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Evidence suggests that exercise can be effective for the prevention and treatment
of depression. A meta-analysis was conducted to quantify effects from studies examining
the effect of an exercise intervention on depression scores. The overall effect was moderate,
d =-0.57 (95% ClI, -0.79 to -0.34), suggesting that exercise groups exhibit a1/2 SD
reduction in depression relative to comparison groups.

However, biological mechanisms to explain such effects have not been established.
Common antidepressant medications target the noradrenergic system, and exercise
influences noradrenergic transmission. Thus, adaptations in central noradrenergic function
represent a plausible mechanism to explain antidepressant effects of exercise. Thefirst
study examined the effect of 6 weeks of treadmill training on gene expression for prepro-
gdanin (GAL) and tyrosine hydroxylase (TH) within the locus coeruleus using in situ
hybridization. Levels of GAL messenger RNA (mRNA) were higher in treadmill-trained
compared to sedentary animals, but there was no effect on TH mRNA. These results
support a potential role of GAL in modulating noradrenergic activity after chronic exercise.

The second study examined the effect of chronic activity wheel running and
imipramine administration on appetitive behavior and gene expression in the locus
coeruleus using the olfactory bulbectomy model of depression. Male rats were randomly
assigned to the following conditions: (1) bilateral olfactory bulbectomy or sham surgery,
(2) activity wheel running or sedentary home cage, and (3) daily imipramine or saline
injections. After 21 days, animals underwent behavioral testing for sucrose preference
and copulatory activity. Levelsof TH, GAL, and prepro-neuropeptide Y (NPY) mRNA
were measured using in situ hybridization. Bulbectomized animals exhibited reductions
in sucrose intake and decrements in copulatory performance compared to sham animals.

I mi pramine administration was also associated with decreased copulatory rates and



gjaculation frequency. However, activity wheel running after bulbectomy improved
copulation rates, reduced gjaculation latency, and increased gaculation frequency. Level
of GAL mRNA was increased after imipramine trestment whereas activity wheel running
after bulbectomy increased gene expression for NPY. No differences were found in TH
MRNA. Adaptations in noradrenergic function after 3 weeks of imipramine treatment and
activity wheel running do not appear to occur via similar mechanisms of gene expression

within the locus coeruleus.
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INTRODUCTION AND LITERATURE REVIEW

Astoo much and violent exer cise offends on the one side, so doth an idle life on the other ...
Oppositeto Exerciseis|dleness or want of exercise, the bane of body and mind... the chiefe
author of all mischiefe, one of the seven deadly sinnes, and a sole cause of Melancholy.
~Burton, 1632

Evidence from anecdotal reports, epidemiological research, and intervention
studies suggests that exercise may be an effective intervention for the prevention and
alleviation of depressive symptoms for many individuals with mild to moderate
depression (O’ Neal, Dunn, & Martinsen, 2000). In addition, exercise training in animals
influences neurobiologica systems involved in the etiology of depressive disorders
(Dishman1997). However, few studies have used an animal model of depression to
investigate the effect of physical activity on biological indices of depression (Dishman,
Renner, Y oungstedt, Reigle, Bunnell, Burke, Yoo, Mougey, & Meyerhoff, 1997; Y oo,
Tackett, Crabbe, Bunnell, & Dishman, 2000). To my knowledge, chronic exercise has
not been implemented as an antidepressant treatment in the olfactory bulbectomy animal
model of depression, which has predictive validity for pharmacological interventions and
induces alterations in neurobiological systems that are influenced by physical activity
(Kdly, Wrynn, & Leonard, 1997).

Depression: A Public Health Concern

Unipolar depressive disorders, including major depression and dysthymia, are
prevalent psychiatric disorders in modern society. Depression is a debilitating
psychological condition characterized by disturbances in cognitive, physiological, and
emotional functioning. In research and clinical settings, criteriafor depressive disorders

are commonly defined using Research Diagnostic Criteria (RDC), International



Classification of Diseases (ICD), or Diagnostic and Satistical Manual of Mental
Disorders (DSM-1V). For example, DSM-IV criteriafor major depression include the
presence of at least one of the following symptoms almost daily for at least 2 weeks:
1) depressed mood most of the day, nearly every day or 2) reduced or loss of interest or
pleasure in almost al activities. Five of the following symptoms must be also be
exhibited: significant weight loss or gain without dieting, insomnia or hypersomnia,
feelings of lethargy or restlessness, fatigue or loss of energy, psychomotor retardation or
agitation, feelings of worthlessness or excessive guilt, reduced ability to think or
concentrate, and recurrent thoughts of death or suicide. Symptoms of dysthymia
resembl e those of major depression but symptoms are less severe and the condition is
more chronic with depressed mood persisting for at least 2 years (APA, 1994).
Depression is awidespread public health problem that poses a significant burden on
society in terms of cogt, loss of productivity, and mortality in addition to the detrimental
effects on quality of life (Greenberg, Stiglin, Finkelstein, & Berndt, 1993). Mgor
depression has been identified as the most common psychiatric disorder in the United States.
A national survey determined that 17% of respondents experienced alifetime history of
major depressive episode, and 10% reported a depressive episode within the past year
(Kesder, McGonagle, Zhao, Nelson, Hughes, Esnleman, Wittchen, & Kendler, 1994). The
financial burden of depression in the United States has been estimated to be $44 hillion
annualy including $12 billion in direct hedlth care costs and $31 billion in indirect costs due
to reduced productivity, employee absenteeism, and premature death. An estimated 15,000
men and 3,400 women committed suicide as aresult of depression in 1990 (Greenberg et 4.,
1993), and depression increases risk of cardiac mortality after myocardia infarction
(Frasure-Smith, Lesperance, Juneau, Tagic, & Bourassa, 1999). In addition, depression is
associated with increased morbidity including heightened risk for coronary heart disease
(Ferketich, Schwartzbaum, Frid, & Moeschberger, 2000) and exacerbation of existing

medical conditions and disabilities. Accordingly, medical patients with depression have



longer average hospital stays and illness duration (Greenberg et a., 1993), and individuals
with depression are at increased risk for developing a physical disability of daily living and
mobility (Penninx, Leveille, Ferrucci, van Eijk, & Guranik, 1999). In terms of life years lost
to disability and premature mortality, magjor depression was ranked as the fourth leading
international disease burden in 1990 according to the Globa Burden of Disease Study and is
predicted to rise to second by the year 2020 (Murray & Lopez, 1996).

Degspite the prevalence of depression, it is estimated that |ess than 20% of
individuals with a recent depressive disorder seeks professional treatment within the year
of initial onset (Kessler et al., 1994). In addition, approximately 25% of individuals
diagnosed with major depression remain depressed after one year (Sargeant, Bruce,
Florio, & Weissman, 1990). The prevalence of depression in the population, the financia
burden to society, the adverse effects on quality of life, and the ineffectiveness and/or
lack of utilization of traditional antidepressant therapies underscore the need to examine
other treatments such as exercise that may be effective in alleviating depression.

The most common forms of treatment for depression include psychotherapy and
antidepressant medication. Although many individuals find relief from depressive
symptoms in traditional treatment programs, neither psychotherapy nor medication is
effective in alleviating depression in al individuals. The National Depressive and
Manic-Depressive Association reports that depressive disorders are widely undertreated
with estimates suggesting that only 10% of depressed individuals receive adequate
treatment (Hirschfeld et al., 1997). Additionally, many people fail to adhere to traditional
treatment programs for various reasons. Psychotherapy is often costly and time-
intensive, and persons with depression may be reluctant to seek counseling due to social
stigma or other concerns (Greenberg et al., 1993). Antidepressant medications, if
prescribed in the appropriate dose and taken for the prescribed length of time, can be

expensive and may produce undesirable side effects (Hirschfeld, 1998). Thus, the study



4
of additional treatment modalities such as exercise may present an affordable, accessible,
and healthy option to complement traditional antidepressant therapies.

Evidence for the Antidepressant Effect of Exercise

Evidence for the antidepressant effect of exercise has consisted of
epidemiological research, including cross-sectional and longitudinal studies, as well as
experimental and clinical studies of exercise interventions for both depressed and
mentally-healthy individuals. Population-based studies provide the first line of evidence
that physical activity is associated with a reduction in depression (e.g., Camacho,

Roberts, Lazarus, Kaplan, & Cohen, 1991, Krause, Goldenhar, Liang, Jay, & Maeda,

1993; Farmer, Locke, Moscicki, Dannenberg, Larson, & Radloff, 1988; Paffenbarger, Lee,
& Leunge, 1994; Rajda, Uusimaki, Keinanen-Kiukaanniemi, & Kivela, 1994; Weyerer,
1992). Results from quantitative reviews of intervention studies also support an
antidepressant effect of exercise. North, McCullagh, & Tran (1990) conducted a meta-
analysis of 80 studies published through June 1, 1989 that examined the effect of exercise on
depression. The overall effect size (d) was—0.53 indicating that, on average, individuasin
exercise conditions exhibited a 1/2 SD greater reduction in depression scores than
individuals in comparison groups. Similar results were obtained from a recent meta-analysis
by Craft & Landers (1998) that examined the effect of exercise interventions in persons with
clinically diagnosed depressive disorders. A larger overal effect size (d) of -0.72 was
obtained, indicating that exercise participation resulted in a 3/4 SD greater reduction in
depression scores relative to individuas in control groups.

Evidence from experimental research suggests that chronic physical activity
including aerobic and resistance exercise may produce meaningful reductions in
depressive symptoms in individuals with mild to moderate depression, and continued
exercise may help prevent recurrence of depressive symptoms. Over twenty years have
passed since experimental studies first demonstrated antidepressant effects of exercisein

individuals with aclinical diagnosis of depression. Greist, Klein, Eischens, Faris,



Gurman, & Morgan, (1978) examined the effect of ten weeks of walking/running
treatment on symptoms of depression in 24 men and women diagnosed with minor
depression. Exercisers exhibited significant reductions in depressive symptoms, and the
treatment response to exercise was similar to that of psychotherapy. Moreover,
exercisers maintained improvements during the 1-month follow-up period. Martinsen,
Medhus, & Sandvik (1985) also examined the effect of aerobic exercise training on
depression in 43 hospitalized psychiatric patients diagnosed with clinically defined
depressive disorders. Patients were randomly assigned to either exercise or an
occupational therapy control group in addition to their standard treatment that included
psychotherapy and pharmacotherapy. After 9 weeks of training, patients in the exercise
group exhibited significantly larger reductions in self-reported symptoms of depression
relative to the control group. Patients were aso followed one to two years after discharge
from the hospital. Most subjects reported continued exercise participation, and exercisers
tended to exhibit lower depression scores compared to nonexercisers at the follow-up
assessment (Martinsen & Medhus, 1989).

Resistance exercise training interventions have also been effective in aleviating
symptoms of depression. For example, Doyne, Ossip-Klein, Bowman, Osborn,
McDougall-Wilson, & Neimeyer (1987) compared the effectiveness of aerobic exercise
(running) and weight lifting as an antidepressant intervention in 40 women diagnosed
with depression according to RDC criteria. Both exercise groups exhibited significant
reductions in depression scores after 8 weeks of training compared to the wait-list control
condition. Similar results were obtained in a study conducted by Martinsen, Hoffart, &
Solberg (1989) in which psychiatric inpatients meeting DSM-I11-R criteria for unipolar
depressive disorders (major depression, dysthymia, and atypical depression) were
randomly assigned to either an aerobic or nonaerobic exercise group. After eight weeks

of training, both groups exhibited significant reductions in depression scores. However,



the change in depression scores did not differ between the two conditions although only
the aerobic group exhibited significant increases in maximal oxygen uptake.

Despite abundant evidence that supports an antidepressant effect of physical activity,
prominent mental health organizations have yet to recognize exercise as a viable dternative
or adjunctive treatment for depression. Thus, randomized controlled trials comparing
exercise interventions to standard antidepressant therapies are needed. Perhaps the most
convincing evidence for the effectiveness of exercise in the treatment of depression
emerged from arecent clinical trial that compared exercise and antidepressant medication
(Blumenthal et al., 1999). Approximately 150 older patients diagnosed with major
depression were randomly assigned to one of 3 groups:. aerobic exercise
(walking/jogging, 3 times/week, 30 minutes), antidepressant medication (sertraline
hydrochloride, i.e., Zoloft), or exercise plus medication. Though individuals in the
medication group exhibited the fastest initial response to treatment, all groups exhibited
significant reductions in depression scores. Moreover, there were no significant
differences between groups after the 16-week intervention period.

Although many studies in human populations support an antidepressant effect of
exercise, the evidence for a plausible mechanism to explain observed effects is lacking.
Numerous hypotheses have been proposed to explain improvements in depression after
exercise training, including enhanced social support, improved self-efficacy, elevated
self-esteem, and distraction from cares and worries. However, the potential for exercise
to make a unique contribution to mental health beyond the benefits that can be achieved
with traditional psychotherapy liesin biological alterations in brain function resulting
from physical activity (Dishman, 1998).

Neurobiology of Depression

Although numerous theories have been proposed to explain the etiology and

maintenance of depressive disorders including social, cognitive, and psychodynamic

theories, abundant scientific evidence suggests a substantial biological component in the



development, symptomatol ogy, and treatment of depression (Charney, 1998). Of
particular importance are central monoaminergic neurotransmitter systems (i.e.,
norepinephrine, serotonin, and dopamine) that regul ate various emotional and stress
responses. Although continued research is needed to gain a better understanding of the
complex interaction among these neural systems, prominent hypotheses for the
development and maintenance of depression involve dysregulation of central
monoaminergic neurotransmission.

Norepinephrine

Much of the research examining the biological basis of depression has focused on
the central noradrenergic system (Charney, 1998). Noradrenergic neurons project
extensively throughout the brain and arise from brain stem cell bodies. Of particular
importance in the study of affective disorders is the locus coeruleus complex, a small
region in the brain stem that projects to numerous brain regions including areas
associated with the regulation of emotion (Dahlstrom & Fuxe, 1964; Foote, Bloom, &
Aston-Jones, 1983). The LC-NE system is a diffuse modulatory network that regulates
attention, vigilance, and arousal in response to stressful stimuli (Aston-Jones, Rajkowski,
& Cohen, 1999).

Norepinephrine (NE) is synthesized in noradrenergic neurons from tyrosine
removed from blood. Within the neuron, tyrosine is converted to dihydroxy-
phenylalanine (DOPA) by tyrosine hydroxylase, the rate-limiting enzyme for
norepinephrine synthesis. DOPA is then converted to dopamine by amino acid
decarboxylase, and dopamine b-hyrdoxylase converts dopamine to norepinephrine.
Postsynaptic receptors for NE include a 1, a2, by, and b, subtypes; however, the presence
of receptors may vary by brain region. Binding of NE to a receptors decreases
noradrenergic transmission, and a ; autoreceptors are also found presynaptically for
feedback inhibition of NE synthesis and release. Alpha- and b-adrenergic receptors are

coupled to G-proteins, and the effects of NE are mediated by second messenger systems.



NE is metabolized by monoamine oxidase (MAO) to produce 3,4 dihydroxy-
phenylglycol (DHPG) within the neuron and 3-methoxy-4-hydroxy-phenylglycol
(MHPG) in the synapse. Thus, the noradrenergic system can be studied by measuring
neurotransmitters, enzymes, receptors, and/or metabolites. Proposed theories for
involvement of the noradrenergic system in depression include decreased synthesis
and/or release from presynaptic neurons, increased activity of presynaptic a , receptors,
and reduced postsynaptic receptor or 2" messenger system activity (Schatzberg, 1998).

Evidence for the role of norepinephrine in the etiology of depression arose from
observations in the 1950's that patients with hypertension developed depression when
they were given reserpine, a drug that depletes monamines. In addition, studies
conducted in the 1960's and 1970's found that depressed individuals often exhibit
decreased levels of NE metabolites in cerebrospinal fluid and urine compared to normal
individuals (Schildkraut, 1965), and post-mortem examination has revealed upregulation
of cortical b-receptors in some suicide victims (Cheetham, Katona, & Horton, 1991).
Additional support of norepinephrine involvement in depression is obtained from
pharmacological studies that demonstrate alterations in noradrenergic transmission upon
treatment with antidepressant agents. The primary action of many commonly prescribed
antidepressant medications is to increase the level of NE at the synapse by influencing
reuptake, metabolism, or release of NE. For example, MAO inhibitors (MAOQISs) exert
thelir effect by preventing the breakdown of NE whereas tricyclic antidepressants (TCAS)
prevent reuptake of NE by blocking presynaptic receptors (Charney, 1998).
Norepinephrine and Peptide Neurotransmitters

Neuropeptides such as galanin and neuropeptide Y that modulate noradrenergic
activity may also be involved in depressive disorders. Galanin is a 29-amino acid peptide
neurotransmitter that coexists with norepinephrine in approximately 80% of LC neurons
(Holets, Hokfelt, Rokaeus, Terenius, & Goldstein, 1988). Galanin-positive neurons within

the LC tend to be dendrodendritically arranged, and galanin hyperpolarizes noradrenergic



neurons to inhibit locus coeruleus firing in vitro (Seutin, Verbanck, Massote, & Dresse,
1989; Pieribone, Xu, Zhang, Grillner, Bartfai, & Hokfelt, 1995). Thus, it is plausible that
upregulation of gaanin within the LC may function as a negative feedback mechanism for
inhibition of NE release (Holmes & Crawley, 1995). Though it has been proposed that
increased galanin activity could result in deleterious changes in brain function with chronic
stress (Weliss, Bonsall, Demetrikopoul os, Emery, & West, 1998), it is equaly plausible
that alterations in galanin within the LC play an adaptive role by regulating responsiveness
of the noradrenergic system to stress.

Neuropeptide Y is a 36-amino acid neurotransmitter that is colocalized with NE in
approximately 40% of LC neurons (Holets et al., 1988) and inhibits LC firing in vitro
(Finta, Regenold, & Illes, 1992). NPY -immunoreactive neurons project to various brain
structures involved in the regulation of mood and emotion including the hypothalamus,
nucleus accumbens, amygdala, hippocampus, and cortex (Heilig & Widerlov, 1990).
Furthermore, decreased levels of NPY have been observed in patients with major
depression (Hashimoto, Onishi, Koide, Kai, & Yamagami, 1996), and alterations in
cortical and hypothalamic NPY activity have been found after antidepressant
administration in animals (Baker, Herkenham, & Brady, 1996; Smialowska & L egutko,
1991). In addition, gene expression for NPY in limbic regions including the nucleus
accumbens and hippocampus is reduced in a genetic animal model of depression but
increased after treatment with the antidepressant, fluoxetine (Caberlotto, Fuxe,
Overstreet, Gerrard, & Hurd, 1998). Thus, it has been hypothesized that the pathology
associated with depression might involve a deficiency of central NPY, and
pharmacological interventions for depression could act by modulating NPY activity
(Hellig & Widerlov, 1990).

Serotonin
A second monoamine neurotransmitter thought to be involved in the etiology of

depression is serotonin (5-HT). The majority of 5-HT neurons originate from the raphe
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nuclei located on the midline of the brain stem and project extensively to various
structures throughout the brain including the olfactory bulb, hypothalamus, thalamus,
amygdala, hippocampus, cortex, and locus coeruleus (Steinbusch, 1981). Thus, the
central 5-HT system modulates activity of diverse brain systems that regulate autonomic
functions, motor control, cognition, nociception, arousal, and emotion (Halliday,
Harding, & Paxinos, 1995).

Serotonin (5-hydroxytryptamine or 5-HT) is synthesized from tryptophan, a
dietary amino acid that enters serotonergic neurons from circulating blood. Tryptophan
is converted to 5-hydroxytryptophan (5-HTP) by the enzymatic action of tryptophan
hydroxylase and then to 5-HT by amino acid decarboxylase. Synthesis of brain 5-HT is
limited by the availability of tryptophan in the blood. Upon release, serotonergic activity
isterminated by presynaptic reuptake by 5-HT transporters, activation of 5-HT1a
autoreceptors, or metabolism by MAO to 5-hydroxy indoleacetic acid (5-HIAA).
Serotonergic activity is mediated by pre- and post-synaptic receptors, and at least 15
types of 5-HT receptors with various molecular and pharmacological properties have
been identified (Murphy, Andrews, Wichems, Li, Tohda, & Greenberg, 1998).

Convincing evidence for the role of 5-HT in depression is obtained from the
pharmacological research demonstrating the efficacy of serotonergic drugsin alleviating
depressive symptoms. The most widely prescribed antidepressant medications are
selective serotonin reuptake inhibitors (SSRI ) that specifically target the 5-HT system by
blocking presynaptic 5-HT reuptake and allowing the neurotransmitter to remain in the
synapse (DeVane, 1998). In addition, symptoms of depression including disturbancesin
sleep, appetite, locomotion, sexual activity, cognition, and mood are regulated by
structures receiving serotonergic projections (Maes & Méeltzer, 1995), and thereis
evidence suggesting that individuals exhibiting certain alterations in the serotonin
transporter gene are at increased risk for developing major depression (Ogilvie,

Battersby, Bubb, Fink, Harmar, Goodwin, & Smith, 1996).
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Serotonergic systems appear to be dysregulated in depressed patients; however,
the mechanisms for 5-HT modulation of depression have not been established. Although
reductions in gene expression for 5-HT transporters have been observed in raphe nuclel
after antidepressant administration (Kuroda, Watanabe, and McEwen, 1994; Lesch,
Aulakh, Wolozin, Tolliver, Hill, & Murphy, 1993), other studies have found no effect
(Spurlock, Buckland, O’ Donovan, & McGuffin, 1994). Pharmacological agents that act
on 5-HTia receptors aso have antidepressant properties, and a reduction in cortical 5-
HT,a receptor densities has been observed after chronic ipsapirone antidepressant
treatment (Shiro, Fujiwara, Hikiji, Hamamura, Shomori, & Kuroda, 1996). Still other
antidepressants act on 5-HT.a, 5-HT2c, and/or 5-HTs3 receptors (Murphy, 1998). In
addition, various tricyclic antidepressants act on both NE and 5-HT transporters that have
been shown to exhibit numerous structural similarities (Barker & Blakely, 1995).
Moreover, serotonin-positive neurons have been identified in the LC, and
norepi nephrine-positive neurons have been found in the dorsal raphe nucleus
(Steinbusch, 1981). Because 5-HT interacts with other neurotransmitter systems,
particularly NE and DA, the role of serotonin in the etiology of depression requires
further study.
Dopamine

Although research has focused primarily on the mechanistic role of NE and 5-HT
in depression, there is evidence that the dopaminergic system may aso be involved in the
etiology of depression. Dopamine shares acommon synthetic pathway with
norepinephrine (Willner, 1995b). As previously described, tyrosine is transported into the
neuron from circulation and is converted to dihydroxyphenylalanine (DOPA) by tyrosine
hydroxylase, the rate-limiting enzyme for both dopamine and norepinephrine synthesis.
Amino acid decarboxylase then converts DOPA to dopamine. Upon release into the
synapse, DA activity is regulated by presynaptic D, autoreceptors and DA transporters as
well as postsynaptic receptors (Bannon, Granneman, & Kapatos, 1995).
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The mesocorticolimbic DA system has been implicated in the symptomatology of
depression (Willner, 1995b). Dopaminergic projections to the forebrain and limbic
structures, including the nucleus accumbens, amygdala, hippocampus, and prefrontal
cortex, arise from the ventral tegmental area (VTA) in the mesencephaon. Because DA
plays acritical role in reward, motivation, and locomotion, dysregulation of this system
may contribute to the anhedonia and psychomotor disturbances that are commonly
observed in depression (Willner, 1995b). For example, disturbances in dopaminergic
projections to limbic structures have been shown in response to prolonged elevations in
CRH and cortisol levels with chronic stress (Chrousos, 1998), and certain antidepressant
drugs influence dopaminergic activity by targeting DA receptors or altering DA
metabolism (Willner, 1995b). Papp, Klimek, & Willner (1994) observed areduction in
D2-receptor binding in limbic forebrain structures of rats after chronic mild stress, but
effects were reversed by imipramine antidepressant treatment. Antidepressant
administration has also been shown to increase gene expression for D, autoreceptors in
the nucleus accumbens (Ainsworth, Smith, Zetterstrom, Pei, Franklin, & Sharp, 1998)
and ventral tegmental area (Dziedzicka-Wasylewska, 1997). Thus, adaptationsin
dopaminergic function may mediate antidepressant effects, and further research is needed
to determine the role of DA in the etiology and treatment of depression.
Neurobiological Adaptationsto Exercise

One hypothesis that has been proposed to explain beneficial changesin brain
function after exercise is the cross-stressor adaptation hypothesis. The cross-stressor
adaptation hypothesis states “a stressor of sufficient intensity and/or duration will induce
an adaptation of the stress response systems, which becomes apparent under other
similarly taxing states’ (Sothmann, Buckworth, Claytor, Cox, White-Welkley, &
Dishman, 1996). Thus, chronic physical activity may result in cross-stressor adaptations,
and these adaptations could protect the animal against the physiological effects of a

nonexercise stressor. As previously discussed, much of the physiological research on
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depression has focused on the brain monoaminergic systems, and animal research has
provided evidence for a mediating effect of exercise on monoaminergic activity. Thus,
these systems may represent a plausible mechanism to explain the antidepressant effects
of exercise.

Nor epinephrine and neuropeptides. The most consistent evidence for
adaptations in brain neurotransmission after physical activity involves the central
noradrenergic system. Acute exposure to a physical stressor increases NE release, and
prolonged exposure to a severe stressor may result in depletion of NE. However, repeated
exposure to a stressor attenuates the depletion of NE, and NE levels may increase,
suggesting the acquisition of aresistance to stress. Expression of noradrenergic receptors
is aso responsive to stress, and reductions in brain cortical b-adrenoreceptor binding
density and affinity have been observed after repeated exposure to a stressor (Stanford,
1995).

Both acute and chronic exercise have been shown to influence noradrenergic
activity. For example, Kurosawa, Okada, Sato, and Uchida (1993) examined cortical
release of NE with acute exercise and found that rats exhibited a 131% increase in NE
release after 5 minutes of treadmill walking. Acute treadmill running in rats increases
extracellular NE concentrations in brain frontal cortex (Pagliari & Peyrin, 1995a), results
in decreased post-mortem levels of brain NE (Barchas & Friedman, 1963), and depletes
NE levelsin the LC (Stone, 1973). Furthermore, increased levels of NE are lower after a
familiar (i.e., repeated) compared to novel duration of treadmill exercise (Pagliari &
Peyrin, 1995b).

Though an acute bout of exercise may reduce NE availability, adaptations in
noradrenergic systems after chronic exercise appear to preserve brain NE concentrations.
Dunn, Reigle, Youngstedt, Armstrong, & Dishman (1996) examined the effects of
treadmill training and wheel running on NE levels and metabolites in rats and found

increased NE in the pons region of exercise-trained compared to control animals.
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Moreover, exercise has been shown to reduce the depletion of NE in response to
laboratory stressors. Dishman et al. (1997) examined NE levels after uncontrollable
footshock in sedentary and activity wheel animals. Activity wheel runners exhibited 61%
greater NE in the LC and 44% higher NE in the dorsal raphe nucleus after footshock
compared to sedentary animals. This elevation in NE levels in activity wheel animalsis
consistent with a blunted release of the neurotransmitter in response to a stressor. These
results were supported in amicrodialysis study that measured in vivo release of NE in
response to footshock stress. Soares, Holmes, Renner, Edwards, Bunnell, & Dishman
(1999) observed that activity wheel animals exhibited an attenuation of extracellular NE
levelsin cortex after footshock relative to sedentary animals, suggesting a protective
effect of exercise against novel stress. In addition, exercise resulted in favorable
adaptations in noradrenergic transmission in a study that used the neonatal clomipramine
model of depression. Yoo et al. (2000) observed increased NE concentration and
downregulation of b-adrenoreceptors in frontal cortex after chronic wheel running, and
effects were similar to those obtained with imipramine antidepressant treatment.

Though chronic exercise appears to induce favorable adaptations in noradrenergic
function that have implications for the mental health benefits of physical activity, the
mechanisms by which exercise influences noradrenergic transmission is yet unknown.
However, it is possible that exercise-induced adaptations in modulatory neuropeptides
such as galanin could regulate noradrenergic activity. Soares et al. (1999) reported that
activity wheel animals exhibited a1 SD higher level of GAL mRNA intheLC in
conjunction with reduced extracellular NE levels after footshock compared to sedentary
rats. Because galanin exerts an inhibitory influence on NE neurons within the LC, this
difference in gene expression for galanin might be involved in the attenuation of cortical
NE release in response to acute footshock stress in activity wheel animals (Soares et al.,

1999).
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Basal gene expression for galanin may a so be responsive to chronic exercise stress.
O'Ned, Van Hoomissen, Holmes, & Dishman (2000) examined GAL mRNA levelsin the
LC after 6 weeks of treadmill training and found that gene expression for galanin was higher
in treadmill-trained animals compared to sedentary animals. Although prior research
examining GAL mRNA leves after chronic voluntary exercise found no difference in basal
concentration between sedentary and activity wheel animals (Soares et a., 1999),
adaptations to exercise may be dependent uponthe nature or intensity of the exercise
stimulus. If increases in GAL mRNA result in enhanced post-trandationa activity within
L C neurons, adaptations in galanin represent a plausible mechanism to explain the blunted
noradrenergic response observed in trained animals upon exposure to both novel (e.g.,
footshock) and familiar (e.g., acute exercise) stress (Soares et al., 1999).

Serotonin. Itis plausible that affective changes after exercise may aso be
mediated by adaptations in serotonergic transmission, and evidence from animal studies
suggests that physical activity influences serotonergic function. Because serotonin
synthesisis limited by the availability of tryptophan in the blood, conditions that increase
free circulating tryptophan will influence 5-HT function. Tryptophan is carried in the
blood bound to protein and competes with free fatty acids (FFA) for albumin. During
exercise, lipolysis causes an increase in plasma FFAS that displace tryptophan from
albumin and increase the level of free tryptophan in the circulation (Chaouloff, Elghozi,
Guezennec, & Laude, 1985). Thus, enhanced availability of tryptophan during exercise
could contribute to increased 5-HT synthesis and metabolism in central serotonergic
neurons (Chaouloff, 1997). Although Kurosawa et al. (1993) found that cortical 5-HT
release was elevated by 133% after 5 minutes of exercise, most studies have examined 5-
HT after exhaustive exercise. For example, Romanowski & Grabiec (1974) observed that
treadmill exercise to exhaustion was associated with increased brain 5-HT concentration
and proposed a mechanistic role of 5-HT in fatigue. In addition, acute exhaustive

exercise has produced midbrain elevations in 5-HT and 5-HIAA levels (Bailey, Davis, &
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Ahlborn, 1992), increased concentration of brain tryptophan, elevationsin 5-HT levelsin
the brain stem and hypothalamus, and increased 5-HIAA in the brain stem,
hypothalamus, hippocampus, and striatum (Blomstrand, Perrett, Parry-Billings, &
Newsholme, 1989).

Chronic exercise may also produce long-term adaptations in serotonergic
function. Yoo et al. (2000) observed that serotonergic activity as indicated by the cortical
5-HIAA/5-HT ratio tended to be greater for exercise-trained compared to sedentary
animals. Exercise may also influence 5-HT response to stressors. For example, Dishman
et a. (1997) examined serotonergic function in sedentary and activity wheel animals after
uncontrollable footshock. Sedentary animals exhibited 28% higher 5-HT in the amygdala
following footshock compared to activity wheel animals. Sedentary animals also
exhibited 33% and 31% higher concentrations of 5-HIAA in the amygdalaand CA1 of
the hippocampus respectively after footshock compared to activity whedl runners, and
sedentary animals had 17% higher 5-HIAA/5-HT in the paraventricular nucleus after
footshock stress.

However, exercise-induced changes in serotonergic transmission are often smaller
in magnitude and less consistent than other neurochemical indices, and there is currently
little evidence that serotonergic mechanisms play a primary role in the mental health
benefits of exercise. Although the most common antidepressant medications act to block
5-HT transporters, exercise training does not appear to influence gene expression for the
5-HT transporter in the dorsal raphe. However, post-transcriptional adaptationsin
transporter function are possible and require further study (Van Hoomissen, O’ Neal,
Dishman, Holmes, & Dishman, 2000). In addition, adaptations in serotonergic function
with exercise training vary among animals and might be dependent on the stress
component of the exercise stimulus (Wilson & Marsden, 1996). Adaptationsin 5-HT
transmission could also be attributable to changes in other systems that are modulated by

exercise. Therefore, although animal research has found that brain 5-HT synthesis and
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metabolism is influenced by physical activity, it is not currently known whether exercise-
induced alterations in serotonergic function directly mediate mood responses to exercise.

Dopamine. Most studies examining the effect of exercise on dopaminergic
activity have focused on the nigrostriatal pathway which is involved in the regulation of
motor activity, and both acute and chronic exercise in animals have been shown to
influence dopaminergic activity. For example, Bailey et a. (1992) observed increases
DA and DOPAC levels in midbrain, hippocampus, and striatum after exhaustive exercise.

Liste, Guerra, Caruncho, & Labandeira-Garcia (1997) found that 20 minutes of treadmill
running produced elevations in Fos expression in the striatum, but this effect was
prevented by pretreatment with a D, receptor antagonist. 1n addition, acute bouts of
treadmill exercise have been shown to increase turnover of dopamine in the striatum
(Hattori, Naoi, & Nishino, 1994). Changes in density and affinity of DA receptors have
also been observed after chronic training in animals (Mazzeo, 1991). For example,
chronic treadmill training increases density of dopamine (D) receptors in the striatum
(Gilliam et al., 1984; MacRae, Spirduso, Cartee, Farrar, & Wilcox, 1987).

The evidence for a mediating effect of DA on the antidepressant effects of
exercise is limited, as most studies have limited examination of DA activity to striatal
regions. However, exercise has been shown to induce changes in brain structures that
have relevance for depression. For example, Liste et al. (1997) observed increases in Fos
expression in the nucleus accumbens after 20 minutes of treadmill running. In addition,
Speciale, Miller, McMillen, & German (1986) examined the effects of acute bouts of
high and low speed forced wheel running on DA levels and metabolism in the nucleus
accumbens and prefrontal cortex. High intensity exercise resulted in increased DA
metabolism in the nucleus accumbens. However, there was no effect of low speed
exercise, and no differences were observed in the prefrontal cortex. Dopamine activity in
hypothalamic nuclel may also be influenced by exercise. Dishman et al. (1997) observed

that sedentary animals had 52% higher DA concentrations in the arcuate nucleus and
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50% greater DOPAC/DA in the paraventricular nucleus of the hypothalamus compared to
activity wheel animals after uncontrollable footshock. Thus, exercise appears to induce
adaptations in the central dopaminergic systems; however, it is not known whether DA
responses have relevance for mood and emotion or whether effects are indices of
locomotion. In order to support the biological plausibility of exercise asan
antidepressant intervention, additional studies that focus on mesocorticolimbic structures
are needed.
Olfactory Bulbectomy Animal Model of Depression

Various neurotransmitter systems have been implicated in the pathology of
depression; however, the etiology of depressive disorders is not fully understood.
Because brain systems cannot be adequately studied in humans, animal models of
depression are used to further investigate the neurobiological mechanisms underlying
depression. Although the use of animal models has limitations in applicability to mental
illness in humans, the study of animals permits examination of neura functioning at a
level that is not possible using human subjects. Over the last several decades, severd
animal models of depression have been developed to investigate the etiology of
depressive disorders and to test the antidepressant activity of various drugs. When
selecting an animal model, considerations must be given to the evidence for the validity
of the model and its applicability to human populations as well as its feasibility and
reproducibility in alaboratory setting (Willner, 19953).

One such model is hilateral olfactory bulbectomy (OBX) in rats, a procedure that
produces a syndrome of behavioral and physiological abnormalities. This model has
been widely used to test the efficacy of antidepressant medications and to examine
neurobiological mechanisms of depressive disorders. Furthermore, OBX appears to have
good evidence to support its validity as an anima model of depression. (Kelly et al.,

1997).
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Validity Evidence. Thefirst line of validity evidence for an animal model of
depression is predictive validity. Antidepressant drugs should be effective in alleviating
features of the depressive syndrome and follow a clinically consistent time course. In
addition, the syndrome should be selectively responsive to agents demonstrated to have
antidepressant properties and not responsive to other types of drugs (Willner, 1995a).
Though several animal models such as the Porsolt forced swim test induce signs that are
reversed upon antidepressant administration (Porsolt, Le Pichon, & Jalfre, 1977),
symptoms are often responsive to acute treatment with antidepressant agents. A stronger
argument for validity of amodel is presented for manipulations that induce symptoms
that are reversed only with chronic pharmacological administration, simulating the
treatment response observed in depressed patients. Various classes of antidepressant
drugs have been tested using the OBX model including tricyclic antidepressants (TCAS),
atypical antidepressants, monoamine oxidase inhibitors (MAQs), and selective serotonin
reuptake inhibitors (SSRIs). Chronic but not acute administration of these agents has
been shown to reduce or reverse behavioral and neurobiological features of the OBX
syndrome (Kelly et al., 1997).

The anima model must also demonstrate evidence of validity in which animals
exhibit signs that are isomorphic with features of human depression. Though depressed
mood cannot be determined in animals, anhedonia, or aloss of interest in previously
enjoyed activities, may be simulated in animal models. Other features of depression that
can be measured in animals include psychomotor disturbances, changes in slegping
and/or eating patterns, and sexual dysfunction. After olfactory bulbectomy, animals
display behaviors that are consistent with features of human depression. Though the
expression of anhedoniain bulbectomized rats is more difficult to interpret because of the
anosmic component of the model, evidence suggests that anhedonic-like behaviors are
associated with the OBX syndrome. For example, Calcagnetti, Quatrella, and Schecter

(1996) examined conditioned place preference for cocaine in OBX and anosmic rats and
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observed a disruption in learned place preference in bulbectomized animals. Additional
features of the olfactory bulbectomy syndrome which are indicative of a depressive-like
condition include an augmented acoustic startle response (McNish & Davis, 1997),
sexual dysfunction (Edwards, Griffis, & Tardivel, 1990; Lumia, Teicher, Salchli, Ayers,
& Possidente, 1992), locomotor disturbances (Lumiaet al., 1992; Marcilhac, Maurel,
Anglade, Ixart, Mekaouche, Hery, & Siaud, 1997), and atered circadian rhythms (Lumia
et a., 1992; Marcilhac et al., 1997). However, consideration should be given asto
whether behaviors are due to a depressive-like condition or instead are a direct
consequence of the physiological perturbations associated with the model.

Etiological and mechanistic evidence for validity should also be considered to
determine whether the model is theoretically consistent with depression. However, this
evidence is limited, as an anima model represents an artificial attempt to induce an
inherently human condition in a laboratory setting in animal species. Nevertheless, an
anima model of depression should be based on atheoretical perspective using
neurobiological or behavioral methods. The olfactory bulb is a telencephalic structure
that is highly interconnected with limbic areas. Removal of the olfactory bulb produces
profound disturbances in monoaminergic transmission and endocrine function, and
behavioral abnormalities after olfactory bulbectomy develop 1 to 2 weeks following
surgery (Kelly et al., 1997). The olfactory bulb exhibits numerous afferent and efferent
projections with brain structures that regulate mood and emotion, and disturbances
following OBX are consistent with the neurobiology of depression; thus, thereis
evidence to support the validity of the OBX model from an etiological and mechanistic
perspective.

Olfactory Bulbectomy and Brain Monoamines. Olfactory bulbectomy
produces disturbances in brain neurotransmitter systems, including NE, 5-HT, and DA.
For example, Iwasaki, Fujiwara, and Ueki (1989) found that norepinephrine release from

the lateral hypothalamus was reduced following bulbectomy, and increases in GAL
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MRNA levelsin the LC have been observed after lesioning of aterminal NE field by
OBX (Holmes & Crawley, 1996). Moreover, behavioral and neurobiol ogical
abnormalities are reduced after chronic administration with antidepressant agents that
target the noradrenergic system. Nesterova, Gurevich, Nesterov, Otmakhova, &
Bobkova (1997) observed that OBX produced pathological changesin LC tissue
morphology, and these abnormalities were improved with chronic TCA administration.

Olfactory bulbectomy also produces alterations in serotonergic transmission, and
researchers have referred to OBX as a model for “ hyposerotonergic depression” (Lumia
et al., 1992). Nesterovaet a (1997) observed a profound degeneration of neuronsin the
dorsal raphe nucleus following OBX, but these effects were significantly reduced with
chronic antidepressant treatment. Gurevich, Aleksandrova, Otmakhova, Katkov,
Nesterova, & Bobkova (1993) observed an increase in binding density for 5-HT»
receptors in frontal cortex following bulbectomy that was reduced after treatment with
the antidepressant trazodone. Zhou, Grecksch, Becker, Frank, Pilz, & Huether (1998)
also observed changes in serotonergic activity after OBX including increased 5-HT
transporter density, higher tryptophan hydroxylase levels, elevated 5-HIAA levels, and a
higher 5-HIAA/5-HT ratio in the frontal cortex. Although numerous serotonergic
changes are observed following OBX, it is not known whether these effects are primary
or secondary to other neurochemical disturbances.

Though the effect of olfactory bulbectomy on dopaminergic function has been
less frequently studied relative to other monoaminergic systems, alterations in DA
transmission have been observed following bulbectomy. For example, Iwasaki et al.,
(1989) found that DA release from the ventromedial hypothalamus was increased after
bulbectomy. However, Lumiaet al. (1992) found no difference in DA levels following
bulbectomy in striatum or nucleus accumbens. Given the role of DA in reward and

motivation as well as the efficacy of atypical antidepressants that target DA, further
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research is needed to determine the role of the dopaminergic system in the OBX
syndrome.

In Situ Hybridization

A biologica framework for the etiology and treatment of depression and other
mental disorders can be outlined using the following five principles proposed by
psychiatrist Eric Kandel (1998): (1) actions at the brain level are responsible for all
mental and psychological processes, (2) brain functioning is controlled by genes, (3)
social, developmental, and environmental factors can produce aterations in gene
expression, (4) alterations in gene expression induce changes in brain functioning, and (5)
treatments for mental illness exert their effect by producing alterations in gene expression
resulting in beneficial changes in brain function. Thus, within this framework,
depression is proposed to result from disturbances in brain processes, and treatments for
depression such as psychotherapy, medication or exercise produce alterations in genes
that result in the aleviation of depressive symptoms.

In situ hybridization enables the study of potential antidepressant treatments at the
level of gene expression. In this technique, a probe with the complementary sequence of
bases is applied to the target tissue and specifically hybridizes to the protein of interest.

In addition to specificity of measurement, the use of this method permits anatomical
localization of the protein (Tecott, Eberwine, Barchas, & Valentino, 1994). Of particular
relevance for the study of depression are genes that encode receptors (e.g., D, receptors),
synthetic enzymes (e.g., TH), transporters (e.g., SERT), and modulatory neuropeptides
(e.g., GAL, NPY) for monoaminergic neurotransmitters that are targeted by
pharmacological interventions. Thus, the use of in situ hybridization to investigate
neurobiological adaptations after chronic exercise may provide additional evidence for
the biological plausibility of exercise as an antidepressant intervention.

Though in situ hybridization techniques vary across laboratories, the protocols

share severa primary components as summarized by Tecott et a. (1994). Firgt, the tissue



23
is prepared to retain nucleic acids, preserve morphology, and promote probe penetration.
Various methods are used to preserve the tissue including perfusion, paraffin, and
freezing. Common fixatives include ethanol, acetic acid, and/or formaldehyde, and the
method is selected based on tissue and probe characteristics.

Second, the type of probe is selected from three main classes of probes including
complementary DNA (cDNA), RNA (riboprobe), and oligonucleotide probes. Each class
of probe has advantages and disadvantages that must be considered during the selection
process. Though cDNA probes are specific and simple to use, they aso exhibit greater
reannealing due to the double-stranded structure and may produce higher levels of
background noise. In contrast, riboprobes are single-stranded and form stable hybrids but
also may produce greater nonspecific binding. Oligonucleotide probes are short, single-
stranded DNA probes that alow greater penetration and may be precisely tailored for the
desired sequence of bases. However, oligonucleotide probes require published sequences
and may form less stable hybrids that limit specificity.

Third, the probe is labeled with the desired radioisotope (e.g., *°P, °H, and *°S).
Selection of the labeling method is based on sensitivity criteria, anatomical resolution,
and time required for radiographic exposure. A common method for probe labeling
involves the enzymatic addition of the radiolabel to the 3'-end of the oligonucleotide.

Fourth, the hybridization solution is prepared and applied to the tissue. In
addition to the probe, the solution contains components to reduce nonspecific binding,
enhance rate of hybridization, and amplify the signal.

Lastly, after incubation with the hybridization solution, post-hybridization
treatments are performed to reduce nonspecific binding and decrease the level of
background. Sections are then dipped in emulsion or exposed to autoradiographic film to
permit quantitative analysis of the radioactive signa within the tissue.

A primary advantage of in situ hybridization for research investigating the

biological plausibility of exercise as an antidepressant intervention is the ability to
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examine potential mechanisms for neurotransmitter regulation within discrete brain
regions that have relevance for the mediation of mood and behavior. Because both
exercise and pharmacotherapy alter brain monoaminergic neurotransmission, it is
possible that the treatments share a common mechanism of action at the level of gene
expression that could explain observed responses in neurotransmitter systems. Based on
prior research, it was decided to initially focus on the noradrenergic system, as chronic
physical activity and antidepressant administration produce similar aterations in
noradrenergic activity (Yoo et al., 2000). Thus, the purpose of the studies reported herein
was to examine gene expression for proteins that regulate noradrenergic function in cell
bodies of the locus coeruleus after chronic exercise.
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Abstract

Research conducted during the past three decades suggests that exercise can be an
effective intervention for the prevention and aleviation of depressive symptoms. However,
this area of research continues to be plagued by methodological flaws that limit inferences
that can be drawn from single investigations. The purpose of this paper is to synthesize the
results from epidemiological and intervention studies examining the effect of exercise on
depression to summarize the existing data and provide direction for future research. A
qualitative review of population-based studies was performed, and a summary of the
epidemiological literature including cross-sectional and longitudinal research is provided. In
addition, a quantitative review of the literature was conducted using meta-analytic methods
to quantify the size of effects derived from controlled intervention studies. Moderator
analyses were performed to examine features of the studies that could potentialy influence
the effect of exercise on depression. Fifty-eight studies of approximately 4,100 people
yielded 88 effects. The mean effect was moderate, d = -0.57 (95% Cl, -0.79 to -0.34),
suggesting that individuals who participate in exercise programs exhibit a 1/2 SD reduction
in depressive symptoms relative to individuals in comparison groups.  Contrasts among
levels of moderating variables indicated that effects were larger for studies that used clinical
ratings of depression, included participants with elevated symptoms of depression or chronic
health conditions, and lasted between eight and twenty-four weeks. Results from the
qualitative review of literature and quantitative analyses indicate intervention features that
may enhance the antidepressant effect of exercise and provide an empirical basis for future

directions in research.

KEY WORDS: physical activity, fitness, mood disorder, mental health, meta-analysis



38
Antidepressant Effects of Exercise: A Quantitative Synthesis
Astoo much and violent exercise offends on the one side, so doth an idle life on the other ...
Opposite to Exerciseis|dleness or want of exercise, the bane of body and mind... the chiefe
author of all mischiefe, one of the seven deadly sinnes, and a sole cause of Melancholy.
~Burton, 1632

Depression is awidespread public health problem that poses a significant burden on
society in terms of cogt, loss of productivity, and mortality in addition to the detrimental
effects on quality of life (Greenberg, Stiglin, Finkelstein, & Berndt, 1993). In terms of life
years lost to disability and premature mortality, major depression was ranked as the fourth
leading international disease burden in 1990 according to the Global Burden of Disease
Study and is predicted to rise to second by the year 2020 (Murray & Lopez, 1996). Despite
the personal and public burden of depression, depressive disorders are widely undertreated,
and it has been estimated that only 10% of depressed individuals receive adequate treatment
(Hirschfeld et al.,1997). Thus, study of therapeutic modalities that may provide an
accessible, inexpensive, and effective alternative to traditional antidepressant therapiesis
needed.

Results from epidemiological and intervention research suggest that exercise can
produce meaningful reductions in depressive symptoms for many individuals. During the
past decade, qualitative reviews supporting the mental health benefits of exercise have been
presented by authors representing various scientific disciplines including psychology (e.g.,
Byrne & Byrne, 1993; Tkachuk & Martin, 1999), psychiatry (e.g., Martinsen, 1990,1994),
family medicine (e.g., Nicoloff & Schwenk, 1995; Paluska & Schwenk, 2000), and exercise
science (e.g., Morgan, 1994; Dishman, 1998; O’ Neal, Dunn, & Martinsen, 2000). In
addition, quantitative syntheses of the literature using meta-analytic methods demonstrate an
antidepressant effect of exercise. For example, North, McCullagh, & Tran (1990)
conducted a meta-analysis of 80 studies published through June 1, 1989 that examined the

effect of exercise on depression. The overall effect size (d) was—0.53 indicating that, on
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average, individuas in exercise conditions exhibited a 1/2 SD greater reduction in
depression scores than individuals in comparison groups. Results were similar from a
subsequent meta-anaysis by Craft & Landers (1998) that examined the effect of exercise
interventions in persons with clinically diagnosed depressive disorders. A larger overall
effect size (d) of -0.72 was obtained, indicating that depression scores were reduced by 3/4
SD in individuas who participated in exercise relative to control groups.

A primary objective of thisreview is to provide a current summary of results from
intervention studies using meta-analytic procedures to synthesize data from controlled
studies investigating the effects of exercise training on symptoms of depression. A second
objective of this paper isto provide a qualitative review of longitudina and cross-sectional
studies that have examined the relationship between physical activity and depression in the
population, as most reviews of the literature have given relatively little attention to
epidemiological research except for highlighting a handful of population-based studies that
have gained widespread attention. Therefore, the current paper provides an update of recent
research examining the effect of exercise on symptoms of depression and expands upon
conclusions of previous reviews by presenting both epidemiological and experimental
perspectives. In addition to providing a summary of the evidence for the antidepressant
effects of exercise, limitations in the current literature and recommendations for future
research are discussed.

Epidemiological Research: a qualitative synthesis

One line of evidence for the antidepressant effects of exercise is derived from
population-based studies that demonstrate an inverse relationship between the level of
physical activity participation and the degree of depressive symptomatology. Because
causal inferences derived from epidemiological research are limited and studies vary in
the application of statistical procedures, a quantitative synthesis of population data could
not be performed. However, consideration of these datais important as they provide a

basis for intervention research and contribute to the understanding of the practical and
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clinical significance of thisissue. A summary of population-based studies examining
physical activity and depression published through June 1, 2000 that we were able to
locate is presented in Table 1.

Although results vary both between and within studies, the totality of the evidence
from cross-sectional and longitudinal studies suggests that individuals who participate in
regular physical activity exhibit lower levels of depression relative to sedentary
individuals (Figure 1). However, scientific evaluation of data obtained from
epidemiological research should include considerations of strength of association,
temporal sequence, alterability, independence, consistency, and dose-response (M ausner
& Kramer, 1985).

Strength of Association. Of the twenty-five population studies we reviewed,
twenty-two studies reported a significant negative relationship between physical activity
and symptoms of depression for at least one analysisincluded in the study. For example,
Data collected from a 23-27 year longitudinal study of approximately 10,000 male Harvard
alumni demonstrated a significant reduction in risk for depression in men who were
physicaly active compared to men who were inactive (Paffenbarger, Lee, & Leunge, 1994).
Information regarding physical activity habits such as daily distance walked, daily stair
climbing, and sports/recreational activity was obtained in 1962 or 1966 and 1977 using seif-
report questionnaires. Depression was assessed by self-report of physician-diagnosed
depressive disorder through 1988. An approximate 30% reduction in relative risk for
depression was observed in men who typically spent 3 or more hours per week in sports
play, or who expended 2,500 or more kcal/wk in physical activity (Paffenbarger et d.,
1994).

In contrast, the Precursors Study which examined 752 former medical students who
attended medical school at Johns Hopkins University between 1948 and 1964, failed to
show an association between physical inactivity and depression (Cooper-Patrick, Ford,
Mead, Chang, & Klag, 1997). Basdline assessments were conducted in 1978, and subjects
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were followed until 1993. Incidence of depression from 1979 through 1993 was determined
by self-report of clinical depressive episodes and review of medical records, and level of
physical activity in 1978 was assessed by self-report of the frequency of exercise to a sweat
during atypical week. No differencesin risk for depression were observed between
individuals who reported exercising 3 or more times per week and sedentary individuals.
However, as with many population-based studies, the generalizability of these results may
be limited by the failure to use a standard assessment of physical activity

Two recent reports from cross-sectional studies also support an association between
physical activity and reductions in depression. First, data from the Study of Osteoporotic
Fractures revedled that elderly women reporting greater weekly energy expenditure also
reported fewer symptoms of depression (Y affe, Blackwell, Gore, Sands, Reus, & Browner,
1999). Similarly, subjects from the Finnish cardiovascular risk factor survey of 3,403 men
and women aged 25 to 64 reporting an exercise frequency of 2 to 3 times per week had
sgnificantly lower depression scores compared to sedentary individuals (Hassmen, Koivula,
& Uutela, 2000). However, as with other cross-sectional data, results must be interpreted
cautioudy because the inability to establish atemporal sequence prevents inferences of
causality (Mausner & Kramer, 1985).

Temporal Sequence. Because areduction in physical activity may be a symptom
of depression, an appropriate tempora sequence is essentia for demonstrating physical
inactivity to be arisk factor for depression. For example, data from the Alameda County
Study permit an evaluation of tempora sequence, as multiple measures of both physical
activity and depression were conducted over atime period that permitted natural progression
of depressive disorders (Camacho, Roberts, Lazarus, Kaplan, & Cohen, 1991). Data were
collected in 1965, 1974, and 1983. Depression was assessed by sdlf-report of current
symptoms, and subjects were classified as low, medium, or high active based on frequency
and intengity of self-reported leisure activity. After adjusting for age, health, and other
psychosocia variables, a significant relationship was found between physical activity in
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1965 and self-reported depression in 1974. Men and women reporting low levels of
physical activity had a 70% increase in risk of depression compared to subjects classified as
highly active. Change in physical activity level between 1965 and 1974 and depression in
1983 was a so examined, and results suggested that subjects who atered activity level dso
incurred a change in risk for depression.

However, other studies that observed a significant relationship between exercise and
depression upon cross-sectiond analysis, failed to find an association upon examination of
longitudinal data. Weyerer (1992) examined data collected from the Upper Bavarian Field
Study, an investigation of 1,536 people aged 15 and older randomly selected from the
community. Baseline data were collected in 1975-1979, and 87% of subjects were re-
assessed 5 years later. Depression was diagnosed by psychiatrist-administered clinical
interviews according to International Classification of Diseases (ICD) criteria, and
participants were classified by current level of self-reported physical activity. After adjusting
for sex, age, socia class and physical disorders, cross-sectional analysis of baseline data
revealed an odds ratio for depression of 3.15 for individuals reporting no exercise compared
to those reporting regular exercise. However, upon longitudina analyss, physical inactivity
did not increase the risk of developing depression 5 years later.

Among studies reporting results from cross-sectional data only, thirteen studies
reported a significant inverse relationship between physical activity and depression whereas
two studies did not find an association. Of the four studies that reported only prospective
data, three studies demonstrated a significant negative association. Six studies reported both
cross-sectional and longitudinal data. Three studies demonstrated a significant negative
relationship in both analyses, one study exhibited mixed results within both analyses, one
study observed a significant effect for only cross-sectiona analyses, and one study found a
sgnificant effect for only longitudinal data (Table 1).

Alterability. One advantage of a prospective study in addition to establishment of

temporal sequence is the ability to determine aterability in which naturally occurring
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increases or decreases in physical activity are associated with subsegquent changein
depression scores. For example, Lampinen, Heilkkinen, & Ruoppila (2000) examined the
relationship between physical activity and depression in 663 older adults. Assessments were
conducted by self-report of current physical activity and depressive symptomsin 1988 and
1996. Subjects were classified into 3 groups according to the level of exercise intensity by
the extent to which individuals reported performing necessary chores only, walking, or
strenuous exercise. Gender, age, and chronic somatic conditions were controlled in the
regression analyses. For subjects who engaged in only chore-related physica activity at
baseline, individuals who remained less active were more likely to exhibit elevated
symptoms of depression at the follow-up assessment. Individuas who were regular walkers
at basdline but reduced physical activity were at greater risk for depression at the follow-up
assessment relative to individuals who increased activity. However, individuals who
initially participated in strenuous exercise and reduced their physical activity level did not
exhibit a subsequent increase in risk for depression. Though the results support the
alterability of risk for depression with change in physical activity, small sample size for each
level of analysisisalimitation. Of the four studies that examined depression scores after a
change in physical activity, al exhibited evidence of dterability to varying degrees, but
additional studies are needed to fully evaluate this effect.

Independence. A characteristic limitation of epidemiologica research is the
potential impact of confounding variables, as there is no random assignment of subjectsto
groups. Thus, determining the independence of an effect is an important methodological
concern, and control for variables that have been identified as common risk factors for
depression is critical for determining whether there is an independent effect of physical
activity. For example, gender is often associated with depression, and women under age 45
are at highest risk for developing a depressive disorder (Sargeant, Bruce, Florio, &
Weissman, 1990). Variables such as socia support, level of education, and health status

also may influence depressive symptoms (Anonymous, 2000) and should be controlled in
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analyses. Anayses of Alameda County Study data yielded an age-adjusted relative risk for
depression of 2.48 for men and 2.88 for women who reported low levels of physical activity.
After including adjustments for health, socioeconomic status, social support, life events,
anomy, acohol intake, smoking, and relative weight, the association between physica
inactivity and depression was attenuated though till significant with relative risks of 1.76
and 1.70 for males and females, respectively (Camacho et al, 1991).

Considerations should aso be given to population characteristics that could obscure
or complicate interpretation of effects. For example, symptoms of depression include
insomnia, fatigue, and loss of concentration (Weissman et al., 1996), al of which may be
associated with aging and/or disease. Because approximately one-third of the studies was
conducted on older adults and community samples which included participants with chronic
diseases, characteristics associated with aging or illness could influence interpretations of
results (O’ Connor, Aenchbacher, & Dishman, 1993; Pdinkas, Wingard, & Barrett-Connor,
1990). Nevertheless, most studies reporting unadjusted and adjusted models have
demonstrated a smaller but significant relationship between physical activity and depression
after controlling for potential confounding variables (Camacho et a., 1991; Farmer, Locke,
Moscicki, Dannenberg, Larson, & Radloff, 1988).

Consistency. An advantage of epidemiologica research in the investigation of the
antidepressant effect of exerciseis the ability to examine large numbers of people
representing various demographic groups. Studies have included male and female
participants of diverse age groups (10 years and older) representing different countries
(United States, Canada, Germany, Japan, and Finland). However, research has yielded
inconsistent results both between and within studies. For example, the National Health and
Nutrition Examination Survey (NHANES I) examined physica activity and depressive
symptoms in 1,497 men and women aged 25-77 years (Farmer et al., 1988). Current level
of depressive symptoms and physical activity were assessed by sdlf-report, and assessments
were conducted in 1971-1975 and 1982-1984. After adjusting for demographic and
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psychosocia variables, cross-sectiona analysis of baseline data revealed significant
associations between little or no recreational physical activity and depressive symptoms for
white and black males and white females, but the relationship was not significant for black
femaes. Additionaly, among subjects who did not exhibit elevated depression at baseline,
little or no recreational activity was a significant predictor of depressive symptoms only in
white women. However, results by race should be interpreted cautiously as the sample size
was small for both black men (N=64) and women (N=79).

Though inconsistencies have been exhibited both between and within studies, there
do not appear to be any systematic differences (i.e., males vs. females; young vs. old) that
would limit the generalizability of results. In addition, varied definitions of physical activity
including walking, lifestyle and occupational activity, sports participation, and energy
expenditure have yielded significant results. Because most studies have relied on salf-report
guestionnaires to measure symptoms of depression, it is not known whether the type of
depression assessment influences results. However, this issue requires further investigation,
as two of the four studies that measured clinically defined depressive disordersfailed to
show a significant relationship.

Dose-Response. Additiona research is aso needed to determine whether the
association between exercise and depressive symptoms is best described as an inverse dose-
response relationship or athreshold effect. For example, results from the study of male
Harvard alumni suggest a does-response relationship between physica activity and
reductions in symptoms of depression. Whereas men who reported expending 1,000-2,499
kilocalories per week had areduction in risk for depression compared to men expending less
than 1,000 kilocalories per week, those with an energy expenditure of 2,500 kilocalories or
more per week had an even greater reduction in risk (Paffenbarger et a., 1994). Datafrom a
study of elderly women also support a dose-response relationship, as women who reported

the highest levels of energy expenditure exhibited fewer symptoms of depression (Y affe et
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a., 1999). A similar relationship was found between physical activity level and depression
scores among European college students (Steptoe et d ., 1997).

In contrast, data from other studies suggest a threshold effect of exercise in which
both moderate and high levels of physical activity are associated with lower levels of
depression, but there is no additional benefit of high compared to moderate activity. For
example, Foreyt, Brunner, Goodrick, St. Jeor, & Miller (1995) classified individuas by
change in physical activity over a4-year period. Participants who reported moderate
increases in activity exhibited larger reductions in depressive symptoms relative to
individuals reporting the largest increase in physical activity, although both groups reported
improvements in depression. Data from alongitudinal study of elderly participants suggests
that moderate walking is sufficient to protect against increases in depression. Though
increases in depressive symptoms were observed for individuals reporting a decrease in
physical activity, both maintenance of walking and an increase in physical activity appeared
to protect against increases in depression (Lampinen et al, 2000).

The dose-response relationship between physical activity and depression is difficult
to interpret in the epidemiological literature because most studies have classified participants
into two or three activity levels or used regression techniques to anadyze data. Research
examining the systemic health benefits of exercise has demonstrated that individuals who
increase activity from the lowest category incur significant health benefits (Blair, Well,
Westhers, & Paffenbarger, 1994), and further research is needed to determine whether a
smilar effect exists for mental health. Because most individuals prefer to exercise a alow
or moderate intensity (Dishman, Farquhar, & Cureton, 1994) and current guidelines for
exercise prescription recommend a broad range of exercise intensities (ACSM, 1998), this
issueis of clinical significance for the development of recommendations to promote mental

hedlth in the general population.



47
Summary and Recommendations

Despite inconsistencies among studies, population-based research supports an
inverse association between levels of physical activity and symptoms of depression.
However, methodological limitations common to epidemiological literature impede
interpretation of results. First, the mgjority of population data is derived from studiesin
which mental health is not the primary focus (e.g., cardiovascular risk factor, aging, €tc.),
and the purpose of the study generally dictates the variables that are measured and reported
aswdll as the statistical methods employed. In addition, several studies that have measured
both physical activity and depression did not report the datain a manner that permits
examination of the relationship (e.g., Brill, Kohl, & Blair, 1992; Ruuskanen & Parkaiti,
1994; Strawbridge, Cohen, Shema, & Kaplan, 1996). Thus, there is a selectivity bias in the
reporting of results based on the purpose of the study.

Second, if the aim of the study is to evauate the relationship between physical
activity and depression, then research should be conducted on high-risk populations (e.g.,
female, young adult, positive family history of depression, previous depressive episode,
etc.). Moreover, the singular contribution of future epidemiological studies, beyond that of
experimental research, is the determination of the role of physical activity in the prevention
of depresson asit naturally occurs in the population.

Third, further examination of the dose-response relationship between physical
activity and depression is needed. The identification of a dose-response gradient would
provide additional evidence for a causal effect of physical activity on reductionsin
depresson. In addition, resolution of thisissueis required to establish evidence-based
exercise prescription guidelines for the promotion of both physical and mental health.

Finally, epidemiological research should employ valid measures of both physical
activity and depression that are appropriate for the population of interest. Because
population-based studies attempt to gather as much information as possible while

minimizing the burden on participants and investigators, measures are often modified
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versions of validated assessments or may just consist of afew untested items. Therefore,
when the psychometric properties of the instruments are unknown, the validity of the
inferences derived from the measures is also questionable. At minimum, validated self-
report instruments should be used to measure physical activity and depression, and
additional studies are needed that use objective measures to assess physical activity and
that apply clinical criteriafor diagnosis of depression. From an epidemiological
perspective, there are three possible explanations to account for the inverse relationship
between physical activity and depression: (1) exercise prevents and/or reduces symptoms
of depression; (2) depressed individuals are less likely to exercise; or (3) exercise and
depression are both associated with a third variable which is responsible for the observed
effects (Stephens, 1988). Thus, randomized controlled intervention studies are needed to
determine the nature of the relationship between exercise and depression to establish
causality.

Intervention Resear ch: a quantitative synthesis

Results from meta-analyses by North et al. (1990) and Craft & Landers (1998)
suggest a moderate effect of exercise training in reducing symptoms of depression for
most individuals. Although meta-analytic procedures will never yield an exact estimate of
the actual population effect, a quantitative synthesis does provide a systematic method to
examine an area of research and identify directions for future study (loannidis &
Cappelleri, 1998). We recognize that conclusions derived from the aggregation of effects
obtained from studies of diverse samples, using varied exercise interventions and
depression measures are not a substitute for large controlled experiments that examine the
effect of exercise interventions in individuals with a clinical diagnosis of depression. To
date, few clinical trials have been conducted in this area. Therefore, the current meta-
analysis was conducted to provide arevised summary of the antidepressant effects of
exercise from the existing literature and present evidence for further justification of large

randomized controlled trials which are considered to be the gold standard for determining
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the efficacy of interventionsin aclinical setting (LeL orier, Gregoire, Benhaddad,
Lapierre, & Derderian, 1997).

Moreover, the present review differs from earlier meta-analyses in several ways to
expand upon previous conclusions. First, we attempted to control for natural remission
of depression by including in the overall analysis only studies that permitted the
calculation of an effect size relative to a comparison group. Second, we excluded studies
that measured symptoms of depression after an acute bout of exercise to avoid
confounding the measurement of transient mood states with an enduring depressive
condition. Third, although the use of multiple dependent measures permits the
calculation of more than one effect size from the same group of people, we excluded
redundant effects to avoid artificial inflation of effect sizes for a more accurate estimate
of the population effect. Fourth, because studies vary in the use of exercise interventions,
comparison groups, and sample characteristics, we expected effects to be heterogeneous,
and a random effects model was used for analyses (Hedges & Olkin, 1985). Findly, in
the years since prior meta-analytic reviews were conducted, additional studies have been
published that include more representative samples (e.g., elderly), employ varied exercise
interventions (e.g., resistance training), and utilize clinically meaningful comparison
groups (e.g., pharmacological treatment).

Methods

Eighty-three studies published from 1970 through December 31, 1999 were located
by searches of literature published in the English language using Medline, PubMed,
PsychINFO, ERIC, and Current Contents computer searches with exercise, physical activity,
fitness, depression, psychological, psychiatric, and mental health as key words. Reference
lists from published articles were used to supplement computer searches. Dissertations,
master’ s theses, and studies of acute exercise were excluded from analysis. Criteriafor
including a study consisted of the following: (1) The dependent variable was a measure of

depression or depressive symptoms. (2) The independent variable was an exercise



50
intervention, physical activity measure, or standard measure of physical fitness that served
as a surrogate measure of physical activity. (3) The dependent variable was quantified in a
manner that allowed an effect Size to be calculated from means and standard deviations,
correlation coefficients, graphs, t-tests, F-tests with asingle df, and exact p-values. (4) The
design included a non-exercise comparison group. Eighteen located studies were excluded
because they failed to use a standard measure of depression, reported results in a manner
that did not allow the calculation of an effect size, implemented a combined intervention
that prevented evaluation of the independent effect of exercise, or used an exercise
comparison group (Appendix 1).

A gquantitative synthesis was performed using Meta 5.3 (Schwarzer, 1991), DSTAT
1.10 (Johnson, 1993) and SPSS Windows version 9.0 (SPSS, Inc., Chicago, IL) statistical
software. When possible, effect sizes were calculated by subtracting the mean change for a
comparison group from the mean change for the experimental group and dividing the
difference by theinitia pooled standard deviation. Based on guidelines suggested by Cohen
(1988), effect sizes of 0.2, 0.5, and 0.8 were considered to be small, moderate, and large
effects, respectively. Composite effect sizes (d) were obtained using the random effects
model to aggregate effect sizes because effects were expected to be heterogenous (Hedges &
Olkin, 1985). Homogeneity of each effect was tested using a random effects model of
variance (Hunter, Schmidt, & Jackson, 1982), and an effect was judged heterogeneous if
sampling error was less than 75% of the observed variance. Factors that were hypothesized
to moderate the effectiveness of exercise interventions in reducing symptoms of depression
were examined by coding sample characteristics, research design, intervention
characteristics, and outcome measures (Table 2). Levels of a moderating variable with
fewer than 5 effects were collapsed or omitted to minimize sampling error. A one-way
analysis of variance (ANOVA) was performed for each moderating variable to determine
whether there were significant differences among levels of moderators, and focused

contrasts were subsequently conducted to identify features that might account for variability
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in mean effect sze. Moderators with more than two nonordina levels were dichotomized
based on the results of the contrasts, and a multiple linear regression analysis was conducted
for significant (p<.10) moderating variables to determine whether the variables had an
independent influence on the overall estimate of effect size.

Two hundred sixty-three effects were retrieved from 92 studies involving
approximately 17,500 people. Multiple effects were obtained for studies that reported
separate results for gender, included more than one exercise intervention, provided results
for multiple outcome measures, allowed calculation of effect sizes both within the
exercise condition and between the exercise and comparison groups, and presented
results obtained from multiple time points. However, only the primary effect size(s) were
used for the main analyses. When a study reported multiple measures of depression
using the same methodology (e.g., self-report questionnaires), the mean of the effects was
used in the overall analysis. In addition, if a study used both clinician-rated and self-
report measures, only the clinical rating was used in the main analyses to avoid
artificially inflating an effect by redundant inclusion of data. Because the purpose of the
guantitative synthesis is to examine the effectiveness of exercise in reducing symptoms of
depression, only the 58 controlled studies that used a comparison group were included in
the primary analyses for atotal of 88 effects from 4,126 people. Within-subject and
redundant effects were included for appropriate moderator analyses. Twenty-seven
follow-up effects obtained from 9 studies (Appendix 2) were analyzed separately.

Results

A stem-and-leaf display for the 88 primary effectsis presented in Figure 2. The
distribution of effects was negatively skewed (-1.94, SE=.26) and |leptokurtic (3.56,
SE=.51). The mean overall effect of exercise was moderate, d=-0.57 (95% Cl, -0.79 to
-0.34).
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Moderating Variables

Study design and measurement. Effect sizes obtained from controlled studies
using a non-randomized design did not differ from studies using a randomized design
(p=.54). The ANOVA for comparison group was not significant (p=.64). However,
because few studies used psychotherapy or pharmacotherapy as control conditions, these
levels were eliminated from the moderator analyses. No significant differences were
observed for recruitment source (p=.12). The ANOVA for depression measure was
significant (F1¢,=8.80, p=.004, h?>=.09). Effect sizes from studies that used clinical
ratings of depressive symptoms were larger than effects obtained from self-report
guestionnaires.

Subject characteristics. Effect sizes did not differ by gender (p=.54) or age
(p=.69). To minimize sampling error, categories of disease were collapsed for analysis,
and effect sizes obtained from studies that included participants with a chronic health
condition were significantly larger than effects obtained from studies of healthy
individuals (F1,8:=5.43, p=.02, h?*=.06). The ANOVA for mental status approached
significance (F1,8,=3.18, p=.08, h?=.04), and studies that included subjects with elevated
levels of depressive symptoms at baseline yielded larger effects than studies of mentally-
healthy individuals.

Exercisefeatures. No significant differences were found among levels of
exercise mode (p=.27), intensity (p=.62), frequency (p=.80), or duration (p=.86). There
were also no significant differences in effects obtained from studies that administered the
exercise intervention in groups or individualy (p=.20). Effects aso were not different
across exercise settings (p=.37). The ANOVA revealed significant differences among
effects obtained from supervised versus unsupervised exercise sessions (F1,86=5.81,
p=.02, h?=.06) with studies using unsupervised exercise exhibiting larger effects. Effects
also differed among studies by length of the intervention, and contrasts indicated a nearly

significant quadratic trend (tgs=1.88, p=.06). Effect sizes from interventions that were
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between 8 and 24 weeks in length were larger than effect sizes from interventions of less
than 8 weeks or more than 24 weeks.

Multiple Regression Analysis. A multiple linear regression mode! including
health status (healthy vs. chronic disease; b=-.32, t=4.06, p=.001), mental health status
(normal vs. depressed; b=-.21, t=2.20, p=.03), exercise measure (intervention or
assessment vs. self-report; b=-.27, t=2.65, p=.01), exercise supervision (supervised vs.
unsupervised, b=-.24, t=2.4, p=.02), and depression measure (clinical rating vs. salf-
report; b=.24, t=2.49, p=.02) was significantly related to effect sized (Fs 77 = 7.81,
p<.001, adjusted R#=.29).

Discussion

Results from this quantitative synthesis suggest that exercise interventions for
reducing depression have a moderate effect that is statistically different from zero. These
findings are in agreement with those obtained from prior analyses by North et al. (1990)
and Craft and Landers (1998) who reported an overall effect size (d) of -0.53 and -0.72,
respectively. The effects were heterogeneous, indicating that more than one population
effect was estimated by the studies. The moderator analyses of effects suggests that some
features of the studies may yield larger effects and provide direction for future research.
However, low statistical power resulting from alimited number of effects and
heterogeneity within levels of moderators provided weak tests of the variables in many
instances. Because not all studies reported information on the moderators included in the
analyses, it was not possible to conduct statistically powerful analyses of interactions.
Therefore, well-designed studies that experimentally manipulate exercise features and
control for subject characteristics are needed to accurately identify moderators of the
effect of exercise on depressive symptoms.

Most analyses pertaining to study design failed to reach statistical significance.
However, studies that used clinical ratings to assess depression exhibited larger effects

than studies that used self-report questionnaires. Though results were not significant,
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studies characterized by a nonrandomized design and lack of comparison group tended to
produce larger effects than randomized, controlled studies. Types of comparison groups
could not be analyzed due to the small number of independent effects within each level.
The two studies that used a pharmacotherapy comparison (Blumenthal et al., 1999;
Wearden et a.,1998) yielded zero or dightly positive effects, supporting the efficacy of
exercise relative to a drug intervention in reducing depressive symptoms. Examination of
effects from studies using psychotherapy control conditions suggest greater efficacy of
exercise, and though such observations give credence to the effect of exercise in reducing
depression, the results aso call into question the success of implementing the comparison
condition, as psychotherapy is a proven antidepressant intervention. In order to
demonstrate that exercise is effective for reducing symptoms of depression, features of
the intervention that are unrelated to the exercise stimulus (e.g., group dynamics, social
support, placebo effects) must be controlled.

Results of the present analyses suggest that the effects of exercise do not differ by
age or gender. However, few effects were available from adolescent populations to alow
adequate examination of age. Though effect sizes tended to be smaller for studies of
adolescents, a recent review examining correlates of physical activity in youth supports
an inverse relationship between exercise and depression in younger populations (Sallis,
Prochaska, & Taylor, 2000). Asobserved in previous analyses (North et a., 1990),
studies of participants who exhibited chronic health conditions produced larger effects
than studies of apparently healthy individuals. Effect sizes from studies that recruited
subjects identified as exhibiting higher levels of depression tended to be larger than
effects obtained from studies of nondepressed individuals. However, only four studies
used clinical interviews to screen participants, and eight studies included participants
with elevated levels of self-reported depression. Thus, the small number of effects from
studies of depressed individuals likely contributed to the inability to detect a significant

difference according to mental health status.
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Generally, features of the exercise intervention did not significantly influence size
of the effects. However, the number of effects per level of each moderator was often too
small to permit a powerful analysis of the relationship among categories. For example,
the data suggest that resistance training is at least as effective as aerobic exercise in
reducing depression (Doyne et a., 1987; Martinsen et a., 1989), but only seven
independent effects for strength training were available for analysis. The data also
suggest that low intensity, flexibility-related exercise does not produce significant
reductions in depression, but because few effects are available, interpretation is limited.
Furthermore, studies have used both resistance training and low intensity exercise as
control conditions, preventing the inclusion of the effects in the overall anaysis and
precluding the evaluation of these conditions as antidepressant interventions. Given the
current popularity of resistance training and the success of lifestyle physical activity
interventions, this omission represents a pressing research need.

As noted in the review of the epidemiological literature, the failure to adequately
manipulate and quantify the exercise stimulus prevents examination of the dose-response
relationship between exercise and reductions in depression. It remains to be determined
whether there is a threshold for antidepressant effects or whether the degree of
improvement in depression is dependent upon amount of exercise in terms of intensity,
frequency, type, and/or duration. From a pharmacological perspective, it is possible that
there is a dose-dependent treatment response to exercise until the exercise “dose” reaches
an optimal level at which there is no benefit of additional exercise. The demonstration of
dose-response relationship that follows a pharmacological model would provide
additional evidence for causality. The issue of appropriate dose to enhance the efficacy
of exercisein aleviating depression can be resolved by experimental studies that
manipulate discrete features of exercise stimulus while controlling for other

characteristics of the exercise.
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Further investigation is also needed to determine the influence of length of
training on the effects of exercise. This variable was excluded as an independent
predictor due to its non-linear relationship with effect size. Though results from previous
meta-analyses (North et a., 1990) suggest that there is a dose-response relationship
between intervention length and reductions in depression scores, results from the present
analysis suggest that effects are reduced for studies greater than six months in length.
However, to adequately evaluate the effect of length of training, repeated measure
designs are needed. Only eight studies included in the overall analysis assessed
depression at multiple time points during the intervention, and nine studies included
follow-up assessments upon conclusion of the intervention. Repeated measurement of
depressive symptoms is important for monitoring improvements in depressive symptoms
to ensure participant safety and is required to evaluate treatment response to exercise and
enable comparisons with standard antidepressant therapies. Additional research using
follow-up measures is also needed to evaluate the persistence of effects after completion
of the exercise program.

Pre-experimental cohort designs were excluded from our overall quantitative
analysis to prevent the confounding of the effects of exercise with the natural remission
of depressive symptoms with the passage of time. However, this resulted in the
elimination of fifteen of the studies retrieved. Studies that used aform of exercise as a
control condition were also excluded from the overall analyses, as it has not been
demonstrated that antidepressant effects of exercise are specific to type of physical
activity. Fifteen additional studies were excluded because data were incomplete or
reported in a manner that prevented the calculation of an effect size. Also, eleven studies
were omitted because the results were reported elsewhere or the design did not enable
interpretation of the effect of exercise. Excluded studies are presented in Appendix 1.

Though all studies with non-exercise comparison groups were included in the

analysis, few studies had equivalent, randomized control groups. Furthermore, studies
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included in the analysis often failed to provide detailed information in the reporting of
procedures and/or results making it difficult, and in some cases impossible, to generate
effect sizes. In addition to inadequate reporting of results, study characteristics were
often poorly described, limiting the effectiveness of our moderator analyses.

Though useful in summarizing the literature, meta-analytic techniques have
inherent limitations. A primary disadvantage is the aggregation of studies of varying
degrees of scientific quality. Unfortunately, several of the studies with the best designs
and methods could not be included in the analyses due to limitations with the reported
statistics. For example, Martinsen and colleagues (1985, 1989a, 1989b) conducted a
series of studies that examined the effect of exercise interventions on depression in
hospitalized psychiatric patients. In theinitial study, patients diagnosed with major
depression were randomly assigned to aerobic exercise or occupational therapy in
addition to their standard treatment protocol. The interventions were conducted in groups
that met for 1 hour, 3 times aweek. After 9 weeks of treatment, the exercise group
exhibited significantly greater reductions in depressive symptoms relative to the control
group (Martinsen, Medhus, & Sandvik, 1985). After discharge from the hospital, these
patients were followed for 1 to 2 years. Approximately 90% of patients assigned to the
exercise group continued regular exercise. Although not statistically significant, there
was an inverse relationship between level of physical activity and depression scores at
follow-up. In addition, patients who participated in the exercise intervention subjectively
evauated the exercise program as the most important component of their inpatient
treatment (Martinsen & Medhus, 1989a). Martinsen, Hoffart, & Solberg (1989b) also
compared aerobic (walking/jogging) and nonaerobic (strength, flexibility, relaxation)
exercise in the treatment of clinical depression in psychiatric inpatients. The
interventions were administered in small groups, and individuals trained for 1 hour, 3
times aweek for 8 weeks. At the conclusion of treatment, both groups exhibited

significant reductions in depression scores, but there were no differences between groups.
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Perhaps the most convincing evidence for the effectiveness of exercise in the
treatment of depression emerged from a recent randomized controlled clinical trial that
compared exercise and antidepressant medication (Blumenthal et al., 1999).
Approximately 150 older patients diagnosed with major depression were randomly
assigned to one of 3 groups:. aerobic exercise (walking/jogging, 3 times/week, 30
minutes), antidepressant medication (sertraline hydrochloride, i.e., Zoloft), or exercise
plus medication. Although the medication group exhibited the fastest initia response to
trestment, all groups exhibited significant reductions in depression scores, but there were
no significant differences between groups after the 16-week intervention period. This
study was excluded from the quantitative analyses because the zero effect size calculated
from the comparison with a proven antidepressant therapy supports the efficacy of
exercisein treating depression. In addition, it can be argued that a primary goal of meta-
analysisisto provide a summary of the literature to provide arationale for more rigorous
clinical trials (LeLorier et a., 1997). The results of thisclinical trial are encouraging
given the stringent research design, particularly the use of standard diagnostic criteria and
clinically meaningful comparison conditions. However, a placebo condition was not
included in the study to control for attention or spontaneous recovery, and additional
randomized clinical trials are needed to confirm these findings and identify intervention
features that moderate the antidepressant effects of exercise.

Over twenty years have passed since experimental studies first demonstrated an
antidepressant effect of exercise in individuals with a clinical diagnosis of depression
(Greigt, Klein, Eischens, Faris, Gurman, & Morgan, 1978), and the preponderance of
evidence including anecdotal reports, epidemiological research, intervention studies,
gualitative reviews of literature, and meta-analyses suggests that exercise can result in
statistically significant and clinically meaningful reductions in symptoms of depression.
Furthermore, reductions in depressive symptoms are often comparable to standard

antidepressant therapies (Blumenthal et a. 1999; Fremont & Craighead, 1987; Greist et
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al., 1978), and results from quantitative reviews of exercise studies are similar to meta-
analyses of standard pharmacological and psychotherapy interventions. For example,
Greenberg, Bornstein, Zborowski, Fisher, & Greenberg (1994) conducted a meta-analysis
examining the efficacy of the antidepressant fluoxetine in double-blind, placebo-
controlled clinical trials and found a moderate overall effect (d =-0.40). Also, arecent
meta-analysis of studies using cognitive psychotherapy in treating patients with mild to
moderate depression demonstrated an effect size (d) of -0.82 compared to wait-list or
placebo comparison groups (Gloaguen, Cottraux, Cucherat, & Blackburn, 1998).
However, comparisons of meta-analytic results should be approached cautiously as the
quality of studies and decisions involved in the analyses could influence the accuracy of
the effect size estimation (Juni, Witschi, Bloch, & Egger, 1999). Furthermore, effect
sizes derived from meta-analyses may not accurately predict results of large randomized
controlled trials implemented in a clinical setting (LeLorier et al, 1997).

Although it is inappropriate to view an effect size value as a precise
representation of the efficacy of an intervention in the population, meta-analytic
summaries can serve as useful a guide for prediction of intervention effects and direction
of future research (loannidis & Cappelleri, 1998). However, the utility of qualitative
reviews of literature should not be abandoned for quantitative syntheses (Bailar, 1997).
Ideally, results from quantitative and qualitative reviews of literature are conducted in
tandem and produce complementary results. The present review of the literature, both
guantitative and qualitative, supports an antidepressant effect of exercise, and conclusions
are generally consistent with prior analyses. Thus, randomized controlled trials
examining the efficacy of exercise interventions are warranted. Further research is
required to determine whether the estimated effects of exercise are reliably and
meaningfully produced in aclinical setting.

Given the tremendous burden that depression poses to society, if exerciseis

indeed effective for the prevention and treatment of depression, the potential public
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health impact would substantial. The lack of utilization of standard antidepressant
interventions, the absence of uniformity in treatment response, and the health care costs
associated with pharmacotherapy and psychotherapy call for examination of alternative
therapies for treating depression. In addition to its apparent effectiveness in reducing
symptoms of depression, exercise is affordable and widely accessible with proven
systemic health benefits. Furthermore, in contrast to other antidepressant treatments,
exercise interventions are ideally continued throughout the life span. However, despite
abundant evidence that supports an antidepressant effect of physical activity and recognition
of the established systemic health benefits associated with exercise, prominent mental health
organizations have yet to recognize exercise as a viable alternative or adjunctive treatment
for depression (Anonymous, 2000). In order to promote exercise as a sanctioned trestment
for depressive disorders, researchers must raise the standard for research design and
evolve toward aclinical trial paradigm that will meet the evaluative demands put forth by
public health officials (LeLorier et al.,1997). Based on our findings from both the
qualitative review of literature and meta-analytic procedures we offer the following
recommendations for future research:

(2) Interventions should use established diagnostic criteriato identify depressed
individuals for subject recruitment, as a primary limitation of this body of literature is the
failure to study depressed individuals. The overall effects of exercise are likely attenuated
by this design limitation, because mentally healthy individuals are far less likely to
exhibit significant reductions in depression. Furthermore, results from studies of normal
individuals cannot be generalized to clinical populations. When possible, it isalso
advantageous to identify depression subtype and the presence of comorbid psychological
disorders because features of the depressive disorder may influence the effectiveness of
interventions and predict treatment response (Anonymous, 2000).

(2) Researchers should determine intervention effects using validated assessments

specifically designed to measure depression, and measures should be appropriate to the
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population studied. When possible, clinical diagnostic interviews should be used in
conjunction with self-report measures to enhance reliability and specificity of symptom
assessmen.

(3) Investigators should use fully randomized designs and include appropriate
comparison groups. At minimum, studies should control for natural remission of
depressive symptoms and placebo effects. Thorough descriptions of the components of
the control condition as well as the rationale for the comparison should be included. In
order to establish causality, large randomized clinical trials using meaningful comparison
conditions are needed.

(4) Various features of physical activity (e.g., mode, intensity, duration,
frequency, intervention length) should be manipulated to determine the stimulus required
to produce antidepressant effects. The use of valid assessments of physical activity and
appropriate measures of muscular strength or cardiorespiratory fitness are needed to
verify the effectiveness of an exercise intervention in achieving the desired physiological
stimulus. Improved descriptions of intervention characteristics and experimental
confirmation are therefore needed to identify the exercise stimulus required for
meaningful reductions in depression and to establish guidelines for exercise prescription
in depressed populations.

(5) Authors should report detailed information on samples, interventions,
measures, and statistical analyses. Results should be presented in a form that permits the
calculation of an effect size, including means, standard deviations, and sample size before
and after the intervention for al groups studied.

(6) Studies should include repeated measures of depressive symptoms to
determine of the course of effects and to permit comparisons with standard antidepressant
therapies. Follow-up measures of depression and physical activity should also be

performed to evaluate persistence of effects after the conclusion of the intervention.
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(7) Scientists should explore objective physiological measures that can be used to
confirm results of psychological assessments or to identify mechanisms for the
antidepressant effects of exercise. For example, brain imaging procedures administered
before and after an intervention (Kalin et al., 1997) could provide evidence for
improvements in brain function after exercise training and reveal biologically plausible
explanations for the effect of exercise on depression. Other physiological measures that
have been used in the study of depression include assessment of heart rate and blood
pressure (e.g., Carney et al., 1999), peripheral measures of neuroendocrine function (e.g.,
Westrin, Ekman, & Traskman-Bendz, 1999), and examination of circadian rhythms (e.g.,
Steiger & Holsboer, 1997). Animal studies have also investigated neurobiological
adaptations to exercise (e.g., Dishman et al., 1997; Y oo, Tackett, Crabbe, Bunnell, &
Dishman, 2000; O’ Neal, Van Hoomissen, Holmes, & Dishman, 2000) and provide
additional evidence for biological plausibility warranting further investigation.

(8) Researchers must promote collaboration among scientists, mental health
professionals, physicians, and public health officials to rigorously evaluate exercise
interventions for the treatment of depression. Randomized controlled trials are needed to
establish exercise as a viable aternative and/or adjunctive antidepressant therapy, and the
available evidence provides justification for extensive study of the antidepressant effect

of exercise in clinical populations.
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Table 1. Epidemiological studies examining thereationship between exer cise and depression.

STUDY

Camacho et
al. (1991)

SAMPLE

n=3,789
(2-wave)
n=1,275
(3-wave)

men and women
aged 20 years
and older

RESEARCH
DESIGN

Cross-sectional and
longitudinal study
of Alameda County
Study participants;
3 time points:

1965, 1974, and
1983

EXERCISE
MEASURE

Self-report of
frequency and
intensity of leisure
physical activity and
changein physical
activity (2 levels)

DEPRESSION
MEASURE

Self-report of
depressive
symptoms;
depression indicated
by cut-off score

POST-TEST

1974 depression
by activity level:
low active
moderate active

1965 activity /
1974 depression:
(men)

low active
moderate active
(women)
low active
moderate active

1965-74 activity
change/ 1974
depression:

low — low

low — high

high —low

1965-74 activity
change/ 1983
depression:
low-low
low-high
high-low

EFFECT

OR = 4.22 (3.17-5.62)
OR = 2.14 (1.61-2.86)

OR = 1.76 (1.06-2.92)
OR = 1.46 (0.91-2.34)

OR = 1.7 (1.06-2.70)
OR = 1.0 (0.63-1.59)

OR = 3.76 (2.57-5.50)
OR = 2.12 (1.35-3.34)
OR = 2.93 (1.92-4.46)

RR = 1.22 (0.62-2.38)
RR = 1.11 (0.53-2.21)
RR = 1.61 (0.80-3.22)



Cohen et al.
(1991)

Cooper-
Patrick et al.
(1997)

Farmer et al.
(1988)

see also
Brown et al.
(1996)

n=404 men and
764 women
recruited from
communitiesin
Pennsylvania

n=752 former
medical students

n=1900 men and
women aged 25-
77 years

Cross-sectional
datafrom astudy
of the
psychological

effects of the Three

Milelsland
accident

Longitudinal study
of John Hopkins
University medical
students; data
collected in 1978
and 1993

Cross-sectional and

longitudinal study
of participants
from the National
Health and
Nutrition
Examination
Survey
(NHANESI);
1971-75, 1982-84

Self-report of
frequency of
exercise; “lack of
exercise” defined as
exercising lessthan
1-2 times per week in
atypical month

Self-report of
frequency of
exercising to asweat
in 1978 (3 levels)

Self-report of
recreational and
nonrecreational
physical activity
(2 levels)

Self-report of history
of magjor depressive
episodes according to
RDC criteria

Self-report of
previous diagnosis of
clinical depression
and review of
medical records
through 1993

CES-D self-report
guestionnaire; cut-off
score used to indicate
depression

Lack of exercise
/ depressive
episode

men

women

1978 exercise/

1993 depression:

0 times/wk
1-2 times/wk

Low activity /
depression at
baseline:
white men
black men
white women
black women

Low activity at
baseline/
depression at
follow-up by
depression at
baseline:

(white men)
low depression
high depression

(white women)
low depression
high depression

b=0.02ns
b=-0.25ns

RR = 1.18 (0.53-2.64)
RR = 1.08 (0.48-2.45)

OR=22(12-4.2)
OR =165 (2.1-128)
OR =17 (11-2.5)
OR=12(0.3-4.1)

RR=1.3(05-3.1)
RR=12.9 (1.7-98.9)

RR=1.9(1.1-3.2)
RR = 2.0 (0.8-14.5)



Foreyt et al.
(1995)

Hainer &
Palesch
(1998)

Hassmen et
al. (2000)

Krauseet al.
(1993)

n=381 obese and
normal-weight
adults

n=284 male and
female medical
residents

n=3,403 Finnish
men and women
aged 25-64 years

n=1,351
Japanese men
and women aged
60 and ol der

Cross-sectional and
longitudinal study
of Reno Diet-Heart
Study participants;
assessments
conducted at year 1
andyear 5

Cross-sectional
analysis of data
obtained from the
South Carolina
Family Practice
Research
Consortium Study

Cross-sectional
study of Finnish
cardiovascular risk
factor survey
participants

Cross-sectional
study of Japanese
elderly randomly
selectedina
nationwide survey

Self-report of
frequency and beliefs
regarding recreational
physical activity

Self-report of
perception of
physical fitness

Self-report of
frequency of
recreational exercise
(6 levels)

Self-report of
frequency of
recreational physical
activity

CES-D self-report
guestionnaire

BDI self-report
guestionnaire; POMS
depression-dejection
scale score

BDI self-report
guestionnaire

Self-report of
depressive symptoms
based on CES-D
items

Activity /
depression at

(Year 1)
normal
obese

(Year 5)
normal
obese

Actvity change/
depression at
follow-up:
normal weight
obese

Poor fitness/
depression score
BDI

POMS

Exercise
frequency /
depression

Exercise
frequency /
depression

r=-0.02ns
r=-0.15
r=-0.05ns
r=-0.21
r=-0.17
r=0.11ns
p<.01

ns

p<.001
b=-0.16
(p<.02)



Lampinen et
al. (2000)

Melamed et
al. (1997)

Milligan et
al. (1997)

n=663 Finnish
men and women
aged 65 and
older

n=1,837 male
employees aged
20-64 years

n=583 Australian
men and women
aged 18 years

Cross-sectional and
longitudinal study
of Finnish elderly
participating in the
Evergreen Project;
assessments
conducted in 1988
and 1996

Cross-sectional
study of
participantsin the
Cardiovascular
Occupational Risk
Factors
Determinationin
Israel (CORDIS)
study

Cross-sectional
analysis of data
obtained from a
longitudinal
cardiovascular risk
factor study of
Australian youth

Self-report of
intensity of current
physical activity;
classifiedinto 3
levels: necessary
chores, regular
walking, strenuous
exercise

Level of occupational
physical work (4
levels)

Self-report of weekly
frequency, duration,
type and intensity of
physical activity;
summed to yield total
score (2 levels)

Self-report of
depressive symptoms
using modified BDI
guestionnaire

Self-report of
depressive symptoms
using modified SDS

Zung SDS self-report
guestionnaire

Changein
intensity / 1996
depression:
(chores)
no change
(walking)
decreased
no change
(exercise)
decreased

Physical work /
depression

(male)
Activity /
depression
Fitness/
depression

(female)
Activity /
depression
Fitness/
depression

OR = 0.96 (0.25-3.7)

OR = 10.56 (2.4-47.4)
OR = 2.21 (0.53-9.3)

OR = 1.23 (0.32-5.03)

b=-0.11
(p=.0001)

p=.0003

r=ns

p=ns

r=-0.14, (p=.03)



Mobily et al.
(1996)

Murray et al.
(1998)

n=2,084 men and
women aged 65
and older

n=688 male and
femalehigh
school students

Cross-sectional and ~ Self-report of
longitudinal study  frequency of walking

of lowa65+ Rura (2 levels)

Health Study

participants;

baseline and 3-year

follow-up

Cross-sectional Self-repot of

study of ninthand  frequency of

tenth grade Vigorous exercise,
students frequency of strength

training, number of
sport teams, and
perception of
exerciseinrelation to
peers

Self-report of
depressive symptoms
based on CES-D
items; cut-off score
used to indicate
depression

Self-report of
depressive symptoms

Depression at
baseline: walkers
vs nonwakers

Low depression
at baseline/
depression at
follow-up:
walkersvs
nonwalkers

High depression
at baseline/
depression at
follow-up:
walkersvs
nonwalkers

Physical activity
/ depression
(males)
exercise
strength training
sports teams
perception
(females)
exercise
strength training
sports teams
perception

OR = .825 (0.64-1.06)

RR =1.1(0.77-1.60)

RR =.379 (0.18-0.79)

p=.013
ns
ns
p=.006

p<.001
p=.036
p=.001
p=.001



Paffenbarger
etal. (1994)

Palinkas et
al. (1990)

n=10,201 men

n=741 men and
874 women aged
65 yearsand
older

Longitudinal study

of Harvard

Alumni; 1962-1988

Cross-sectional
follow-up data
from the Lipid
Research Clinic
Prevalence Study
of heart disease
risk factors

Self-report of
physical activity
habits including
sports play hr/week
and kcal/wk (3
levels)

Self-report of
exercise frequency
with atarget of 3
times/wk (2 levels);
self-report of change
in exercise behavior
during the past 10
years

Self-report of
diagnosis of clinical
depression

BDI self-report
guestionnaire; cut-off
score used to indicate
depression

Baseline activity
/ depression
through 1988:
(Sports play)
1-2 hr/wk
3+ hriwk
(Activity Index)
1000-2499cal
2500+kcal

Activity / mean
depression score
(male)
Little Exercise
Decrease
(female)

Little Exercise
Decrease

Activity / percent
reporting
depression
(male)
Little Exercise
Decrease
(female)
Little Exercise
Decrease

RR =0.96
RR=0.73

RR=0.83
RR=0.72

p<.001
p<.001

p<.001
p<.001

p<.001
p<.001

ns
p<.05



Palinkas et
al. (1996)

Penninx et
a. (1999)

Rgjaaetal.

(1994)

Stephens
(1988)

n=2,245 men and
women aged 50-
89 years

n=6,247 men and
women aged 65-
103 years

n=780 men and
women aged 55
years

n=3,011 men and
women aged 20-
64 years

Cross-sectional
follow-up data
from heart disease
risk factor study

Cross-sectional
analysis of data
from the
Established
Populations for
Epidemiologic
Studies of the
Elderly

Cross-sectional

study of depression

in Finnish adults

Cross-sectional
analysis of data
from the 1979
National Survey of
Personal Health
Practices and
Consequences
(NSPHPC 1)

Self-report of
exercise frequency
with atarget of 3
times/wk (2 levels);
self-report of change
in exercise behavior
during the past 10
years

Self-report of
frequency of walking,
gardening, and
vigorous exercise

Self-report of
exercise during
leisure and when
commuting to/from
work (3 levels)

Self-report of
frequency leisure
physical activity (5
levels)

BDI self-report
guestionnaire; cut-off
score used to indicate
depression

CES-D self-report
guestionnaire; cut-off
score used to
indicated depression

Zung SDS self-report
guestionnaire

Self-report of
frequency of negative
mood using the Blue-
cheer index

Low activity /
depression:
males
females

Low activity /
depression

Activity /
depression:
(men)
little
moderate

(women)
little
moderate

Activity / mood:
(men)
<40 years
> 40 years
(women)
<40 years
> 40 years

RR = 1.69 (0.79-3.6)
RR = 1.26 (0.76-2.08)

p<.001

OR=2.0(0.7-5.8)
OR=0.7(0.2-1.9)

OR=1.1(0.4-2.9)
OR=0.9 (0.5-1.5)

p=.05
p<.001

p<.001
p<.001



Stephens
(1988)

Stephens
(1988)

Steptoe et a.

(1997)

Stewart et
a. (1994)

n=14,118 men
and women aged
15yearsand
older

n=15,239 males
and females aged
10yearsand
older

n=5,529 male
and female
university
students aged 18-
30 years

n=1758 male and
female chronic
disease patients

Cross-sectional
analysis of data
from the 1978-79
Canada Health
Survey (CHS)

Cross-sectional
analysis of data
from the 1981
Canada Fitness
Survey (CFS)

Cross-sectional
analysis of data
obtained from the
European Health
and Behavior
Survey

Longitudinal
analysisfrom the
Medical Outcomes
Study

Self-report of
frequency, intensity,
and duration of
leisure physical
activity used to
calculate energy
expenditure during
the past 2 weeks (5
levels)

Self-report of
frequency, duration,
and type of leisure
physical activity
during the past 12
months used to
calculate energy
expenditure (5 levels)

Self-report of
frequency of exercise
(2 levels)

Self-report of total
time spent exercising,
total time spent
walking, and
perceived level of
physical activity

Self-report of
frequency of negative
feelings using the
Negative Affect

Scale

Self-report of
frequency of negative
feelings using the
Negative Affect

Scale

Self-report of
depressive symptoms
based on items from
the BDI

Self-report of time
during the past month
an individual
experienced
symptoms of
depression

Energy

expenditure/

negative affect

(men)

<40 years

> 40 years
(women)

<40 years

> 40 years

p<.001
p<.001

p=.005
p<.001

Energy
expenditure/
negative affect
(men)
< 40 years ns
> 40 years ns
(women)
< 40 years ns
> 40 years p<.001

Exercise
frequency /
depression

p<.0001

Activity at
baseline/
depression at
follow-up:
total exercise
total walking
perceived level

p<.01
n..s.
p<.01



Weyerer n=1,536 men and

(1992) women aged 15
years and older

Y affeetal. n=5,781 women

(2000) aged 65 years
and older

Cross-sectional and ~ Self-report of

longitudinal study
of Upper Bavarian

Field Study

participants; 1975-

79, 1980-84

Cross-sectional

analysis of data
from the Study of

Osteoporotic
Fractures

frequency of leisure
exercise (3 levels)

Self-report of
physical activity
during the past week
(kcdl)

ICD diagnosis of
depression by
Clinical Interview
Schedule

Self-report of
depressive symptoms
using the GDS (3
levels)

Activity /
depression at
baseline:
none
occasional

Activity at
baseline/
depression at
follow-up:
(men)
none
occasional
(women)
none
occasional

Energy
expenditure/
depression

OR = 3.15 (1.84-5.38)
OR = 1.55 (0.82-2.92)

RR = 1.15 (0.3-1.62)
RR = .27 (0.03-2.35)

RR = .70 (0.3-1.62)
RR = .65 (0.26-1.61)

p<.001

Note. Beck Depression Inventory (BDI), Center for Epidemiological Studies-Depression Scale (CES-D), Geriatric Depression Scale (GDS),
International Classification of Diseases (ICD), Profile of Mood States (POMS), Research Diagnostic Criteria (RDC), Zung Self-Rating Depression

Scale (SDS)
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Figure 1. Relativerisk for depressive symptomsfor individualsreporting low levels

of physical activity.
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Table 2. Moderating variablesinfluencing effects of exercisein reducing symptoms

of depression.

Males: Only maleswere studied or a separate analysis was performed for
males

GENDER Females: Only females were studied or a separate analysis was performed for
females
Males & Females. Evaluation of the intervention was not separated according
to gender
Adult: Subjects were 18 years or older, not including college students
AGE Elderly: Study specified that subjects were older adults, usually over age 65
College: Subjectswere university students
Youth: Subjects were younger than 18 years of age
Hospital/M edical Registry: Subjects were recruited from inpatient or
SOURCE outpatient facilities or identified through medical registries
University: Subjects were recruited from university populations including
students, faculty and staff
Community: Subjects were recruited from the general population
Healthy: Subjects were apparently healthy
Obese: Subjectswere classified as significantly overweight
HEALTH CVD: Subjectswere identified as being at risk for or currently diagnosed with
STATUS cardiovascul ar disease
Cancer: Subjects had current or previous diagnosis of cancer
Disabled: Subjects wereidentified as having some type of chronic disability,
including fibromyalgia
Dialysis: Subjects were undergoing current dialysis treatment
Non-depressed: Subjectswere not identified as having elevated symptoms of
MENTAL depression or adiagnosis of clinical depression
STATUS Depressed: Subjects were diagnosed with a depressive disorder or exhibited
€levated depression scores
Psychiatric: Subjectswere diagnosed with a comorbid psychological disorder
or were recruited from a general psychiatric facility
Non-randomized: Pre- or Quasi-experimental study including case study,
DESIGN cohort with no control group, and nonequivalent control group
Randomized: Factorial design with a no-treatment, attention control, or
traditional antidepressant intervention comparison group
None: No control group was used or effect sizes could only be computed
within the exercise group
COMPARISON No-treatment/Wait List Control: Subjectsin the comparison group received
GROUP no intervention and participated only in pre and post-assessments

Psychotherapy: Subjectsin the control group received individua or group
counseling

Attention Control/Placebo: Subjects received a minimal intervention
including health education, stress management, or relaxation training
Drug: Subjectsin the control group received an antidepressant medication
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Exercise Intervention: An exercise program was implemented and change in
depression scores was obtained pre to post-training

EXERCISE Self-report of physical activity: The independent variable was level of
MEASURE physical activity as reported by the subjects
Fitness Correlation: Theindependent variable reflected the relationship
between physical fitness and depression score
Medical Facility: Exercise sessionswere conducted in a hospital or
rehabilitation center
EXERCISE University: Exercise sessionswere part of a college course or were conducted
SETTING in alaboratory setting
Home: Exercise sessions were performed in the participant’s home or
surrounding area
LENGTH OF Intervention Length: Number of weeks the exercise intervention spanned
TRAINING
Group: Intervention wasimplemented in agroup setting
EXERCISE Individual: Intervention was conducted one-on-one with little or no contact

ADMINISTRATION

with other subjects
Individual & Group: Intervention was conducted using both individual
contact and group activities

Aerobic: Prescribed physical activity was primarily aerobic, including
walking, jogging, and aerobic dance.
Activeleisure: No mode of activity was specified or the goal involved

EXERCISE increasing the level of physical activity or active games
MODE Strength: Program involved muscular strength and endurance training, with
no aerobic component
Flexibility/Y oga: Program involved stretching or other low intensity exercises
Combined exer cise: Program included a varied training regime, including
flexibility, resistance, and/or aerobic activities
Percent of aerobic capacity or heart rate reserve. If intensity was not specified,
EXERCISE estimates were made based on information about the mode and sample. For
INTENSITY example, walking was categorized as low (below 50%) and jogging as
moderate (50% - 70%).
EXERCISE Number of days per week that physical activity was scheduled or prescribed.
FREQUENCY
EXERCISE L ength of each exercise session in minutes.
DURATION
Supervised: Subjects met with amember of the research/ intervention team
on aregular basisindividually or in agroup to receive the specific intervention
EXERCISE and/or to exercise.
SUPERVISION Not supervised: Intervention was provided once or twiceindividually or ina
group, after which subjects exercised ontheir own.
Clinical Rating: The dependent variable was a clinician-administered
DEPRESSION guestionnaire or interview
MEASURE Self-Report Questionnaire: The dependent variable was a self-report
assessment of depressive symptoms
FOLLOW-UP When the study included afollow-up period, effect sizes were computed for

depression scores after the conclusion of theintervention
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Table3. Moderators of intervention effects. The number of effects for each level is
indicated by k.

k N d 95% CI

Gender - - -

Mde 25 1107 -0.74 -1.28,-0.20

Female 20 817 -0.40 -0.73,-0.07

Mae/Female 42 2185 -0.49 -0.78,-0.19
Age

Adult 55 2453 -0.60 -0.90, -0.31

Elderly 18 834 -0.39 -0.90, 0.11

College 9 645 -0.66 -1.12,-0.20

Y outh 5 177 -0.19 -0.49, 0.11
Recruitment Source

Hospital 19 739 -0.96 -1.61,-0.31

University 19 1088 -0.29 -0.58, 0.00

Community 41 1898 -0.53 -0.88,-0.18
Health Status

Healthy 60 2892 -0.39 -0.61,-0.17

Chronic Disease 23 914 -0.92 -1.45,-0.40
Mental Status

Non-depressed 69 3383 -0.47 -0.73,-0.22

Depressed 15 638 -1.07 -1.68,-0.47
Resear ch Design (Controlled Studies)

Non-randomized 29 1419 -0.63 -1.03,-0.23

Randomized 59 2707 -0.54 -0.81,-0.26
Comparison Group

None 107 9704 -0.67 -0.86,-0.48

No Treatment 73 3563 -0.53 -0.75,-0.31

Attention Control 13 579 -0.50 -1.20, 0.22
Exercise Measure

Exercise Intervention 79 3847 -0.49 -0.72,-0.27

Self-report 9 279 -1.25 -2.20,-0.30

Fitness Correlation 10 1034 -0.57 -0.84,-0.30
Exer cise Setting

Medical Facility 7 209 -0.49 -0.77,-0.21

University 24 1247 -0.29 -0.58, 0.00

Home 11 553 -0.35 -0.85, 0.15
I ntervention Length

4-8 weeks 21 703 -0.38 -0.69, -0.08

9-12 weeks 29 1436 -0.52 -0.87,-0.17

13-16 weeks 20 831 -0.18 -0.36,-0.01

17-24 weeks 8 317 -2.18 -3.12,-1.24

25-52 weeks 14 1045 -0.26 -0.49,-0.04



Exercise Administration
Group
Individual
Individual/Group

Exercise Mode
Aerobic
Strength
Flexibility/Y oga
Combined

Exercise I ntensity
Low (<50%)
Moderate (50-70%)
High (>70%)

Exercise Frequency
1-2 days/week
3-4 days/week
5+ days/week

Exercise Duration
20-30 minutes
31-45 minutes
>45 minutes

Exercise Supervision
Supervised
Unsupervised

Depresson Measure
Clinical Rating
Self-report

Follow-up Assessment
12 weeks
13-26 weeks
27-52 weeks
>52 weeks
overall

39
25

(o2}

9

o O~

15
45
12

11
58
8

18
24
21

60
28

1991
1190
410

3037
295
160
369

449
2110
636

488
2744
440

951
859
1339

2977
1149

431
3985

269
459
282
80
1090

-0.26
-0.53
-0.81

-0.56
-1.15
-0.05
-0.25

-0.18
-0.42
-0.48

-0.41
-0.41
-0.20

-0.32
-0.38
-0.29

-0.41
-0.93

-1.75
-0.53

-1.18
-0.59
-1.03
-0.92
-0.91

-0.50, -0.11
-0.84, -0.23
-2.26, 0.65

-0.82,-0.31
-242, 0.11
-0.50, 0.40
-0.46, -0.05

-0.53, 0.17
-0.68, -0.15
-1.17, 0.22

-0.77,-0.02
-0.65, -0.16
-0.47, 0.07

-0.56, -0.09
-0.87, 0.10
-0.53, -0.04

-0.65, -0.17
-1.41,-0.45

-2.84, -0.67
-0.75, -0.31

-2.11,-0.25
-1.02, -0.16
-1.29,-0.78
-1.83,-0.01
-1.21,-0.61
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Figure 2. Stem-and-L eaf Plot of Effect Sizes (d) Included in the Overall Analysis.
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Abstract

The effects of treadmill exercise training on prepro-galanin (GAL) and tyrosine
hydroxylase (TH) gene expression in the locus coeruleus (LC) were examined. Male
Fischer-344 rats (N=9) were assigned to six weeks of treadmill running. An additional
group of animals comprised the sedentary home cage control group (n=9). Levels of
GAL and TH messenger RNA (mMRNA) in the LC were measured using in situ hybridization
histochemistry with autoradiography. Levels of GAL mRNA were higher in treadmill
trained animals compared to sedentary animals, but there was no effect of chronic treadmill
running on TH mMRNA. These results suggest that gene expression for galanin is responsive

to chronic exercise stress.

Keywords: in situ hybridization, noradrenergic, stress, tyrosine hydroxylase
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Prepro-galanin mRNA Levels Arelncreased in Rat L ocus Coeruleus
After Treadmill Exercise Training

Noradrenergic neurons project extensively throughout the brain and originate
predominantly from cell bodies within the locus coeruleus (LC) complex in the brain
stem [3,10]. The LC noradrenergic system comprises a diffuse network that regulates
attention, vigilance, and arousal [1,10], and noradrenergic neuronsin the LC are
particularly sensitive to stressful stimuli. Acute stress is accompanied by increased brain
norepinephrine (NE) release [23], and prolonged exposure to a severe stressor may result
in depletion of NE [9,24]. However, repeated exposure to a stressor blunts the depletion
of NE, indicating the acquisition of aresistance to stress [24].

Mechanisms to explain such aresistance to repeated stress are, as yet, not fully
known. Potential adaptations of the central noradrenergic response to stress include
changes in gene expression for tyrosine hydroxylase (TH), the rate-limiting enzyme for
NE synthesis [23,26], and the neuropeptide galanin [14,23,25]. Galanin is a 29-amino
acid peptide neurotransmitter that coexists with norepinephrine in approximately 80% of
L C neurons [13]. Galanin hyperpolarizes noradrenergic neurons and inhibits locus
coeruleus firing in vitro [19,22]. Thus, a possible function of galaninisto provide
feedback inhibition to LC neurons [15]. Increases in both TH and prepro-galanin (GAL)
messenger RNA (mRNA) have been observed after exposure to chronic stress or
reserpine-induced NE depletion [2,14]. Although effects have varied according to the
type and severity of the stressor, alterations in gene transcription for TH and/or galanin
represent plausible mechanisms for noradrenergic adaptations to stress.

Acute and chronic exercise influence noradrenergic activity. Acute treadmill
running results in increased discharge by LC neurons [20], whereas increased levels of
extracellular NE in brain frontal cortex observed after acute exercise [17] are lower after
afamiliar (i.e., repeated) compared to a novel duration of treadmill running [18]. Though

forced treadmill running decreases NE levels in the brainstem [12], repeated exposure to
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exercise by treadmill training or chronic activity wheel running is associated with
elevated post-mortem basal levels of brain NE [7,8].

In addition, Soares et a. [23] reported that chronic activity wheel running led to
blunted levels of extracellular NE in brain frontal cortex relative to sedentary animalsin
response to acute footshock stress. Although effects were not statistically significant,
activity wheel animals also exhibited a1 SD higher level of GAL mRNA after footshock
compared to sedentary rats, but there was no group difference in TH mRNA. Because
galanin appears to modulate noradrenergic activity [15], this difference in gene
expression for galanin might be involved in the attenuation of NE release observed in
exercise-trained animals.

The purpose of the present study was to examine whether treadmill exercise
training induces elevations in gene expression for prepro-galanin and TH mRNA in the
L C under basal resting conditions. Because treadmill running activates L C neurons, we
reasoned that treadmill exercise training would augment the capacity for inhibitory
modulation by galanin of LC noradrenergic response to treadmill running. Thus, we
hypothesized that repeated bouts of running during treadmill training would result in
elevated levels of the gene that encodes galanin. Based on our previous research [23], we
did not expect dterations in gene expression for TH.

Methods and Procedures

Subjects. Young (45d) male Fischer-344 rats (N=18) were purchased from
Charles River (Raleigh, NC) and allowed to adapt to the vivarium for 2 weeks. Animals
were housed in individual polypropylene cages in atemperature (23 £ 1 °C) and
humidity-controlled vivarium maintained on a 12 h light/dark schedule (light 0700-1900).
Animals had free access to food and water and were handled and weighed daily
throughout the study. All procedures were conducted in accordance with the American

Psychological Association ethical standards in the care and use of animals in research and
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were approved by the University of Georgia Animal Care and Use of Laboratory Animals
Committee.

Treadmill Training. After acclimatization to the vivarium, animals were
familiarized to the treadmill and screened for exercise trainability by gradually increasing
treadmill speed and session duration over a 2-week accommodation period. 1n our
experience, 10-30% of albino rats will not perform well enough during treadmill running
to induce an increase in physical fitness. To judge exercise trainability during the
accommodation period, investigators rated running performance on a scale of 1 (worst) to
5 (best) [28]. Animals with a mean rating of 3 or higher were considered to be trainable
and were assigned to the treadmill training group (n=9). In our experience this selection
procedure does not bias behavioral and hypothalamic-pituitary-adrenocortical responses
to stress [4,28]. Remaining animals comprised the sedentary home cage control group
(n=9). Treadmill training continued for six additional weeks (40 minutes/day, 25m/min,
0 degreeincline, 6 days/week). Electric shock was not used to aid running performance.
This protocol reliably increases physical fitness in the Fischer rat as indicated by the
oxidative capacity of locomotory skeletal muscle [6]. Six animals completed the training
protocol and comprised the treadmill-trained group for analyses.

In Situ Hybridization. Twenty-four hours after the final training session, animals
were killed by rapid decapitation, and brains were removed and stored at -80° C. Levelsof
prepro-GAL mRNA in the LC were measured using in situ hybridization histochemistry
with autoradiography. Twelve-micron sections of brain were cut using a Microm cryostat
(Carl Zeiss, Walldorf, Germany) and thaw-mounted on gelatin-coated microscope dides.
Approximately every tenth section was stained with 0.1% thionin to visualize anatomical
landmarks for region identification. Four sections per probe were selected for hybridization.

Sections were fixed in 4% formaldehyde in 0.12 M sodium phosphate-buffered saline
(PBS, pH 7.4) for 5 min, rinsed twice in PBS, and placed in 0.25% acetic anhydride in 0.1M
triethanolamine HCI/0.9% NaCL (pH 8.0) for 10 min. Sections were dehydrated using a
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series of ethanol washes (70%, 80%, 95%, 100%), delipidated in chloroform for 5 min,
rinsed in ethanol (100%, 95%), and allowed to dry. Oligonucleotide probes were obtained
from Oligos Etc. (Wilsonville, OR). The GAL probe was complementary to bases 115-153
of porcine prepro-GAL mRNA [21], and the TH probe was complementary to bases 1441-
1488 of rat TH mRNA [11]. Probeswere labeled at the 3 -end with [*°S]-dA TP (1000-1500
mCi/mmol; New England Nuclear, Boston, MA), termina deoxynucleotidyl transferase
(TdT) (15 unityml; Bethesda Research Lab, Gaithersburg, MD), and tailing buffer. Column
Separation was used to separate unincorporated nucleotides from the probes. Sections were
hybridized with radiolabeled probes in solution containing 50% formamide, 600 mM NaCl,
80 mM Tris-HCI, 4 mM EDTA, 0.1% sodium pyrophosphate, 0.2% SDS, 0.2 mg/ml
heparin sulfate, and 10% dextran sulfate. Sections were incubated with the hybridization
solution for 20 hours in a humid chamber at 37°C. Sections then underwent a series of
washes (3 1xSSC, 1 2xSSC/50% formamide, 3 2xSSC/50% formamide for 20 min at 40°C,
2 1xSSC for 30 min at 22°C) to reduce nonspecific binding. Slides were rinsed in deionized
water and 70% ethanol and allowed to dry. Sections were exposed to autoradiographic film
(BioMax MR, Eastman Kodak, Rochester, NY) and developed with Kodak GBX
developer and fixer.

Data Analysis. Autoradiographic films were analyzed using a computerized
image analysis system (Image 1.38 software, Rasband, 1995, National Institute of Mental
Health; Power Macintosh 8100 computer, Apple Computer, Cupertino, CA; light box and
camera, Imaging Research, St. Catharines, Ontario; video interface, Data Trand ation,
Marlboro, MA) to determine optical density within the LC. The areawas anayzed by
tracing the LC with a 1-mm diameter circle and measuring optical gray scale values
within the region. Investigators were blinded to subject condition at the time of
quantification. Data were analyzed by a 1-tailed independent samples t-test using SPSS
Windows version 9. (SPSS, Inc.,Chicago, IL). GAL mRNA data were not available for 1

subject, and missing data were not replaced for analyses. Effect sizes are reported as
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Cohen’s d (treatment mean-control mean/pooled SD) and W2. Sample size provided a
statistical power of .80 for detecting a group difference of 1.5 SD at an alpha of p <.05.
Results

Group differences in body mass (mean + SD) were observed between treadmill-
trained animals (212.7 + 5.7 g) and sedentary animals (230.4 + 10.8 g); trained animals had
significantly lower body mass relative to sedentary animals, t (13) = 3.68, p=.0015, d=-1.93,
W=-45 . Level of GAL mRNA was higher in treadmill-trained animals compared to
sedentary animals, t (11) = 2.05, p=.03, d=1.17, W?=.20. (Fig. 1 and 2). Therewasno
difference between groupsin level of TH mRNA, t (13) = .26, p =40, d = -.14, W*=-.07
(Fig. 3).

Discussion

The increase in expression of GAL mRNA in the LC after treadmill exercise
training observed in the present study is consistent with prior research demonstrating
adaptations in the brain noradrenergic system after chronic exercise. For example, Dunn
et al. [8] reported that treadmill training and chronic activity wheel running each
increased NE levels in the pons which contains NE cell bodies. Exercise training has aso
been shown to blunt the depletion of NE in response to stressin rats. Dishman et al. [5]
found that NE levelsin the LC of activity wheel animals were 60% higher than sedentary
control animals after uncontrollable footshock. The elevations in norepinephrine levelsin
the LC of exercise groups were consistent with a blunted release of NE.

We have reported previoudly that wheel runners exhibited blunted extracellular
brain cortical NE levels and higher GAL mRNA levelsin the LC after footshock
compared to control animals [23]. However, there was no difference in TH mRNA levels
between sedentary and trained animals. The aterations in gene expression for galanin
after chronic exercise are consistent with studies that demonstrate changes in galanin
activity with acute and chronic stress. Acute administration of the catecholamine-

depleting drug reserpine has been shown to increase TH and GAL mRNA in LC neurons
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[2]. Holmeset al. [14] examined the effect of chronic social stress on galanin gene
expression in the LC and observed that subordinate rats exhibited elevated GAL mRNA
levels compared to dominant and control animals. In addition, a positive correlation was
found between GAL mRNA and severity of the stress as indicated by number of wounds.
Increases in GAL mRNA levelsin the LC have aso been observed after lesioning of a
terminal NE field by olfactory bulbectomy [16]. However, Austin et . [2] found no
change in either GAL or TH mRNA in the LC after mild swim stress. Thus, adaptations
in the LC noradrenergic system and changes in gene expression for galanin and TH may
be dependent upon the nature and severity of the stressor.

The results of the present study suggest that basal gene expression for galanin is
responsive to chronic exercise stress. Our findings of increased GAL mRNA and no change
in TH mRNA in the LC after chronic exercise are thus consistent with previous research
using chronic stress models. However, previous studies examining GAL mRNA and
voluntary exercise found no difference in basal levels between sedentary and activity wheel
animals [23]. Thisdiscrepancy might be explained by the forced nature or higher relative
intensity of the exercise stimulus associated with the treadmill training protocol [6,8].
Though it has been proposed that increases in galanin activity may result in deleterious
changes in brain function associated with chronic stress[27], it is equdly plausible that
aterations in galanin within the LC may play an adaptive role in regulating responsiveness
of the noradrenergic system to stress.

Additional research is needed to eucidate the role of galanin in brain
neurotransmission to determine whether this peptide contributes to neuropathol ogy
associated with chronic stress or whether galanin serves as a mechanism for adaptive
regulation of brain activity. Because galanin-positive neurons within the LC tend to be
dendrodendritically arranged and galanin hyperpolarizes LC neurons [19], it is plausible that
upregulation of galanin within the LC may serve as a negative feedback mechanism for

inhibition of NE release.
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The present study examined gene expression for two regulatory components of
noradrenergic function, TH and galanin. However, it is not known whether the observed
elevations in GAL mRNA resulted in post-trandationa changes, as neither galanin release
nor concentration was measured. It is aso possible that noradrenergic responsiveness after
exercise training is atered by other mechanisms not examined in the present study (e.g., NE
transporters, receptors, etc.). Additiona studies are needed to examine whether the increase
in GAL mRNA within the L C represents enhanced galanin activity and whether galanin
released from L C neurons acts on autoreceptors to directly inhibit NE release. Further
research is aso needed to determine the characteristics of the stressor required to induce
changes in galanin transmission and to determine the time course of such effects.

In conclusion, the increase in gene expression for galanin in treadmill exercise-
trained animals might indicate an autoregulatory function of the neuropeptide in brain
noradrenergic responsiveness during exercise stress.  Provided that the increase in GAL
MRNA induces post-trandational increases in galanin activity within LC neurons,
adaptations in galanin represent a plausible mechanism to explain the blunted noradrenergic
response exhibited by trained animals during both homotypic (i.e., familiar acute exercise)

and heterotypic (i.e., novel footshock) stress [23].
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Fgurel. Representativeautoradiographs of rat brain sections hybridized for prepro-gdanin
MRNA inthe locus coeruleus (LC). Ratsweretreadmill exercisetrained (A) or sedentary
home-cage contral (B).
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Figure 2. Levels of prepro-galanin (GAL) mRNA levels in the locus coeruleus were

higher in treadmill exercise trained animals compared to sedentary home-cage control
(*p=.03). Values are means + SD. OGS= Optical Gray Scae
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Figure 3. Levels of tyrosine hydroxylase (TH) mRNA in the locus coeruleus did not
differ between treadmill exercise trained animals and sedentary home-cage control
(p=.40). Vauesare means+ SD. OGS= Optical Gray Scale
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EFFECTS OF CHRONIC ACTIVITY WHEEL RUNNING OR ANTIDEPRESSANT
PHARMACOTHERAPY ON APPETITIVE BEHAVIOR AND GENE EXPRESSION
IN RAT LOCUS COERULEUS AFTER OLFACTORY BULBECTOMY?

30'Ned, H.A., Van Hoomissen, J.D, Holmes, P.V., Bunnell, B.N. & Dishman, R.K.
2000. To be submitted to Behavioral Neuroscience.
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Abstract

We examined the effects of chronic activity wheel running and imipramine
administration on appetitive behavior and gene expression for noradrenergic modulatory
proteins in neurons of the locus coeruleus after olfactory bulbectomy. Male Long-Evans
rats were randomly assigned to the following conditionsusing a2 x 2 x 2 design: (1)
bilateral olfactory bulbectomy or sham surgery, (2) voluntary activity wheel running or
sedentary home cage, and (3) daily imipramine or saline injections. After 21 days of
treatment, animals underwent behavioral testing for sucrose preference and copulatory
activity. In situ hybridization histochemistry with autoradiography was used to measure
levels of tyrosine hydroxylase (TH), prepro-galanin (GAL), and prepro-neuropeptide Y
(NPY) messenger RNA (mRNA). Bulbectomized animals exhibited reductions in sucrose
intake and decrements in copulatory performance compared to sham animals. In
addition, imipramine administration was associated with decrements in copulatory
performance as evidenced by lower rates of copulation and reduced gjaculation
frequency. However, activity wheel running in bulbectomized animals improved
copulation rates, reduced g aculation latency, and increased gjaculation frequency. Levels
of GAL mRNA were increased after imipramine treatment. Activity wheel running after
olfactory bulbectomy was associated with elevationsin NPY mRNA. No differences
were found in gene expression for TH. The results suggest that adaptations in
noradrenergic function after three weeks of imipramine treatment and activity wheel
running are not regulated by similar mechanisms of gene expression within the locus

coeruleus.

KEY WORDS: in situ hybridization, exercise, depression, norepinephrine, tyrosine

hydroxylase, galanin, neuropeptide Y
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Effects of Chronic Activity Wheel Running or Antidepressant Phar macother apy on
Appetitive Behavior and Gene Expression in Rat L ocus Coeruleus
after Olfactory Bulbectomy

Though the etiology of depressive disorders has not been well-established, there is
abundant evidence to suggest involvement of the central noradrenergic system in the
pathology of depression (Leonard, 1997). Noradrenergic neurons originate primarily
from cell bodies within the locus coeruleus (LC) complex in the brain stem and project
extensively throughout the brain (Dahlstrom & Fuxe, 1964; Foote, Bloom, & Aston-
Jones, 1983) to regulate attention and arousal in response to stressful stimuli (Aston-
Jones, Rajkowski, & Cohen, 1999).

The present study examined the effects of chronic activity wheel running and
imipramine antidepressant treatment on gene expression for tyrosine hydroxylase (TH),
prepro-galanin (GAL), and prepro-neuropeptide Y (NPY) messenger RNA (mRNA) in
L C neurons using the olfactory bulbectomy model of depression. Bilateral olfactory
bulbectomy (OBX) in the rat results in a well-established syndrome of behavioral,
biochemical, and physiological features that are reversed by chronic antidepressant
treatment (Kelly, Wrynn, & Leonard, 1997). Characteristics of the OBX syndrome that
have relevance for the study of depressive disorders include reduced brain cortical
catecholamine concentrations (Cairncross, Schofield, & Bassett, 1975; Redmond, Kelly,
& Leonard, 1997), increased density of b-adrenoreceptors (Leonard, 1997) altered
circadian rhythms (Lumia, Teicher, Salchli, Ayers, & Possidente, 1992), impaired
learning (Grecksch, Zhou, Franke, Schroder, Sabel, Becker, & Huether, 1997), elevated
plasma corticosterone levels (Marcilhac, Maurel, Anglade, Ixart, Mekaouche, Hery, &
Siaud, 1997), hyperactivity in an open field (Redmond et a., 1997), and attenuated
exhibition of motivated behaviors (Calcagnetti, Quatrella, & Schechter, 1996).
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Exercise interventions are associated with reductions in depressive symptoms in
humans (O’ Neal, Dunn, & Martinsen, 2000), and chronic physical activity in animals
induces adaptations in central noradrenergic function that may have relevance for the
treatment of depressive disorders (Dunn & Dishman, 1991). Acute treadmill running
results in increased discharge by L C neurons (Rasmussen, Morilak, & Jacobs, 1986) and
decreased brain NE levels (Heyes, Garnett, & Coates, 1988). However, repeated
exposure to exercise by treadmill training or chronic activity wheel running is associated
with elevated post-mortem levels of brain NE, including regional increases in the pons
and LC cdll bodies (Dishman, Renner, Y oungstedt, Reigle, Bunnell, Burke, Y 0o,
Mourgey, & Meyerhoff, 1997; Dunn, Reigle, Y oungstedt, Armstrong, & Dishman, 1996).
Because commonly prescribed antidepressant drugs act to increase availability of brain
norepinephrine (NE) (Charney, 1998), it is plausible that adaptations within the LC that
facilitate noradrenergic transmission could modulate antidepressant effects of physical
activity.

Although exercise has been postulated to exert antidepressant effects by
modulating noradrenergic activity (Dunn & Dishman, 1991), to our knowledge, only one
other study has used an endogenous animal depression model to examine neurobiological
adaptations after chronic exercise that might explain the mental health benefits of
exercise. Yoo, Tackett, Crabbe, Bunnell, & Dishman (2000) examined the effects of
chronic activity wheel running, treadmill training, and imipramine treatment on brain
noradrenergic responses in animals treated neonatally with clomipramine to model
depression. Exercise-trained and imipramine-treated animals had higher brain cortical
norepinephrine levels relative to control animals, and activity wheel runners and
imipramine-treated animals exhibited downregulation of b-adrenoreceptors in frontal
cortex. Thus, chronic exercise in rats has been shown to produce favorable adaptationsin
noradrenergic function, and effects were similar to chronic antidepressant administration.

The present study was conducted to further investigate noradrenergic adaptations to
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chronic exercise in a depression model by examining gene expression of modulatory
proteinsin the LC.

Within neurons of the LC, alterations in gene expression for synthetic enzymes
and modulatory neuropeptides represent a plausible mechanism for noradrenergic
adaptations throughout the brain. First, norepinephrine availability may be mediated
directly by TH, the rate-limiting enzyme for NE synthesis, therefore, changes in synthetic
capacity via TH mRNA may enhance norepinephrine transmission. In addition, the
neuropeptides galanin and neuropeptide Y, which are colocalized with norepinephrine,
may act on LC neurons to influence noradrenergic transmission. Galanin is a 29-amino
acid peptide neurotransmitter that coexists with norepinephrine in approximately 80% of
LC neurons (Holets, Hokfelt, Roakaeus, Terenius, & Goldstein, 1988). Neuropeptide Y
isa36-amino acid peptide colocalized with NE in around 40% of LC neurons (Holets et
al., 1988; Xu, Shi, & Hokfelt, 1998). Both GAL and NPY inhibit locus coeruleus firing in
vitro (Pieribone, Xu, Zhang, Grillner, Bartfai, & Hokfelt, 1995; Seutin, Verbanck,
Massote, & Dresse, 1989; Finta, Regenold, & Illes, 1992; Illes & Regenold, 1990). Thus,
apossible function of these neuropeptides is to provide feedback inhibition to LC neurons
(Holmes & Crawley, 1995), and basal aterations in gene expression within LC neurons
could contribute to noradrenergic adaptations to both physical activity and antidepressant
treatment. Furthermore, a similarity in response of MRNA to exercise and imipramine
administration would provide evidence for the biological plausibility of exercise as an
antidepressant intervention.

Implications for the role of gene expression in the etiology and treatment of
depression are limited, as most studies examining the effects of antidepressant treatment
on gene expression have not used an animal model of depression. Moreover, we are
unaware of studies that have examined the effect of voluntary exercise on mRNA levels
using a depression model. The purpose of the present study was to examine gene

expression for TH, GAL, and NPY in the LC after chronic antidepressant trestment and
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voluntary activity wheel running in olfactory bulbectomized animals. Behavioral
assessments, including measurement of sucrose preference and male copulatory activity,
were also conducted to examine appetitive features of the OBX syndrome after chronic
exercise and antidepressant administration. It was hypothesized that chronic activity
wheel running would induce adaptations in gene expression within the LC and that
effects would be similar to those of antidepressant trestment. Activity wheel runners
were also expected to exhibit increases in appetitive behaviors. Both pharmacol ogical
and exercise interventions were hypothesized to reduce depressive-like features of
olfactory bulbectomy. However, the effects of drug and physical activity were not
expected to be additive.

M ethods and Procedures

Subjects. Ninety-six male Long Evans rats (aged 45 d) were used in the
experiment, and an additional group of 18 female Long Evans rats (aged 65 d) were
obtained for sexual activity testing (Harlan Inc., Indianapolis, IN). A continuous weekly
protocol of animal intake, treatment, and testing (12 animals/week, 8 weeks) was
implemented to avoid aging effects. Animals were allowed to adapt to the animal
facilities for 2 weeks prior to experimental manipulations. Animals were housed in
individual polypropylene cages in atemperature (23 = 1 °C) and humidity-controlled
vivarium that was maintained on a 12 h light/dark schedule (light 0600-1800). Food and
water were available ad libitum. Experimental animals were handled daily and weighed
three times weekly throughout the study. All procedures were conducted in accordance
with the American Psychological Association guiding principles in the care and use of
animals and were approved by the University of Georgia Animal Care and Use
Committee.

Research Design. A 2 x 2 x 2 factorial design was used in the study. The
independent variables were 1) Group (olfactory bulbectomy vs. sham) 2) Condition

(activity wheel running vs. sedentary) 3) Treatment (imipramine vs. saline). The
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dependent measures included sucrose preference score, male copulatory behaviors, and
levels of TH, GAL, and NPY mRNA intheLC.

Experimental Procedures

Group. Experimental male rats received bilateral olfactory bulbectomy (OBX) or
sham surgery (SHAM). Rats were anesthetized with intraperitoneal injections of 25 mg/kg
Nembutal (Abbott Laboratories) and 40 mg/kg ketamine hydrocholoride (Malinckrodt). A
1-cm incision was made on the scalp midline, and burr holes 2-mm in diameter were drilled
through the skull (coordinates: 6 mm anterior to bregma, 1 mm lateral to midline). Olfactory
bulbs were aspirated using a curved plastic pipette tip 2-mm in diameter, and cavities were
filled with gel-foam (Upjohn) to control bleeding. Animalsin the sham surgery condition
received burr holes only. A 1-cc subcutaneous injection of saline to replace fluidsand 1.0
mg/kg intraperitoneal injection of Banamine for pain were administered after surgery. The
incision was closed with vicryl sutures, and animals were placed under heating lamps until
recovery from anesthesia. Remova of the olfactory bulbs was verified upon dissection, and
OBX rats with remaining olfactory bulb tissue exceeding 30% of SHAM animals were
excluded from the study.

Condition. Ratswere randomly assigned to either the activity wheel (AW) or
sedentary (SED) condition. Twenty-four hours after surgery, activity wheel animals were
placed in shoebox cages with 24-hour access to a running wheel (circumference = 105 cm)
connected to an electromagnetic revolution counter. Daily running distance for each subject
was determined by multiplying wheel circumference by the number of revolutions recorded
by the counter.

Treatment. Animals assigned to the imipramine treatment group (IMI) received
daily intraperitonesl injections of 10 mg/kg imipramine hydrocholoride (Sigma). An
equivaent volume of saline was injected into al other animals (SAL). Injectionswere

initiated 24 hours post-surgery and continued for 21 days.
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Behavioral Measures

Sucrose Preference. After the 21-day treatment period, al animals underwent
behaviora testing for sucrose consumption during the dark phase. Testing was initiated 12
hours after the final injection at the onset of the dark phase (1800h) and concluded 14 hours
after the beginning of the dark phase (0800h). Each rat was given accessto two bottles
filled with 50 ml of liquid (1% sucrose and tap water). Bottles were fitted with specid
spouts to minimize leakage, and placement of bottles was counterbalanced to control for
position preference. The amount of liquid remaining in each bottle was recorded at the end
of the testing period. A sucrose preference score was calculated as percent of total intake
(sucrose preference = sucrose intake/tota intake x 100).

Male Copulatory Behavior. All animals underwent copulatory testing 24 hours
after the final injection and/or exercise session. Test sessions were conducted under dim red
light illumination in a thermoneutral testing room during the dark phase (1800h — 2400h).
Female receptivity was induced by intramuscular injection of estradiol (50 ng, 72 hr pre-
test) and progesterone (0.5 mg, 3-6 hr pretest), and receptivity was confirmed using non-
experimental male rats prior to testing. Each male rat was placed in acircular Plexiglass
testing chamber (24 in diameter) and alowed to adapt to the testing environment for 5
minutes. The sexually receptive female was introduced to the chamber, and male copulatory
behaviors were recorded by raters blinded to subject condition. Each session lasted 30
minutes after the first intromission or 20 minutes if no activity was observed.

The copulatory behaviors that were measured include the following: mount latency
(ML: period of time between the introduction of the female and the first mount); mount
frequency (MF: total number of mounts observed); intromission latency (IL: period of time
until the first intromission); intromission frequency (IF: total number of intromissions
observed); gaculation frequency (EF: total number of gaculations; and post-gaculatory

interval (PEI: period of time from the first g aculation until the next intromission). The
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behaviors of ML, IL, and PEI were considered as indicators of sexua motivation or arousal
while MF, IF, and EF were indicative of copulatory performance (Dewsbury, 1967).

In Situ Hybridization. Twenty-four to 72 hours after conclusion of behaviora
testing, animals were killed by decapitation under Halothane inhalation anesthesa. Brains
were removed, frozen in dry ice, and stored a -80°C. Twelve micrometer sections of brain
containing the locus coreuleus were cut using a Microm cryostat (Carl Zeiss, Waldorf,
Germany) and thaw-mounted on gelatin-coated microscope dides. Approximately every
tenth section was stained with 0.1% thionin to alow visuaization of anatomical landmarks
for region identification. Four brain sections per probe were selected for hybridization.
Sections were fixed in 4% formaldehyde in 0.12 M sodium phosphate-buffered saline (PBS,
pH 7.4) for 5 min, rinsed twice in PBS, and placed in 0.25% acetic anhydride in 0.1M
triethanolamine HCI/0.9% NaCL (pH 8.0) for 10 min. Sections were dehydrated using a
series of ethanol washes (70%, 80%, 95%, 100%), delipidated in chloroform for 5 min,
rinsed in ethanol (100%, 95%), and alowed to dry. Oligonucleotide probes were obtained
from Oligos Etc. (Wilsonville, OR). The GAL probe was complementary to bases 115-153
of human prepro-GAL mRNA (Rokaeus & Brownstein, 1986), the TH probe was
complementary to bases 1441-1488 of rat TH mRNA (Grima, Lamouroux, Blanot, Faucon-
Biguet, & Mallet, 1985), and the NPY probe was complementary to bases 3146-3194 of rat
prepro-NPY mRNA (Larhammer, Ericsson, & Persson, 1987). Probeswere labeled at the
3'-end with [**S]-dA TP (1000-1500 mCi/mmol; New England Nuclear, Boston, MA),
termina deoxynucleotidyl transferase (TdT) (15 units/ml; Bethesda Research Lab,
Gaithersburg, MD), and tailing buffer. Column separation was used to separate
unincorporated nucleotides from the probes. Sections were hybridized with radiolabeled
probes in solution containing 50% formamide, 600 mM NaCl, 80 mM TrisHCl, 4 mM
EDTA, 0.1% sodium pyrophosphate, 0.2% SDS, 0.2 mg/ml heparin sulfate, and 10%
dextran sulfate. Sections were incubated with the hybridization solution for 20 hoursin a

humid chamber at 37°C. Sections then underwent a series of washes (3 1xSSC, 1
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2xSSC/50% formamide, 3 2xSSC/50% formamide for 20 min at 40°C, 2 1xSSC for 30 min
at 22°C) to reduce nonspecific binding. Slideswere rinsed in deionized water and 70%
ethanol and alowed to dry. Sections were exposed to autoradiographic film (BioMax MR,
Eastman Kodak, Rochester, NY) and developed with Kodak GBX developer and fixer.

Data Analysis. Autoradiographic films were analyzed using a computerized image
analysis system (Image 1.38 software, Rasband, 1995, National Ingtitute of Mental Health;
Power Macintosh 8100 computer, Apple Computer, Cupertino, CA; light box and camera,
Imaging Research, St. Catharines, Ontario; video interface, Data Trandation, Marlboro,
MA) to determine optical density within the LC. Data were analyzed using SPSS Windows
version 9.0 (SPSS, Inc., Chicago, IL). Group differences in weekly body weight, weekly
kilometers run, copulatory behaviors, and mRNA levels were tested by 3-way ANOVA
(p<.05), and effect sizes were estimated by h?. Results of the ANOVA were decomposed
using the method of contrasts. Interrater agreement for copulatory data was estimated by
intraclass correlation (R/), and a directional test of proportions (Ferguson, 1966) was
conducted to examine differencesin copulatory rates. A power analysis was used to
determine sample size based on an expected mean effect size of 1.0 SD. Inthisstudy, 8
animals per cell provided a statistical power of .80 at an a of p<0.05. Vauesare reported as
means + SD in the text and means + SE in the figures.

Results

Subject Characteristics. The ANOVA for average body weight indicated a
significant main effect for Group, F(1,73) = 21.13, p=.001, h®=.22. Body weight was
higher for SHAM animals (286 + 21 g) than OBX animals (265 + 22 g). The mean daily
distance run during the 3-week period was approximately 3.5 + 2 km. Therewere no
sgnificant differences in average distance run for Group, Treatment, or their interactions
(p>.45).

Sucrose Consumption. The ANOVA for sucrose preference score indicated that

main effects and interactions were not significant (p>.11). However, there was a significant
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positive correlation between average distance run and sucrose preference score (r=.32,
p=.04). The ANOVA for total sucrose consumption indicated a significant main effect for
Group, F(1,72) = 10.04, p=.002, h®=.12 (Figure 1). OBX animals consumed less sucrose
solution (22.2 = 14 ml) than SHAM animals (32.8 £ 15 ml). There were no significant
differences in water intake (p>0.16).

Male Copulatory Behaviors. Interrater agreement for copulatory variables was
high (R>.80). The ANOVA for gaculation frequency indicated a significant main effect for
Group, F(1,73) = 35.04, p<.001, h?=.32. OBX animals exhibited significantly fewer
gaculations (1.03 = 1.1) relative to SHAM animals (2.37 + .97). Twenty-three of the 40
(58%) OBX animals and 38 of the 42 (90%) SHAM animals achieved &t least one
gaculation. Among SHAM animals, there was no effect of Condition or Treatment.
However, 41% of OBX-IMI animals achieved g aculation compared to 78% in the SAL
group (p=.005). In addition, 90% of OBX-SAL animals with access to activity wheels
successfully copulated compared to 63% of sedentary OBX-SAL animals (p=.045) (Figure
2). Because some animals failed to initiate copulation, the analysis of remaining copulatory
variables included data from only those rats that achieved intromission. The ANOVA for
MF and IF indicated that main effects and interactions were not significant (p>.32 and
p>.10, respectively). However, asignificant Group x Condition x Treatment interaction was
found for ML, F(1,53)=4.57, p=.04,h?’=.08 and IL, F(1,53) = 6.45, p=.01, h? =.11.

The ANOVA for EL indicated a significant Group x Condition interaction
F(1,52)=5.88, p=.02, h?=.10. OBX animals exhibited longer gjaculation latencies relative
to SHAM animals, but activity wheel running significantly attenuated this effect (p=.04)
(Figure 3). The ANOVA for PEI indicated a significant main effect for Group F(1,52) =
4.27, p=.04, h?= .08 with OBX animals exhibiting significantly longer post-ejacul atory
intervals (17.1 £ 1 min) relative to SHAM animals (7.7 = 1 min) (Figure 4). The ANOVA
for total number of intromissions revealed a significant main effect for Condition F(1,52) =

5.39, p=.02, h?= .09, and AW animals had significantly more intromissions compared to
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SED animals (20.3 + 8 and 16.3 + 5, respectively). The ANOVA for total number of
gaculations demonstrated a significant main effect of Group F(1,73) = 35.04, p<.001,
h?=.32 with OBX animals exhibiting fewer gjaculations than SHAM animals (1.0 + 1 and
2.4 £ 1, respectively). In addition, IMI trestment was associated with a reduction in the
number of gaculations for bulbectomized animals (p=.02) (Figure 5).

MRNA for GAL, NPY, and TH. The ANOVA for GAL mRNA indicated a
significant main effect for Treatment F(1,67) = 5.18, p = .03, h?= .072 with IMI animals
exhibiting higher levels of GAL mRNA in the LC compared to SAL animals (Figures 6 and
9). The ANOVA for NPY reveded asignificant Group (OBX vs. SHAM) x Condition
(AW vs. SHAM) interaction F(1,62) = 4.06, p= .05, h?=.061. Activity whee running after
olfactory bulbectomy significantly increased expression of the gene that encodes NPY
relative to the sham surgery condition (p=.04) (Figures 7 and 10). The ANOVA of TH
MRNA data reveded no main effects for Group, Condition, Treatment or their interactions
(p>0.32) (Figure 8). There were no differencesin level of mRNA for GAL, NPY, or TH
among copulators versus non- copulators (p>.23). There was also no effect of order of
killing on level of MRNA (p>.31).

Discussion

The present study examined responses in appetitive behavior and gene expression
to three weeks of chronic activity wheel running and imipramine antidepressant treatment
after olfactory bulbectomy inrats. Measurement of sucrose preference and male
copulatory activity was used to assess the tendency to engage in motivated behaviors,
because a loss of pleasure, or anhedonia, is a core feature of major depression. In the
present study, bulbectomized animals exhibited a reduction in sucrose intake, but neither
imipramine treatment nor wheel running compensated for the behaviora decrements.
However, running distance was positively correlated with sucrose preference score but
unrelated to total volume of sucrose consumed. The large variability among animals

likely contributed to the failure to detect a significant difference for sucrose preference



127
score. Additionally, the anosmic component of the olfactory bulbectomy model is
problematic for implementation of this measure and may account for the failure to
observe increases in consumption after treatment.

Olfactory bulbectomy also significantly attenuated copulation, an effect
congruous with prior research (Lumiaet al., 1992). It is unlikely that this effect was
entirely due to anosmia, because bulbectomized, saline-treated animals with access to
activity wheels achieved gaculation as often as control animals. Not only did a higher
proportion of activity wheel animals exhibit successful copulation, but activity wheel
animals also had shorter gaculation latencies and post-gjaculatory intervals as well as
greater total intromissions and gaculations. These results confirm previous findings of
an enhanced rate of copulatory performance after activity wheel running in a depression
model (Yoo et al., 2000). However, it is not known whether the attenuation of copulatory
deficits after activity whedl running is due to physiological adaptations or reflects enhanced
motivation. As observed in previous studies (Y oo et al., 2000), imipramine administration
was associated with decrements in sexual performance including reduced copulation
rates, longer post-gjaculatory intervals and fewer gaculations. Such disturbancesin
copulatory behaviors are consistent with reports of sexua dysfunction in clinically
depressed patients receiving antidepressant medications (Baldwin, 1995).

Because chronic exercise influences noradrenergic transmission and imipramine
acts to inhibit NE reuptake, we examined gene expression for modulatory proteins within
cell bodies of the LC. Although prior research has demonstrated an increase in gene
expression for GAL in the LC after olfactory bulbectomy (Holmes & Crawley, 1996), we
observed no significant differencesin levels of GAL mRNA in bulbectomized animals.
Gene expression for GAL is responsive to conditions that deplete brain NE such as
reserpine treatment (Austin, Cottingham, Paul, & Crawley, 1990) and that activate

noradrenergic systems such as chronic social stress (Holmes, Blanchard, Blanchard,
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Brady, & Crawley, 1995); thus, the reasons for the lack of effect for GAL mRNA after
lesioning of NE terminal fields after bulbectomy are unknown.

Activity wheel running did not alter basal levels of GAL mRNA, an effect that is
consistent with prior research (Soares, Holmes, Renner, Edwards, Bunnell, & Dishman,
1999). However, there is evidence that adaptations in gene expression for GAL after
chronic exercise may influence noradrenergic transmission For example, Soareset d.
(2999) found no basal differencesin GAL mRNA level between activity wheel and
sedentary animals, though activity wheel runners exhibited a1 SD higher level of GAL
MRNA after footshock compared to sedentary rats In addition, six weeks of treadmill
training resulted in significant elevations in basal levels of gene expression for GAL
compared to sedentary animals (O’ Neal, Van Hoomissen, Holmes, & Dishman, 2000).
The discrepancy in gene expression for GAL after treadmill training and activity wheel
running might be explained by the forced nature or increased intensity of the exercise
stimulus associated with the treadmill training protocol (Dunn et al., 1996; White-Welkley,
Bunnell, Mougey, Meyerhoff, & Dishman, 1995).

In the present study, only imipramine treatment was associated with increased
gene expression for GAL, an effect that is consistent with the action of the drug.
Imipramine increases availability of NE by inhibiting reuptake from the synapse, and
acute and chronic imipramine administration has been shown to decrease the firing rate
of LC neurons and increase NE concentration in frontal cortex (Linner, Arboerlius,
Nomiko, Bertilsson & Svensson, 1999). Thus, it is plausible that the effects of
imipramine could involve adaptations in galanin activity resulting in feedback inhibition
to LC neurons.

Although NPY mRNA levels were unchanged by bulbectomy, activity wheel
running, or antidepressant treatment, we observed a significant interaction between the
bulbectomy and exercise conditions. These results suggest that activity wheel running

after olfactory bulbectomy induces elevations in the gene that encodes NPY in LC
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neurons. Adaptationsin NPY are of interest as alterations in NPY transmission have
been associated with depressive disorders. For example, areduction in plasma NPY
levels have been observed in individuals diagnosed with major depression (Hashimoto,
Onishi, Koide, Kal, & Yamagami, 1996) and in patients hospitalized after a recent
suicide attempt (Westrin, Ekman, & Traskman-Bendz, 1999). Chronic imipramine
treatment also decreases NPY immunoreactivity in rat brain cortex (Smilowska &
Legutka, 1991), and desipramine administration reduces NPY mRNA levels within LC
neurons (Makino, Baker, Smith, & Gold, 2000). Furthermore, repeated
intracerebroventricular administration of NPY may reverse some features of the OBX
syndrome including normalization of circadian locomotory behaviors and elevation of
NE concentration in the amygdala (Song, Earley, & Leonard, 1996).

The results of the present study are consistent with prior observations by Holmes
& Crawley (1996) who found no significant differencesin levels of NPY mRNA in rat
locus coeruleus after olfactory bulbectomy although there was a tendency for reductions
in NPY mRNA 14 days post-surgery. Because gene expression for NPY in the LC was
also unchanged by activity wheel running, the interaction observed in the present study
could reflect an additive response to olfactory bulbectomy and activity wheel running.
Most NPY -immunoreactive cell bodies in the LC project to the hypothalamus (Holets et
al., 1988), and a recent study suggests involvement of the hypothalamic-pituitary-adrenal
(HPA) axisin the regulation gene expression for NPY. Makino et a. (2000) found that
NPY mRNA levelsin the LC were increased after 4 days of repeated immobilization
stress but were unchanged after 14 days of repeated stress; however, adrena ectomized
rats given corticosterone replacement exhibited elevated NPY mRNA levels after the 14-
day stress protocol. Because exercise by chronic activity wheel running and treadmill
training can modulate HPA function (Dishman, Bunnell, Y oungstedt, Y oo, Mougey, &
Meyerhoff, 1998; White-Welkley et a., 1995), it is possible that HPA responses to

activity wheel running after olfactory bulbectomy could explain the observed effects on
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NPY gene expression. Moreover, an upregulation of NPY mRNA levels could be an
adaptive response that serves to attenuate noradrenergic activation within LC neurons.
We are unaware of any studies that have previously examined the effects of chronic exercise
on brain NPY mRNA levels, and additional research is needed to determine the effects of
various exercise stimuli on gene expression in LC neurons.

We observed no differences in expression of the gene that encodes TH after
olfactory bulbectomy, activity wheel running, or imipramine treatment. The lack of
effect of olfactory bulbectomy and exercise on TH mRNA levelsin the LC is consistent
with prior research. Holmes & Crawley (1996) observed atransient increase in TH
MRNA levelsin LC neurons after olfactory bulbectomy, but effects were no longer
apparent 14 days after surgery. Similarly, previous studies have found that TH mRNA
levels are unchanged after chronic activity wheel running (Soares et al., 1999) and
treadmill training (O’ Neal et al., 2000). We also failed to observe an effect of imipramine
on TH gene expression. Although chronic imipramine treatment has been found to
decrease TH mRNA levels (Brady, Whitfield, Fox, Gold, & Herkenham, 1991), effects
are most pronounced after 8 weeks of treatment. Thus, the 21-day treatment protocol
used in the present study might have been insufficient to induce adaptations in gene
expression for TH. In addition, it is difficult to predict the response of TH mRNA, as
research examining the effects of chronic administration of antidepressants on TH gene
expression within the LC has produced disparate results. Whereas a decreasein TH
MRNA level has been found after chronic imipramine administration (Brady et a., 1991),
treatment with the selective serotonin reuptake inhibitor, fluoxetine, and the monoamine
oxidase inhibitor, phenelzine, have been shown to increase TH mRNA in the LC (Brady,
Gold, Herkenha, Lynn, & Whitfield, 1992). Schultzberg, Austin, Crawley, & Paul (1991)
observed no effect of chronic treatment with the tricyclic antidepressant, desipramine, on

TH mRNA levelsin the LC, but concurrent treatment with reserpine prevented a
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reserpine-induced elevation in TH mRNA. Given the varied response of TH mRNA to
antidepressant treatments and the lack of change with chronic exercise, the effects of
pharmacological interventions and physical activity do not appear to be dependent on TH
modulation at the level of gene expression within the LC.

Though this study was designed to compare exercise and antidepressant
administration in an animal model of depression, we acknowledge the limitations of the
experimental manipulations for generalizability to human populations. First, the olfactory
bulbectomy model of depression utilized in the present study has inherent disadvantages,
namely the anosmic component of the model and the etiological incons stencies with some
of the presumed precursors of depressive disorders in humans (e.g., separation l0oss or
chronic stress). However, chronic but not acute administration of antidepressantsis
effective in reversing features of the model, and neurobiological consegquences of
bulbectomy are consistent with the pathology of depression (Kelly et d., 1997).

Second, we selected imipramine, a norepinephrine and serotonin reuptake inhibitor,
for the pharmacological intervention. Numerous types of antidepressants have proved
efficacious in treating depressive disorders, but not all antidepressant medications are
effective for al individuals (Anonymous, 2000). Thus, it is possible that antidepressants
with diverse mechanisms of action could produce different results than were obtained in the
present study.

Lastly, the present study examined basal gene expression for modulatory
components of noradrenergic function in LC neurons. However, it is not known whether the
observed adaptations in neuropeptide gene expression resulted in enhanced post-
trandational activity, as neuropeptide levels were not measured. Itisaso likely that
noradrenergic activity after antidepressant administration and exercise training is altered by
mechanisms not examined in the present study (e.g., pre- and post-synaptic receptors,
transporters, and 2" messenger systems). Additionally, though the 21-day protocol was

selected to smulate the period required for significant reductions in depressive symptoms
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after antidepressant treatment, it is possible that the point of measurement was either
premature or too late for detection of differencesin mRNA levels. Though few differences
were observed in basal levels of MRNA, it is aso possible that a response in gene
expression might have been found after administration of an acute stressor as observed in
previous research (Soares et al., 1999).

To date, few studies have examined the neurobiological effects of exercise at the
level of gene expression. The results of the present study suggest that previously observed
noradrenergic adaptations to chronic exercise are not dependent upon basal regulation of
genes that encode TH, GAL, or NPY in LC neurons. Hence, the hypothesis that chronic
exercise and pharmacological treatment would influence noradrenergic function via smilar
mechanisms of gene expression was not supported by results of the present study. The
finding of increased GAL mRNA levelsin the LC after imipramine trestment and elevated
NPY mRNA levels after activity whedl running in bulbectomized animals are consi stent
with amodulatory role of these neuropeptides in regulating noradrenergic transmission via
feedback inhibition of LC neurons.

Because transcriptional changes that mediate the effects of exercise and/or
antidepressant interventions could occur in various brain regions receiving noradrenergic
projections, additional studies are needed to examine levels of mRNA in regions associated
with the regulation of mood and emotion. Moreover, gene expression may be dependent
upon the nature, severity, and/or duration of the stressor, and further investigation is
needed to determine the effects of various exercise protocols and antidepressant

treatments on gene expression.



133
References
Anonymous. (2000). Practice guidelines for the treatment of patients with major
depressive disorder (revision). The American Journal of Psychiatry, 157(4), 1-45.
Aston-Jones, G., Rajkowski, J., & Cohen, J. (1999). Role of locus coeruleusin
attention and behavioral flexibility. Biological Psychiatry, 46, 1309-1320.

Austin, M.C., Cottingham, S.L., Paul, SM., & Crawley, JN. (1990). Tyrosine
hydroxylase and galanin mRNA levels in the locus coeruleus neurons are increased
following reserpine administration. Synapse, 6, 351-357.

Baldwin, D.S. (1995). Psychotropic drugs and sexua dysfunction. International
Review of Psychiatry, 7(2), 261-274.

Brady, L.S., Gold, P.W., Herkenham, M., Lynn, A.B., & Whitfield, H.J. (1992).
The antidepressant s fluoxetine, idazoxan and phenelzine alter corticotropin-releasing
hormone and tyrosine hydroxylase mRNA levelsin rat brain: therapeutic implications.

Brain Research, 572, 117-125.

Brady, L.S., Whitfield, H.J., Fox, R.J., Gold, P.W., & Herkenham, M. (1991).
Long-term antidepressant administration alters corticotropin-rel easing hormone, tyrosine
hydroxylase, and mineralocorticoid receptor gene expression in rat brain. Journal of

Clinica Investigation, 87, 831-837.

Cairncross, K.D., Schofield, SP.M., & Bassett, JR. (1975). Endogenous brain
norepinephrine levels following bilateral olfactory bulbectomy bulb ablation.

Pharmacology Biochemistry and Behavior, 3, 425-427.

Calcagnetti, D.J,, Quatrella, L.A., & Schechter, M.D. (1996). Olfactory
bulbectomy disrupts the expression of cocaine-induced conditioned place preference.

Physiology & Behavior, 59(4-5), 597-604.

Charney, D.S. (1998). Monoamine dysfunction and the pathophysiology and
trestment of depression. Journal of Clinical Psychiatry, 59(Suppl. 14), 11-14.




134
Dahlstrom, A. & Fuxe, K. (1964). Evidence for the existence of monoamine-

containing neurons in the central nervous system. Acta Physiologica Scandinavica,

62(Suppl. 232) 1-55.

Dewsbury, D.A. (1967). A quantitative description of the behavior of rats during
copulation. Behaviour, 29, 154-178.

Dishman, R.K., Renner, K.J., Youngstedt, S.D., Reigle, T.G., Bunnell, B.N.,
Burke, K.A., Yoo, H.S., Mougey, E.H., & Meyerhoff, J.L. (1997). Activity wheel
running reduces escape latency and alters brain monomine levels after footshock. Brain

Research Bulletin, 42, 399-406.

Dishman, R.K., Bunnell, B.N., Youngstedt, S.D., Yoo, H.S., Mougey, EH., &
Meyerhoff, J.L. (1998). Activity wheel running blunts increased plasma
adrenocorticotrophin (ACTH) after footshock and cage-switch stress. Physiology &
Behavior, 63(5), 911-917.

Dunn, A.L. & Dishman, R.K. (1991). Exercise and the neurobiology of

depression, Exercise and Sport Sciences Reviews, 19. 41-98.

Dunn, A.L, Reigle, T.G., Youngstedt, S.D., Armstrong, R.B., & Dishman, R.K.
(1996). Brain norepinephrine and metabolites after treadmill training and wheel running
in rats. Medicine and Science in Sports and Exercise, 28, 204-209.

Ferguson, G.A. (1966). Tests of significance: other statistics. In, Statistical
Analysisin Psychology and Education (pp.176-181). New Y ork: McGraw-Hill.

Finta, E.P., Regenold, J.T., & Illes, P. Depression by neuropeptide Y of
noradrenergic inhibitory postsynaptic potentials of locus coeruleus neurons. Naunyn-

Schmiedeberg’s Archives of Pharmacology, 346, 472-474.

Foote, S.L., Bloom, F.E., & Aston-Jones, G. (1983). Nucleus locus ceruleus:

New evidence of anatomical and physiological specificity. Physiological Reviews, 63,

844-903.



135
Grecksch, G., Zhou, D., Franke, C., Schroder, U., Sabel, B., Becker, A., &
Huether, G. (1997). Influence of olfactory bulbectomy and subsequent imipramine
treatment of 5-hydroxytryptaminergic presynapses in the rat frontal cortex: behavioural
correlates. British Journal of Pharmacology, 122(8), 1725-1731.

Grima, B., Lamouroux, A., Blanot, F., Faucon-Biguet, N., & Mallet, J. (1985).

Complete coding sequence of rat tyrosine hydroxylase mRNA. Proceedings of the

National Academy of Sciences, 82, 617-621.

Hashimoto, H., Onishi, H., Koide, S, Kai, T., & Yamagami, S. (1996). Plasma

neuropeptide Y in patients with major depressive disorder. Neuroscience Letters, 216,

57-60.
Heyes, M.P., Garnett, E.S., & Coates, G. (1988). Nigrostriatal dopaminergic

activity isincreased during exhaustive exercise stressin rats. Life Sciences, 42, 1537-

1542.

Holets, V.R., Hokfdlt, T., Rokaeus, A., Terenius, L., & Goldstein, M. (1988).
Locus coeruleus neurons in the rat containing neuropeptide Y, tyrosine hydroxylase or
galanin and their efferent projections to the spinal cord, cerebral cortex and

hypothalamus. Neuroscience, 24, 893-906.

Holmes, P.V., Blanchard, D.C., Blanchard, R.J,, Brady, L.S., Crawley, J.N.
(1995). Chronic socia stress increases levels of preprogalanin mRNA in the rat locus

coeruleus. Pharmacology Biochemistry and Behavior, 50, 655-660.

Holmes, P.V. & Crawley, JN. (1995). Coexisting neurotransmittersin central

noradrenergic neurons. In F.E. Bloom & D.J. Kupfer (Eds.), Psychopharmacology: The

Fourth Generation of Progress (pp. 347-353. New Y ork: Raven Press, Ltd.

Holmes, P.V. & Crawley, JN. (1996). Olfactory bulbectomy increases prepro-

gaanin mRNA levels in the rat locus coeruleus. Molecular Brain Research, 36, 184-188.

llles, P. & Regenold, J.T. (1990). Interaction between neuropeptide Y and

noradrenaline on central catecholamine neurons. Nature (London), 344, 62-63.




136
Kelly, JP., Wrynn, A.S.,, & Leonard, B.E. (1997). The olfactory bulbectomized

rat as amodel of depression: an update. Pharmacology & Therapeutics, 74(3), 299-316.

Larhammer, D., Ericsson, A., & Persson, H. (1987). Structure and expression of

the rat neuropeptide Y gene. Proceedings of the National Academy of Sciences, 84,

2068-2072.
Leonard, B.E. (1997). Noradrenalinein basic models of depression. European

Neuropsychopharmacology, 7(Suppl. 1), S11-S16.

Linner, L., Arboreliu, L., Nomikos, G.G., Bertilsson, L., & Svensson, T.H.
(1999). Locus coeruleus neuronal activity and noradrenaline availability in the frontal
cortex of rats chronically treated with imipramine: Effect of **,-adrenoceptor blockade.

Biological Psychiatry, 46, 766-774.

Lumia, A.R., Teicher, M.H., Salchli, F., Ayers, E., & Possidente, B. (1992).
Olfactory bulbectomy as a model for agitated hyposerotonergic depression. Brain
Research, 587, 181-185.

Makino, S., Baker, R.A., Smith, M.A., & Gold, P.W. (2000). Differentia
regulation of neuropeptide Y mRNA expression in the arcuate nucleus and locus

coeruleus by stress and antidepressants. Journal of Neuroendocrinology, 12, 387-395.

Marcilhac, A., Maurel, D., Anglade, G., Ixart, G., Mekaouche, M., Hery, F, &
Saud, P. (1997). Effects of bilateral olfactory bulbectomy on circadian rhythms of
ACTH, corticosterone, motor activity and body temperature in male rats. Archives of

Physiology and Biochemistry, 105(6), 552-559.

O'Nedl, HA., Dunn, A.L., & Martinsen, EW. (2000). Depression and exercise.
International Journal of Sport Psychology, 31, 110-135.

O'Nedl, H.A., Van Hoomissen, J.D., Holmes, P.V., & Dishman, R.K. (2000).
Prepro-galanin mRNA levels are increased in rat locus coeruleus after treadmill exercise

training. Manuscript submitted for publication.



137
Pieribone, V.A., Xu, Z.Q., Zhang, X., Grillner, S., Bartfai, T., & Hokfelt, T.
(1995). Gaanin induces a hyperpolarization of norepinephrine-containing locus

coeruleus neurons in the brainstem dice. Neuroscience, 64, 861-874.

Rasmussen, K., Morilak, D.A., & Jacobs, B.L. (1986). Single unit activity of
locus coeruleus neurons in the freely moving cat: |. during naturalistic behaviors and in

response to smple and complex stimuli. Brain Research, 371, 324-334.

Redmond, A.M., Kelly, J.P., & Leonard, B.E. (1997). Behavioura and
neurochemical effects of dizocilpinein the olfactory bulbectomized rat model of

depression. Pharmacology Biochemistry and Behavior, 58(2), 355-359.

Rokaeus, A. & Brownstein, M.J. (1986). Construction of a porcine adrenal
medullary cDNA library and nucleotide sequence analysis of two clones encoding a

galanin precursor. Proceedings of the National Academy of Sciences, 83, 6287-6291.

Schultzberg M., Austin, M.C., Crawley, JN., & Paul, SM. (1991). Repeated
administration of desmethylimipramine blocks the reserpine-induced increase in tyrosine

hydroxylase mRNA in locus coeruleus neurons of the rat. Molecular Brain Research, 10,

307-314.
Seutin, V., Verbanck, P., Massote, P., & Dresse, A. (1989). Galanin decreases the

activity of locus coeruleus neuronsin vitro. European Journa of Pharmacology, 164,

373-376.
Smialowska, M. & Legutko, B. (1991). Influence of imipramine on neuropeptide
Y immunoreactivity in the rat brain. Neuroscience, 41(2/3), 767-771.

Soares, J, Holmes, PV., Renner, K.J, Edwards, G.L., Bunndl, B.N., & Dishmen, RK.
(1999) . Brain noradrenergic regponsesto footshock after chronic activity-whed running.
Behavioral Neuroscience, 113, 558-566.

Song, C,, Earley, B., & Leonard, B.E. (1996). The effects of centrd adminigtration of
neuropeptide Y on behavior, neurotransmitter, and immune functionsin the olfactory
bulbectomized rat modd of depresson. Brain, Behavior, and Immunity, 10, 1-16.




138
Wedrin, A., Ekman, R., Traskman-Bendz, L. (1999). Alterations of corticotropin
releesng hormone (CRH) and neuropeptide Y (NPY') plasmalevelsin mood disorder patients with
arecent suicide attempt. European Neuropsychopharmacology, 9, 205-211.

White-Welkley, JE., Bunndl, B.N., Mougey, EH., Meyerhoff, JL., & Dishman, RK.
(1995). Treadmill exercise training and edradiol differentidly modulate hypothd amic-pituitary-
adrend cortica responsesto acute running and immobilization. Physology & Behavior, 57, 533
540.

Xy, ZD., Shi, T.S, & Hokfdt, T. (1998). GdaninlGMAP- and NPY -like
immunoreectivities in locus coeruleus and noradrenergic nerve terminds in the hippocampd

formation and cortex with notes on the gdlanin-R1 and —R2 receptors. Journd of Compardtive

Neurology, 392, 227-251.

Yoo, H.S, Tackett, R.L., Crabbe, JB., Bunndl, B.N., & Disman, RK. (2000).
Antidepressant-like effects of physica activity vs imipramine: Neonata clomipramine modd.
Psychobiology, in press.



139

Figure 1. Sucrose preference score expressed as percent of total fluid intake in activity
wheel and sedentary animals after imipramine or saline administration by group. A
significant main effect in sucrose consumption for group is depicted. N=8-11 animals per

group.
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Figure 2. Copulation rates among male rats according to group assignment. Within the
olfactory bulbectomy group, imipramine-treated animals exhibited lower copulation rates
compared to saline-treated animals (p=.005). Sedentary, saline-treated animals exhibited
lower copulation rates compared to activity wheel, saline-treated animals after olfactory
bulbectomy (p=.045). Activity wheel runners receiving saline treatment after olfactory
bulbectomy did not differ from sham animals. N=8-11 animals per group.

aIMmi
OSAL
100
m.
g ©
Foo
20l SAL
o IMI
AW SED AW  SED

OBX SHAM



140

Figure 3. Ejaculation latencies in activity wheel and sedentary animals after imipramine
or saline administration by group. Within the bulbectomy group, activity wheel runners
exhibited significant reductions in gjaculation latency (p=.04). The number of animals per
group is given in parentheses. Vaues are means + SE.
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Figure 4. Post-gaculatory intervals in activity wheel and sedentary animals after
imipramine or saline administration by group. A significant main effect for group is
depicted. Activity wheel running after olfactory bulbectomy was associated with longer
intervals relative to sham animals (p=.04). The number of animals per group is givenin
parentheses. Values are means = SE.
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Figure 5. Ejaculation frequency in activity wheel and sedentary animals after
imipramine or saline administration by group. A significant main effect for group is
depicted. Within the olfactory bulbectomy group, imipramine-treated animals exhibited
significant decreases in g aculation frequency (p=.02). N=8-11 animals per group. Values
are means + SE.
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Figure 6. Levels of prepro-galanin mRNA in the locus coeruleus in activity wheel and
sedentary animals after imipramine or saline administration by group. A significant main
effect for treatment (imipramine vs saline) is depicted. N=8-10 animals per group.
Vaues are means + SE. OGS= Optical Gray Scae
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Figure 7. Levels of prepro-neuropeptide Y mRNA in the locus coeruleus in activity wheel
and sedentary animals after imipramine or saline administration by group A significant
group (olfactory bulbectomy vs sham) by condition (activity wheel vs sedentary)
interaction is depicted (p=.04). N=7-10 animals per group. Vaues are means + SE.
OGS= Optical Gray Scae
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Figure8. Levels of tyrosine hydroxylase mRNA in the locus coeruleus in activity wheel
and sedentary animals after imipramine or saline administration by group. There were no
significant differences among comparisons. N=8-11 animals per group. Values are
means+ SE. OGS= Optical Gray Scae
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Fgure9. Representative autoradiographs of rat brain sections hybridized for prepro-gdanin
MRNA inthelocus coeruleus (LC). Rats were activity whed runnersin the sham surgery group
after trestment with imipramine (A) or sdine (B).

Figure 10. Representative autoradiographs of rat brain sections hybridized for prepro-
neuropeptide Y mRNA in the locus coeruleus (LC). Rats were activity wheel runners
after sham surgery (A) or olfactory bulbectomy (B).
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CONCLUSIONS

Research conducted during the past three decades suggests that exercise can be
effective in reducing symptoms of depression for many individuals. Given the
tremendous burden that depression poses to society, if exercise isindeed an effective
antidepressant treatment, the potential impact on public health would be substantial.
However, because this area of research is characterized by a lack of scientific rigor,
exercise has yet to be recognized by prominent mental health organizations as a viable
therapeutic intervention for depression.

The preponderance of evidence from popul ation-based studies supports an inverse
association between physical activity and symptoms of depression. However,
methodological variations limit generalizability of results. In order to support a causal
relationship between exercise and reductions in depression, additional popul ation-based
studies are needed that (1) include representative samples, (2) study high-risk
populations, (3) use valid measures of both physical activity and depression, (4) control
for additional risk factors, and (5) follow participants for atime period that permits
observation of the progression of depressive disorders including onset, remission, and
recurrence.

A gquantitative synthesis of data from controlled intervention studies yielded a
moderate overall effect (d=-0.57), suggesting that individuals who participate in exercise
programs exhibit a %2 SD reduction in depressive symptoms relative to individualsin
comparison groups. Moderator analyses revealed larger effects for studies that examined
individuals with elevated symptoms of depression at baseline and that used clinical

ratings to assess depression.
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Based on our findings from both the qualitative review of literature and meta-
analytic procedures, we offer the following recommendations for future research:

(1) Studies should include participants meeting standard diagnostic criteria for depressive
disordersin order to obtain meaningful reductions in depressive symptoms and establish
exercise as an efficacious treatment for clinical depression. (2) Valid assessments of
depression should be selected based on the psychometric properties and appropriateness
for the population of interest. When possible, studies should include clinical ratingsto
verify data from self-report measures. (3) Comparison groups should, at minimum,
control for placebo effects and spontaneous remission of depressive symptoms, and
additional studies that include clinically relevant control conditions are needed to
substantiate meaningful reductions in depression. (4) Studies that manipulate
components of the exercise intervention (e.g., mode, intensity, duration, and frequency)
are needed to identify the stimulus required to produce antidepressant effects. (5) Further
examination of neurobiological adaptations to exercise is required to demonstrate the
biological plausibility of exercise as an antidepressant intervention.

In order to investigate biologically plausible mechanisms for the antidepressant
effects of exercise and expand upon previous research, we examined gene expression
after chronic exercise in noradrenergic cell bodies within the locus coeruleus complex.
The purpose of the first study was to determine the effect of treadmill exercise training on
basal levels of the gene that encodes TH and GAL in the LC. Because chronic treadmill
exercise results in increased brain NE concentration in the pons region containing the LC
complex (Dunn, Reigle, Youngstedt, Armstrong, & Dishman, 1996), we hypothesized
that an upregulation in gene expression for TH (via synthesis) or GAL (via feedback
inhibition) could enhance availability of brain NE. Although no differences were
observed in TH mRNA level after 6 weeks of treadmill training, GAL mRNA levels were
higher in exercise-trained compared to sedentary animals. These results suggest that

gene expression for GAL is responsive to chronic exercise stress. |If the observed
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increase in GAL mRNA results in enhanced post-trandlational activity, GAL could act on
LC neurons to inhibit firing and preserve central NE levels. Because prominent
biological theories of depression involve a deficiency in NE, exercise-induced increases
in GAL within the LC may serve an adaptive role in the homeostatic regulation of
noradrenergic activity.

Although exercise induces adaptations in noradrenergic function, the efficacy of
exercise training in reversing disturbances in noradrenergic transmission has not been
widely studied. However, prior research by Y 0o, Tackett, Crabbe, Bunnell & Dishman
(2000) using the neonatal clomipramine animal model of depression suggests that chronic
exercise by activity wheel running produces beneficial noradrenergic adaptations
including elevated NE levels and downregulation of b-adrenoreceptors in frontal cortex
comparable to antidepressant pharmacotherapy. To continue this line of research, an
animal depression model was used to examine mechanisms at the level of gene
expression that might induce adaptations in noradrenergic function.

Therefore, the second study was designed to investigate the effects of chronic
activity wheel running and imipramine administration on gene expression for
noradrenergic modulatory proteins in neurons of the LC after olfactory bulbectomy.
Behavioral assessments including sucrose preference and male copulatory activity were
conducted to measure exhibition of motivated behaviors. Olfactory bulbectomy
produced a decrease in consumption of sucrose solution, but neither activity wheel
running nor imipramine trestment significantly altered this effect. In addition, olfactory
bulbectomy produced deficits in male copulatory behavior including reduced copulation
rates, prolonged gaculation latencies, and increased post-gaculatory intervals. However,
consistent with prior research, activity wheel running improved copulatory performance
in experimental animals (Yoo et a., 2000). Activity wheel running after olfactory
bulbectomy resulted in improved copulation rates, reduced gjaculation latencies, and

increased g aculation frequencies. In addition, activity wheel running attenuated the
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decrements in sexua activity associated with imipramine administration. These findings
are clinically meaningful, as both symptoms of depression and side effects of commonly
prescribed antidepressant medications include disturbances in sexua performance.

In contrast to previous studies, we failed to observe an effect of olfactory
bulbectomy (Holmes & Crawley, 1996) or exercise (O’ Neal, Van Hoomissen, Holmes, &
Dishman, 2000) on GAL mRNA level. However, levels of GAL mRNA were increased
by imipramine treatment. In addition, activity wheel running after olfactory bulbectomy
was associated with elevations in NPY mRNA. There were no differences in gene
expression for TH. Thus, adaptations in noradrenergic function after imipramine
treatment and activity wheel running do not appear to be regulated via similar basal
mechanisms at the level of gene expression within the LC, though both imipramine
treatment and activity wheel running induced alterations that might influence
noradrenergic activity.

To date, few studies have examined the neurobiological effect of exercise at the
level of gene expression. These results suggest that previously observed adaptations to
chronic activity wheel exercise are not dependent upon basal regulation of gene
expression for TH, GAL, or NPY in LC neurons. Hence, the hypothesis that chronic
exercise and pharmacological treatment would influence noradrenergic function via
similar mechanisms was not supported. The finding of increased GAL mRNA level in
the LC after imipramine treatment and elevated NPY mRNA level after activity wheel
running in bulbectomized animals could indicate a modulatory role of these
neuropeptides in regulating noradrenergic transmission via feedback inhibition.
However, it is not known whether the observed adaptations in neuropeptide gene
expression resulted in enhanced post-trandational activity, as neuropeptide levels were
not measured.

Though animal models possess inherent limitations for the study of human mental

illness, such models are important for identifying mechanisms for the etiology and
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treatment of depressive disorders. Therefore, additional studies conducted within
depression models are needed to derive clinically relevant conclusions regarding the
influence of exercise on malfunctioning brain systems. Because adaptations may be
dependent upon the nature, severity, and/or duration of the stressor, research is also
needed to determine the effects of various exercise protocols (e.g., treadmill vs. activity
wheel) and antidepressant treatments (e.g., SSRI vs TCA) on gene expression.
Furthermore, noradrenergic transmission after antidepressant administration and exercise
training is likely atered by mechanisms not examined in the present study (e.g., pre- and
post-synaptic receptors, transporters, and 2" messenger systems), and such mechanisms
warrant further investigation. Adaptations that mediate the effects of exercise and/or
pharmacotherapy could also involve other monoaminergic systems (i.e., serotonin and
dopamine) and occur in various brain regions associated with the regulation of mood and
behavior (i.e., ventral tegmental area, nucleus accumbens, dorsal raphe, anygdala and
hypothalamic nuclel). Thus, additional studies are needed to elucidate the effect of
physical activity on neurobiological systems associated with the pathology of depression
to establish the biological plausibility of exercise as an antidepressant intervention.
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