher 344 S A (Greenwood et al., 2009)
—ei 38-41 5 M CB; WT mice S L (Dubreucq et al., 2010a)
—dek 46 6-7 M Long Evans S nd (Wojtowicz et al., 2008)
yd! 54 6 M, F C57BL6/] S A (Clark et al., 2008)
—d 56 6 M Sprague S L (Burghardt et al., 2004)
ydm 56 8 M Sprague S L (Burghardt et al., 2006)
—de 602 Nd F C57BL6/] G L (Pietropaolo et al., 2006)

Abbreviations:-, did not alter fear conditioning; A, absent wheel controls; CB;, cannabinoid type I receptor; F, female; G, group housing; L, locked wheel controls; M, male;
N, impaired fear conditioning; nd, no data; S, single housing; Sed Ctrl, sedentary controls; WT, wild type; Y, improved fear conditioning. Footnotes: *wheel was shared;
bkm/hour; km/12 hour; conditioning to context; ¢conditioning to cue; feffect reversed when testing occurred in PM or end of light portion of the light:dark cycle; $effect
abolished by non-selective B-adrenergic receptor blocker propranolol; Peffect was reversed by olfactory bulbectomy; ‘effect present only when compared to no wheel
controls, not locked wheel controls; Jimproved deficits of CB; receptor knockout mice; Xtrended towards improving fear conditioning, wherein time spent freezing was
positively correlated with the number of cells expressing the young neuron marker PSA-NCAM in the dentate gyrus; 'effect was not dependent on hippocampal irradiation;
meffect present only after high, but not low running. Notes: Wheel access is reported at behavioral testing. Distance ran is reported as the mean at behavioral testing and

was divided by the number of subjects per cage when the wheel was shared.

the enhancement of aversively-motivated learning. Collectively,
the effects of exercise on aversively-motivated learning are separa-
ble from fear/anxiety-relevant behaviors. Therefore, we conclude
that wheel running enhances fear conditioning across paradigms
through learning and memory (see Table 3), and not fear processes
per se.

Converging evidence suggest that rodents with a history of
wheel running exhibit improved aversively-motivated learning in
a contextual fear conditioning paradigm, as assessed by increased
freezing to a context that was previously paired with shock (Baruch
etal.,2004; Burghardtetal.,2006; Clark et al.,2008; Dubreucq et al.,
2010a; Dubreucq et al.,2010b; Greenwood et al.,2009; Hopkins and
Bucci, 2010b; Van Hoomissen et al., 2011, 2004). Enhanced con-
textual fear conditioning occurs across wheel running durations
that range from ~2 to 8 weeks, which suggest that the learn-
ing effects of exercise are long-lasting. However, exercise-induced
adaptations may need to be established prior to contextual fear con-
ditioning, as wheel running (1, 4, or 6 weeks) did not alter freezing
to the shock-paired context if it occurred after fear-conditioning
(Cacciaglia et al., 2011; Greenwood et al., 2009). Further, wheel
running (1 or 6 weeks) did not alter extinction of fear-conditioned
freezing, regardless of whether running was pre- or post-fear con-
ditioning (Greenwood et al., 2009). Van Hoomissen and colleagues
proposed that wheel running alters the speed of memory retrieval
comparable to exercise-training in humans (Smith et al., 2010), as
running selectively increased freezing to context in the beginning
of the fear conditioning test (Van Hoomissen et al., 2011, 2004).

A minority of reports did not generate an enhancement of
contextual fear conditioning after running (Burghardt et al.,
2004; Cacciaglia et al., 2011; Pietropaolo et al., 2006; Wojtowicz
et al., 2008). Of these Wojtowicz et al. (2008) trended towards
demonstrating exercise-induced facilitation of fear conditioning.
However, the lack of an effect observed in the other two reports
are likely explained by factors previously shown to alter fear con-
ditioning and wheel running, such as the time of testing (Hopkins
and Bucci, 2010b) or distance ran (high vs. low running; (Burghardt
et al., 2006). Higher amounts of freezing are selectively exhibited
in sedentary controls when tests of contextual fear conditioning
occur at the beginning relative to the end of the light cycle (Hopkins

and Bucci, 2010b). As such, increased freezing in sedentary mice in
Pietropaolo et al. (2006) may not be specific to learning because
testing was uniquely conducted in the dark of the light:dark cycle,
which could preclude detection of enhanced freezing in wheel run-
ners that is indicative of learned fear. The null finding in Burghardt
et al. (2004) may be attributed to large individual variation in run-
ning, which is supported by subsequent data from the authors
showing variation in running concealed gains in contextual fear
learning (Burghardt et al., 2006).

Several lines of evidence support the conclusion that wheel
running increases fear-conditioned freezing due to associative
learning of the shock-context pair. First, wheel running reduced
or did not alter freezing to a novel context never paired with
shock, but selectively increased freezing to the context paired
with shock (Greenwood et al., 2009; Van Hoomissen et al., 2011;
Zheng et al., 2006). Second, enhanced contextual freezing after
exercise cannot be attributed to confounds in freezing or noci-
ceptive detection/sensitivity because wheel running and sedentary
animals exhibit similar pre-conditioning freezing, shock reactivity,
and activity burst durations (Baruch et al., 2004; Burghardt et al.,
2006; Cacciaglia et al., 2011; Falls et al., 2010; Greenwood et al.,
2009; Van Hoomissen et al., 2004). Third, wheel running facilitated
learning under non-optimal conditions (e.g., minimal duration of
context pre-exposure), and in a manner independent of freezing to
a context not paired with an aversive stimulus (Greenwood et al.,
2009). Although intrinsic differences in fear may influence fear
learning in exercised rodents (Burghardt et al., 2006), the reviewed
evidence suggests that it is unlikely that differences in fear per se
produce the enhancement of fear learning after exercise. These data
suggest that wheel running enhances contextual fear conditioning
via learning and memory processes.

Wheel running also enhances fear learning in tests of passive
avoidance (see also Liu et al., 2009; Samorajski et al., 1985) and fear-
potentiated startle (Falls et al.,2010). Mice given access to arunning
wheel exhibit enhanced startle amplitude to a tone previously
paired with shock relative to sedentary mice (Falls et al., 2010).
Wheel running may particularly influence learning and consolida-
tion, as wheel runners exhibit improved fear-potentiated startle
when running is restricted to periods most likely to affect learning
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(2 week before conditioning) or consolidation (2 week after condi-
tioning), but not retrieval or performance (2 week before testing)
compared to sedentary counterparts (Falls et al., 2010). However,
wheel running does not alter freezing to a tone previously paired
with shock (Baruch et al., 2004; Dubreucq et al., 2010a; Hopkins
and Bucci, 2010b; Pietropaolo et al., 2006; Wojtowicz et al., 2008).
Differences between cued conditioned freezing and other forms
of fear conditioning may result from several factors, including the
behavioral measure of fear learning (freezing vs. startle), strength
of conditioning, or strength of input from different neural regions
mediating these responses (e.g., hippocampus, regions of the amyg-
dala, locus coeruleus, dorsal raphe), as previously hypothesized
(Burghardt et al., 2006; Falls et al., 2010; Greenwood et al., 2009;
Van Hoomissen et al., 2004). Because anxiety is characterized by an
inability to inhibit fear responding and a bias to attend to threat-
related cues (Garakani et al., 2006; Luyten et al., 2011; for review
see Rothbaum and Davis, 2003), it is important for future research
to focus on whether wheel running assists in extinguishing learned
fear and distinguishing safety signals from threat.

3.3. Conclusions and future directions

Rodents are sensitive to the benefits of voluntary wheel run-
ning across tests of anxiety, which supports the utility of rodent
models to investigate the mechanisms underlying the benefits of
exercise on emotion. The evidence reviewed herein shows a clear
benefit of exercise on evoked responding (i.e., after exposure to a
stressor or stress-based model of anxiety) and mixed effects for
the benefit of exercise on baseline responding in tests of anxiety.
Although it remains possible that conflicting evidence of exercise
on baseline responding results from variation in behavior across
tests of anxiety or laboratories, we identify specific variables that
could contribute inconsistent effects in the literature. Further eval-
uation of the experimental variables (e.g., manipulated stressors,
non-manipulated variables that act as stressors) that influence
the effects of exercise will be warranted using meta-analysis as
research accumulates. Further, wheel running improves fear condi-
tioning through learning and memory processes, which minimizes
the possibility that exercise-induced alterations in fear per se drives
such learning. In sum, evidence to date suggests that wheel run-
ning exerts anxiolytic potential in a manner that depends on stress
(Fig. 2).

The important influence of stress in the reviewed data is in line
with previous evidence showing that stress is a risk factor for anxi-
ety and comorbid disorders (Cerda et al., 2010; Nugent et al., 2011).
The influence of specific types of stress (physical vs. psychological)
or intensities of stress (no, mild, moderate, and severe) on exer-
cise outcomes remains to be validated by meta-analytic techniques.
Induction of persistent anxiety is an essential design element that
is needed to further characterize the ability of exercise to buffer
the toll of stressful life events. Thus far, only a few reports investi-
gated the effects of wheel running in an established stress-evoked
of anxiety (i.e., chronic mild stress, repeated social stress, maternal
deprivation, uncontrollable stress; De Chiara et al., 2010; Maniam
and Morris, 2010; Zheng et al., 2006). An extensive review of the
advantages and disadvantages of preclinical models of anxiety can
be found elsewhere (van der Staay, 2006). Models that are geneti-
cally (e.g., High Anxiety Behavior strain, Syracuse strain, serotonin
transporter knockouts) and pharmacologically based are particu-
larly well-suited to offer mechanistic insight into the protective
effects offered by exercise (Brush, 2003; Jaggi et al., 2011; Kalueff
et al.,, 2010; Neumann et al., 2010; Pego et al., 2010; Wigger et al.,
2001). For translational purposes, it will be relevant to explore
the biological underpinning of short- and long-access running, as
they may have distinct affective consequences (Belke and Garland,
2007).

The absence of a clear dose-response of exercise (intensity, dura-
tion, frequency) on anxiety deserves consideration. In humans,
a dose-response relationship between exercise and anxiety has
yet to be established (Dunn et al., 2001). Similarly, as assessed
by correlation in rodents, no reliable association exists between
running distance and responding in tests of anxiety, including
the elevated plus maze (Burghardt et al., 2004; Pietropaolo et al.,
2008), open field (Burghardt et al., 2004; see also Pietropaolo et al.,
2008), prepulse inhibition of acoustic startle (Pietropaolo et al.,
2008), or shuttle box escape and freezing after uncontrollable stress
(Greenwood et al., 2003a). This does not preclude the idea that a
dose-response exists for wheel running and anxiety, but forces one
to examine whether this response is linear and/or affected by other
factors such as stress, reward, attention, or learning.

The reviewed evidence supports the use of wheel running as a
tool in the study of exercise and anxiety. Understanding the specific
neurobiological mechanisms for exercise-mediated improvements
in anxiety should focus on specific behaviors that are well defined
operationally. The evidence reviewed above indicates that mea-
sures of acoustic startle in fear-potentiated paradigms, defensive
burying in the shock probe test, and freezing and shuttle box
escape in uncontrollable stress paradigms show particular promise.
A symptom-driven approach will show clear links between the
neural alterations of wheel running and specific anxiety-relevant
behavior. Recognizing that rodent models are limited in their abil-
ity to reproduce the collection of symptoms seen in humans with
anxiety will minimize anthropomorphic leaps and encourage a
coherent understanding of the functional neurobiology underlying
exercise.

4. Effects of wheel running on neurotransmission in
regions controlling stress and anxiety

Several plausible neural mechanisms have been proposed to
mediate the affective consequence of wheel running, including
alterations in monoamine (Dishman, 1997; Dunn et al., 1996;
Gorton et al., 2010; Greenwood et al., 2003a,b, 2005a,b; Maniam
and Morris, 2010; Soares et al., 1999), endocannabinoid (De Chiara
et al,, 2010), glutamate (Dietrich et al., 2005; Makatsori et al.,
2003), GABA (Dishman et al., 1996; Hill et al., 2010), and galanin
(Soares et al., 1999; Van Hoomissen et al., 2004) systems. A sum-
mary of alterations induced by wheel running in neural circuitry
controlling stress and anxiety is provided (see Table 4). Neu-
roanatomical structures that transmit the stress-protective benefit
of wheel running may be elucidated by measures of immediate
early gene expression (see Table 5). In particular, wheel running
attenuates stress-induced elevations of cFos in stress-responsive
circuitry, including the prelimbic and infralimbic cortex, lateral
septum, subiculum, bed nucleus of the stria terminalis, periven-
tricular nucleus, preoptic area, dorsal medial hypothalamus, dorsal
raphe, cuneiform nucleus, and locus coeruleus (Campeau et al.,
2010; Greenwood et al., 2003a,b, 2005a).

Although many mechanisms have been proposed, only a single
report to our knowledge provides causal evidence for the effects of
exercise on anxiety. For example, exercise-induced alterations in
anxiety-like behavior in the open field, dark:light test, and elevated
O-maze were reversed by blockade of hippocampal neurogenesis
(Fuss et al., 2010a). In contrast, irradiation of the hippocampus did
not block the enhancement of contextual fear conditioning that
was exhibited in runners, which suggests that intact hippocam-
pal neurogenesis is not required to mediate fear learning (Clark
et al,, 2008). The enhancement of contextual fear conditioning
after wheel running was prevented by either chronic administra-
tion of the non-selective 3-adrenergic receptor blocker propranolol
(Van Hoomissen et al., 2004) or removal of cortical afferents to
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Table 4

Summary of the effects of wheel running on neurotransmission in regions controlling stress and anxiety.

Cannabinoid (CB)

Potentiated reductions in striatal sIPSC, but not sEPSC, frequency that were induced by a cannabinoid agonist (HU210), through presynaptic action and in a manner and
dependent on exercise duration (De Chiara et al., 2010); these effects were slowly reversible after discontinuation of running (De Chiara et al., 2010). Potentiated
reductions in striatal sIPSC frequency that were induced by the group I metabotropic glutamate receptor agonist S-DHPG in a manner dependent on the CB,

cannabinoid receptors (De Chiara et al., 2010).

Dopamine (DA)

Dopamine levels were reduced in the Arc, but unchanged in the LC, DR, CeA, BLA, CA1, PVN, PAG, NAc, CPu, and PFC (Dishman et al., 1997; Gorton et al., 2010).
DOPAC levels or the ratio of DOPAC to DA levels were not different in the LC, DR, CeA, CA1, Arc, PAG, or PFC whereas only DOPAC/DA levels were reduced in the PVN

(Dishman et al., 1997; Soares et al., 1999).
Galanin (Gal)

Prepro-Gal mRNA was increased in LC (Holmes et al., 2006; Van Hoomissen et al., 2004) and hippocampus (Tong et al., 2001). Prepro-galanin mRNA expression in LC
was altered after footshock or chronic pharmacological stress (Sciolino et al., 2012; Soares et al., 1999).

Gamma-aminobutyric acid (GABA)

GADG67 levels were regionally increased (CA1-3, DG, BNST, motor cortex, NAc core) or decreased (Pir), but unaltered in the PL, IL, sensory cortex, NAc shell, CPu, LS, and

amygdala (Hill et al., 2010).
GABA levels were unaltered in striatum (Dishman et al., 1996).

GABA, receptor density was reduced in striatum (Dishman et al., 1996). Downregulated gene expression of GABA, and glutamate decarboxylase GADG65 in the
hippocampus (Molteni et al., 2002). mRNA for GABA4 receptor subunits were increased in hippocampal CA1 (a5, 1), CA2 (a5, B1, 8), CA3 (a5), and DG (a5, B1) (Hill
et al,, 2010). mRNA for select GABA, receptor subunits were reduced in PL (33), Pir (83, y2), IL (a2), NAc core and shell (a2), CPu («2), LS (2), BNST (y2), PVN (a2),
and CA3 («2) (Hill et al., 2010). mRNA for select GABA, receptor subunits were not different in the BLA and CeA (a2, 33, y2) or sensory cortex (a2, B3) (Hill et al.,

2010).

Glutamate (Glu)

AMPA GluR1 mRNA was decreased and increased in VTA after 1 and 23 d of exercise, respectively (Makatsori et al., 2003). AMPA receptor (GluR1, GluR2/3) and Glu
receptor anchoring protein (SAP-97, GRIP-1, PSD-95) immunocontent was increased in cortical postsynaptic density, whereas immunocontent for kainite (GIuR6/7)
and NMDA receptors (Dietrich et al., 2005) was not altered. NMDA receptor subunit NR1 was unaltered in VTA (Makatsori et al., 2003). Phosphorlyated NMDA
subunits (phosphor-NMDAR1, NMDAR2B) and binding of the NMDA receptor antagonist MK801 were increased in cortical postsynaptic densities (Dietrich et al.,
2005). Unregulated gene expression of NMDAR2A and NMDAR2B in the hippocampus (Molteni et al., 2002).

Norepinephrine (NE)

Reduced the number of cFos immunoreactive cells after uncontrollable stress that were colocalized with tyrosine hydroxylase in the LC, A5 cell group, and rostral
ventrolateral medulla (Greenwood et al., 2003b). TH mRNA in LC was unaltered (Soares et al., 1999).

NE levels were increased in spinal cord and pons medulla (Dunn et al., 1996) and LC and DR (Dishman et al., 1997), which was correlated with increased freezing in
contextual fear conditioning. NE levels were no different in the CeA, hippocampus, Arc, PVN, and PAG after footshock (Dishman et al., 1997). Reduced

footshock-induced increases in NE levels in the PFC (Soares et al., 1999).

MHPG and DHPG levels were unaltered in spinal cord, pons medulla, hippocampus, & frontal cortex (Dunn et al., 1996).

a1 MRNA was increased in DRN regions, not in the MR, depending on exercise length; this effect was not correlated with distance ran (Greenwood et al., 2005b). o,
receptor mRNA was unaltered in the locus coeruleus (Greenwood and Fleshner, 2008). 3 adrenergic Byax (lower receptor number) and K4 (enhanced
affinity/sensitivity) were decreased in the frontal cortex at baseline, but these effects were reversed after footshock (Yoo et al., 1999).

Serotonin (5-HT)

5-HT levels were reduced in the CeA, but unchanged in the LC, DR, CA1, Arc, PVN, PAG, NAc, CPu, PFC, and BLA (Dishman et al., 1997; Gorton et al., 2010). Attenuated tail
shock-induced activity of 5-HT neurons in the rostral-mid DRN in a manner dependent on the duration of exercise (Greenwood et al., 2003a, 2005a).

5-HIAA levels were reduced in the CeA, but not different in the LC, DR, Arc, PVN, and PAG after both uncontrollable and controllable stress (Dishman et al., 1997).
5-HIAA levels were reduced in CA1 only after uncontrollable stress (Dishman et al., 1997). Ratio of 5-HIAA to 5-HT levels were reduced in PVN, but not different in the

LC, DR, CeA, CA1, Arc, and PAG (Dishman et al., 1997).

5-HT transporter mRNA in MR and DRN subregions was reduced; this effect was not correlated with distance ran (Greenwood et al., 2005b).

5-HT;4 receptor mRNA was increased in the MR and in subregions of the dorsal and lateral DRN in a manner that was dependent on exercise length, whereas 5-HT4
receptor mRNA was not altered in ventral DRN subregions; these effects were not correlated with distance ran (Greenwood et al., 2003a, 2005b). Reversed maternal
deprivation induced reductions in 5-HT;4 mRNA in hippocampus (Maniam and Morris, 2010). 5-HT;p receptor mRNA was reduced in select ventral DRN subregions
in a manner dependent on exercise length, whereas 5-HT;g receptor mRNA was not changed in the MR or dorsal/lateral DRN; this effect was not correlated with

distance ran (Greenwood et al., 2005b).

Abbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate; Arc, arcuate; BLA, basolateral amygdala; BNST, bed
nucleus of the stria terminalis; CeA, central amygdala; CPu, caudate putamen; DG, dentate gyrus; DHPG, 3, 4-dihydroxyphenylglycol; S-DHPG,S-3,5-dihydroxyphenylglycine;
DOPAC, 3,4-dihydroxyphenylacetic acid; DRN, dorsal raphe nucleus; GAD67, glutamic acid decarboxylase; IL, infralimbic cortex; LC, locus coeruleus; LS, lateral septum;
MHPG, 3-methoxy-4-hydroxyphenylglycol; MR, median raphe; NAc, nucleus accumbens; NMDA, N-methyl-D-aspartate; PAG, periaqueductal gray; PFC, prefrontal cortex;
Pir, piriform cortex; PL, prelimbic cortex; PVN, paraventricular nucleus; sEPSC, spontaneous excitatory postsynaptic current; sIPSC, spontaneous inhibitory post synaptic
current; SubC, subcoeruleus; TH, tyrosine hydroxylase; VLM, ventral lateral medulla; VTA, ventral tegmental area.

basal limbic structures (Van Hoomissen et al., 2011). These stud-
ies bolster the idea that enhanced fear learning after exercise is
likely attributed to improved learning capacity and not fear per se.
Although beyond the scope of the present review, it is important
to point out that voluntary exercise also exerts stress resilience
through neuroendocrine (Stranahan et al., 2008), neuroimmune
(Fleshner, 2005), and neuroplastic and neuroprotective (Cotman
and Engesser-Cesar, 2002; Stranahan et al., 2009) mechanisms,
as reviewed in detail elsewhere. For a comprehensive discus-
sion, the remainder of this review will focus on evidence showing
that wheel running alters norepinephrine and galanin systems in
circuitry controlling stress and anxiety, as other well-supported
mechanisms of exercise are reviewed elsewhere (i.e., serotoner-
gic; Greenwood and Fleshner, 2008, 2011). We propose that a

noradrenergic-galaninergic mechanism plays an important role in
conferring the stress buffering capacity of exercise. To support this
hypothesis, it is important to briefly review how alterations in nore-
pinephrine and galanin systems contribute to anxiety in a manner
dependent on stress.

4.1. Norepinephrine and galanin systems control anxiety-like
responding in a manner dependent on stress

Norepinephrine is implicated in the pathogenesis of anxiety,
and similarly drugs that target the norepinephrine system (i.e.,
norepinephrine serotonin reuptake inhibitors) are currently a pop-
ular first-line of therapy for anxiety (Hoffman and Mathew, 2008;
Kalk etal.,2011). Norepinephrine putatively influences anxiety in a
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Table 5

Summary of the effects of wheel running on immediate early gene expression in brain regions controlling stress and anxiety.

Altered Fos immunoreactivity in a region dependent manner by increasing Fos in the CeA and DG and decreasing Fos in the BLA, without changing this measure in CA1
or CA3; these effects were not colocalized with enkephalin or parvalbumin (Burghardt et al., 2006).

Did not alter the amount of cFos mRNA in LC (Soares et al., 1999), the number of cFos immunoreactive neurons in the NAc or PVN (Collins et al., 2009), nor the amount
of cFos immunoreactivity in the A7 region, subcoeruleus, CeA, BLA, or lateral habenula (Greenwood et al., 2003b, 2005a).

Increased cFos immunoreactivity in the DG, but not CA1 or CA3 (Fuss et al., 2010a).

Reduced cFos mRNA in PVN after a saline injection (Campeau et al., 2010).

Regionally attenuated footshock stress induced increases in cFos expressing cells/immunoreactivity in DRN, PVN, Bar, LC, A5, ventral medial and lateral medulla, and
caudal raphe nucleus (Greenwood et al., 2003a,b, 2005a). Regionally influenced the expression of cFos immunoreactivity in the BNST in a manner that was dependent

on the duration of wheel running (Greenwood et al., 2005a).

Attenuated auditory stress induced increases in cFos mRNA in PVN, rostral and ventral LS, antereoventral area of anterior BNST, medial POA, DM, Me, ventral

subiculum, DR, CnF, PL, and IL (Campeau et al., 2010).

Augmented both novelty and forced swim induced increases in the number of cFos immunoreactive neurons in the DG (Collins et al., 2009).

Abbreviations: Bar, Barrington’s nucleus; BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CeA, central amygdala; CnF, cuneiform nucleus; DG, dentate
gyrus; DM, dorsal medial hypothalamic nucleus; DRN, dorsal raphe nucleus; IL, infralimbic cortex; LC, locus coeruleus; LS, lateral septal nucleus; Me, medial amygdaloid
nucleus; mRNA, messenger ribonucleic acid; NAc, nucleus accumbens; PL, prelimbic cortex; POA, preoptic area; PVN, paraventricular nucleus; SubC, subcoeruleus. Note that
most effects from Campeau et al. (2010) were seen after intermittent and continuous exercise.

manner that depends on conditions of stress (Goddard et al., 2010).
Norepinephrine can induce both anxiogenic and anxiolytic effects,
and therefore a balanced noradrenergic tone produces appropri-
ate vigilance and stressor responsiveness. Norepinephrine is a
neuromodulatory transmitter that likely influences anxiety by opti-
mizing excitatory and inhibitory tone in the brain via action at
adrenergic oy, oy, and 3 receptor subtypes (Goddard et al., 2010;
Morilak et al., 2005). The ascending noradrenergic system contains
cell bodies in the medulla and pons that project throughout the
brain (Moore and Card, 1984). The locus coeruleus is an impor-
tant noradrenergic nucleus that projects to numerous other regions
that regulate stress and anxiety, including the frontal and cingulate
cortices, amygdala, olfactory bulb, septum, hippocampus, hypotha-
lamus, periaquiductal gray, and raphe nuclei (Aston-Jones, 2004;
Dahlstroem and Fuxe, 1964; Itoi, 2008).

The majority of norepinephrine neurons in the locus coeruleus
also contain the peptide/trophic factor galanin (Holets et al., 1988;
Holmes and Crawley, 1995; Melander et al., 1986; Skofitsch and
Jacobowitz, 1985). Under conditions of high activation, ampero-
metric experiments show that the soma of locus coeruleus neurons
release norepinephrine from large dense core vesicles (Huang et al.,
2007), which presumably co-contain the peptide galanin. In situ
hybridization evaluated at the light and electron microscope level
coupled with tannic-acid experiments show that galanin is syn-
thesized and released in large dense-core vesicles from dendrites
in the locus coeruleus (Vila-Porcile et al., 2009). Galanin acts on
at least three G-protein coupled galanin receptors in the brain
noted as GalR1-3, all of which are present in the locus coeruleus,
and are differentially expressed in midbrain and limbic structures
that respond to stress (Burazin et al., 2000; Hawes and Picciotto,
2004; Hohmann et al., 2003; Kolakowski et al., 1998; Mennicken
et al., 2002; O’'Donnell et al., 1999; Pang et al., 1998; Wang et al.,
1997; Waters and Krause, 2000). Activation of galanin receptors is
predominantly inhibitory and induces hyperpolarization/outward
current by increasing K* or decreasing Ca** conductance (for review
see Xu et al., 2005). Electrophysiological data show that galanin
inhibits activity of the locus coeruleus in brainstem slice prepara-
tions of the rat (Pieribone et al., 1995; Seutin et al., 1989; Sevcik
et al,, 1993; Xu et al., 2001). Collectively, these data support an
auto-inhibitory role of galanin on locus coeruleus neurons.

Stress and rodent models of pathology alter prepro-galanin
expression and galanin receptor density in the locus coeruleus
as well as the amygdala and hypothalamus (Holmes et al., 1995;
Holmes and Crawley, 1996; Makino et al., 1999; O’Neal et al.,
2001; Sweerts et al., 1999, 2000). Additionally, polymorphisms
in the prepro-galanin promoter are associated with the sever-
ity of symptoms in women with anxiety disorders (Unschuld
et al., 2008; Unschuld et al., 2010). Both galanin and the

non-selective galanin receptor agonist galnon dose-dependently
reduce anxiety-like behavior in several rodent assays when admin-
istered systemically or intracerebroventricularly (Bing et al., 1993;
Rajarao et al.,, 2007). Whereas a non-specific galanin receptor
antagonist like M35 or M40 blocks these effects or produces the
opposite effect by increasing anxiety-like behavior (Lyudyno et al.,
2008; Rajarao et al., 2007). Interestingly, systemic administra-
tion of the selective GalR3 receptor antagonist SNAP37889 or,
SNAP398299 produced anxiolytic-like behavior in several rodent
assays (Swanson et al., 2005), which suggests that galanin receptor
subtypes each uniquely influence anxiety. Although galanin modu-
lates anxiety, the effects of galanin may depend on the brain region
of interest, test used to measure anxiety, and the degree of stress
the animal experiences (for review see Barrera et al., 2005; Holmes
and Picciotto, 2006; Rotzinger et al., 2010).

Accumulated evidence suggests that the anxiety-related effects
of galanin are specifically evoked under conditions of high stress or
norepinephrine activity. For example, galanin administered intrac-
erebroventricularly failed to alter anxiety-like behavior under
non-stressed conditions in C57BL/6] mice in tests of exploration
(Karlssonetal.,2005). Administration of the galanin receptor antag-
onist M40 in the central nucleus of the amygdala was unable to
alter behavior in rodents tested for baseline responding in tests of
anxiety or evoked responding after experimental exposure to acute
restraint stress or the a; adrenergic receptor antagonist yohimbine
(Khoshboueietal.,2002a). However, restraint stress combined with
yohimbine was necessary to increase galanin levels in the central
nucleus of the amygdala, and only under these conditions did M40
block the effect of stress on anxiety-like behavior (Khoshbouei et al.,
2002a). M40 injected into the lateral septum or bed nucleus of the
stria terminalis blocked anxiety-like behaviors in the shock probe
defensive burying, elevated plus maze, and social interaction tests
in rats that were exposed to an electrified shock prod or restraint
stress (Echevarria et al., 2005; Khoshbouei et al., 2002b). Further,
transgenic mice that overexpress galanin in norepinephrine and
epinephrine-synthesizing neurons exhibit normal behaviors in an
array of tests of anxiety under baseline conditions, but after expo-
sure to yohimbine stress exhibit an anxiolytic-like behavior in
the dark:light task compared to wild type controls (Holmes et al.,
2002). These data support the conclusion that enhanced galanin
drive in noradrenergic circuitry is induced by stress to dampen
enhanced noradrenergic drive. It is notable that the anxiolytic
potential of galanin and wheel running bear a striking similarity:
both manipulations do not reliably alter baseline levels of anxi-
ety, yet consistently reduce stress-evoked responding in tests of
anxiety-like behavior. This parallels data presented in the first part
of the review and highlights the interesting possibility that wheel
running exerts anxiolytic-like potential via neural mechanisms that



1978 N.R. Sciolino, P.V. Holmes / Neuroscience and Biobehavioral Reviews 36 (2012) 1965-1984

involve interaction between the norepinephrine and galanin sys-
tems.

4.2. A proposed noradrenergic-galaninergic brain mechanism
underlying the stress protective effects of wheel running

Research from our laboratory and a few others show that
wheel running regulates norepinephrine activity. Suggesting that
chronic exercise inhibits noradrenergic locus coeruleus neurons,
rats allowed regular access to a running wheel exhibit reduced
expression of cFos in locus coeruleus neurons that express tyro-
sine hydroxylase immunoreactivity after uncontrollable stress
(Greenwood et al., 2003b). In vivo microdialysis data show that
wheel running dampens the enhanced norepinephrine release after
footshock stress in the frontal cortex (Soares et al, 1999). As
the cortex receives norepinephrine terminals exclusively from the
locus coeruleus (Jones and Moore, 1977; Mason and Fibiger, 1979;
Ungerstedt, 1971), it is reasonable to assume that such changes
after exercise result from alterations in locus coeruleus projection
terminals. However, runners were not different from sedentary
counterparts in the expression of the rate-limiting norepinephrine
synthetic enzyme tyrosine hydroxylase in the locus coeruleus or
other regions like the subcoeruleus, A5, or ventral lateral medulla
(Greenwood et al., 2003b; Murray et al., 2010; O’Neal et al., 2001;
Soares et al., 1999), which supports an important role of galanin
in mediating the effects of exercise on the locus coeruleus. Wheel
running also failed to alter mRNA expression for the o, adrener-
gic autoreceptor in the locus coeruleus after six weeks of running
(Greenwood and Fleshner, 2008). The lack of such an effect does
not preclude the possibility that wheel running constrains locus
coeruleus noradrenergic activity via this autoreceptor, as alter-
ations in locus coeruleus adrenergic o, receptors may occur after
transcription (e.g., increased a; adrenergic receptor affinity and/or
expression of this protein after wheel running). However, it does
suggest that exercise-induced inhibition of locus coeruleus activity
may involve other, non-noradrenergic mechanisms. Further, wheel
running increased 3 adrenergic receptor binding in the frontal cor-
tex after footshock stress, yet the opposite effect was seen in the
absence of an experimental stressor (Yoo et al., 1999). These data
show that wheel running alters noradrenergic signaling in neural
circuits that are sensitive to stress and support the possibility that
wheel running exerts anxiolytic-like potential through use of the
neuromodulator galanin in these circuits.

We have repeatedly observed that galanin expression is aug-
mented in the locus coeruleus by wheel running. Rats that ran on a
wheel for 3-4 weeks exhibited increased density of prepro-galanin
mRNA in the locus coeruleus relative to sedentary rats (Holmes
et al., 2006; Murray et al., 2010; Reiss et al., 2009; Sciolino et al.,
2012; Van Hoomissen et al., 2004). It is interesting to note that both
voluntary and forced exercise increase prepro-galanin mRNA in the
locus coeruleus (O’Neal et al., 2001). Supporting the functional rel-
evance of these data, plasma galanin secretion is also increased
after an acute bout of exercise in humans (Legakis et al., 2000).
Increases in galanin expression in the locus coeruleus is corre-
lated with increases in the distance ran on a wheel, suggesting a
dose-dependent effect of exercise on brain galanin (Eisenstein and
Holmes, 2007; Holmes et al., 2006; Sciolino et al., 2012). Galanin
expression in the locus coeruleus is also increased by acute and
chronic stress (Holmes et al., 1995; Kuteeva et al., 2008), an animal
model of depression (Holmes and Crawley, 1996), psychotherapeu-
tictreatment (Austin et al., 1990; Holmes et al., 2006; Kadowaki and
Emson, 1992), and opiate administration and withdrawal (Holmes
et al.,, 2011), which suggests that galanin is recruited as a counter-
regulatory mechanism to dampen noradrenergic tone. Elevated
galanin levels after exercise may remain elevated after stressor
exposure, as exercised rats that were exposed to shock exhibited

I Anxiety
(‘a‘ !

Fig. 3. A stress-based neural model of functional noradrenergic circuitry that is
implicated in mediating the anxiolytic-like potential of wheel running. Stress
increases norepineprhine output from the locus coeruleus to brain circuitry control-
ling anxiety-like behavior in sedentary rodents. However, rodents given repeated
access to a running wheel exhibit increased expression of galanin, a peptide colo-
calized with norepineprhine in the locus coeruleus relative to sedentary controls.
Therefore, we propose that enhanced galanin-mediated suppression of noradren-
ergic output from the locus coeruleus in wheel runners is a mechanism that can
account for the attenuation of anxiety-like behavior after stressor exposure. Abbre-
viations: aCg, anterior cingulate; Amy, amygdala; BNST, bed nucleus of the stria
terminalis; DR, dorsal raphe; FC, frontal cortex; GAL, galanin; HF, hippocampal for-
mation; Hypothal., hypothalamus; LC, locus coeruleus; OB, olfactory bulb; PAG,
periaquiductal gray area.

Exercise

increased prepro-galanin mRNA in the locus coeruleus relative to
sedentary rats (Soares et al., 1999). These data collectively show
that wheel running increases galanin in noradrenergic brain cir-
cuits that are sensitive to stress.

We propose that enhanced galanin resulting from wheel run-
ning constrains activation of locus coeruleus neurons during stress
to beneficially alter anxiety-like behavior (see Fig. 3). Specifically,
we suspect that enhanced galanin signal after exercise acts at
somatic or somatodendritic galanin receptors in the locus coeruleus
to dampen norepinephrine release to target areas that influence
anxiety, including the frontal cortex and amygdala. Indeed, in vitro
data shows that galanin inhibits the firing rate of locus coeruleus
mainly through somatodendritic GalR1 and GalR3 receptors (Ma
et al., 2001; Pieribone et al., 1995), and to a lesser extent GalR2
(Hawes and Picciotto, 2004; Lu et al,, 2005; Ma et al., 2001;
O’Donnell et al., 1999). Wheel running may also exert anxiolytic
potential via galanin-mediated inhibition of norepinephrine neu-
rons in regions downstream to the locus coeruleus. The fact that
wheel running induced galanin gene expression in the hippocam-
pus of rats supports the idea that multiple levels of the neural axis
mediate the anxiolytic-like potential of wheel running (Tong et al.,
2001). Indeed, presynaptic GalR1 and GalR2 receptors are expected
to modulate release of norepinephrine in forebrain regions, includ-
ing the hippocampus and cortex (Ma et al., 2001; Xu et al., 1998;
Yoshitake et al., 2004). Wheel running alters norepinephrine levels
and increases mRNA expression for the o4}, adrenergic receptor
in the dorsal raphe nucleus in a time-dependent manner com-
pared to sedentary conditions (Dishman et al., 1997; Greenwood
et al., 2005b), which lends further evidence to conclude that
wheel running-induced adaptations are mediated via noradrener-
gic signaling in target regions of the locus coeruleus. These results
demonstrate that wheel running alters norepinephrine and galanin
systems in neural circuits that are sensitive to stress, but the func-
tional significance is yet to be elucidated.
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It is also possible that the anxiolytic potential of wheel run-
ning is influenced by galanin-mediated alterations in 5-HT. The
dorsal raphe may be an especially important site for serotonergic-
galaninergic interactions after wheel running, because galanin is
synthesized in these neurons (Melander et al., 1986). The functional
consequences of exercise on the novel receptor combinations of
GalR1 receptor homodimers (Wirz et al., 2005) and heterodimers
with monoamine receptors (Borroto-Escuela et al., 2010; Diaz-
Cabiale et al., 2010) in regions controlling stress remains to be
explored. Future studies should establish whether the anxiolytic
potential of wheel running can be attenuated in a manner that
is necessary and/or sufficient for brain galanin and whether such
effects are time-course specific. Experiments elucidating the anx-
iolytic potential of wheel running could utilize selective galanin
receptor ligands, galanin receptor knockout mice, and galanin
overexpressing mice (e.g., driven by a dopamine [3-hydroxylase
promoter).

5. Final remarks

The evidence reveals that voluntary wheel running offers anx-
iolytic potential and stress resiliency. Specific neural mechanisms
that underlie such benefits are offered. Wheel running increases
galanin in norepinephrine systems that are sensitive to stress. Pre-
cisely how wheel running affects interactions between the brain
galanin and norepinephrine systems to alter anxiety is under spec-
ulation, but alterations likely occur at multiple levels of stress
responsive circuitry. We hypothesize that the impact of exer-
cise on galanin in the locus coeruleus is particularly relevant
for noradrenergic output to stress responsive targets and subse-
quent anxiety-like behavior. Candidate norepinephrine and galanin
receptor subtypes that transmit the beneficial effect of wheel run-
ning are elucidated based on functional neuroanatomical evidence
and descriptive reports of wheel running on norepinephrine and
galanin neurotransmitter systems. Evidence to date support the use
of rodent models to investigate these and other neural mechanisms
underlying the emotional consequences of exercise.
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