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Abstract 

Depression is one of the most common mental illness with over 300 million people affected 

worldwide. Additionally, research suggests that many fail to seek or decline treatment for 

multiple reasons. Antidepressants, the most common form of treatment, are highly successful in 

managing depression, but are accompanied by multiple drawbacks that reduce treatment 

availability for some individuals. To that end, aerobic exercise may serve viable alternative 

treatment as it is known to reduce depressive-like behaviors and increase prefrontal cortex and 

hippocampal brain derived neurotrophic factor (BDNF) levels, properties similar to those of 

antidepressants. This study looked to further assess the benefits of aerobic exercise in reducing 

and preventing depression. Wistar rats, treated with chronic unpredictable stress (CUS), and 

Wistar-Kyoto rats were subject to aerobic exercise followed by open field (OFT) and forced 

swim (FST) behavioral testing. Tissue histology further examined the quantity of BDNF 

containing cells in the medial prefrontal cortex (mPFC) and hippocampal CA3 region. Aerobic 

exercise increased OFT exploratory activity and increased FST swimming across strains and 

increased BDNF containing cells in the CA3 of WKY exercise-treated rats. These findings 

support current literature suggesting the beneficial role of exercise in reducing depression. 

Therefore, exercise may provide an alternative to antidepressants for some individuals in the 

treatment of depression. 

 Keywords: depression, aerobic exercise, BDNF, WKY rat model 
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Introduction 

Depression, a mood disorder characterized by changes in an individual’s thoughts, 

feelings, and behaviors, is one of the most common mental illnesses in the United States 

(National Institute of Mental Health (NIMH), 2018). Depression impacts individuals of every 

age, sex, race, social class, and financial class and comes with high costs to society and higher 

reported functional impairments than many chronic diseases like diabetes and arthritis (Brody, 

Pratt, & Hughes, 2018). The manifestation of depression is thought to be influenced my multiple 

factors including genetics, environmental stressors, and psychological factors (NIMH, 2018). 

Collectively, the literature indicates that depression may have roots within the brain and may be, 

in part, due to an imbalance of neurotransmitters, especially serotonin (Duman & Li, 2012).  

The Diagnostic and Statistical Manual of Mental Disorders (5th ed., DSM-V) divides 

depression into multiple types including Major Depressive Disorder and Persistent Depressive 

Disorder (American Psychiatric Association (APA), 2013). Major Depressive Disorder (MDD) is 

characterized by a period of two weeks or longer in which a person reports either a depressed 

mood or a loss of interest/pleasure with at least four other symptoms as denoted in the DSM-V 

(APA, 2013). Persistent Depressive Disorder (also called Dysthymia) is characterized by a 

depressed mood that lasts for at least two years in which a person experiences episodes of major 

depression and episodes of less severe depression (APA, 2013). 

Over 300 million people worldwide are estimated to suffer from depression (World 

Health Organization (WHO), 2018). From 2013-2016, 8.1% of Americans experienced a 

depressive disorder (Figure 1; Brody et al., 2018). The prevalence of depression differs based on 

factors such as age, sex, race, and family income. Considering sex, for example, a 2013-2016 

report showed that females were almost twice as likely to develop depression compared to males 
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(Female: 10.4%, Males: 5.5%) (Brody et al., 2018). Over 50% of depressed individuals reported 

a difficulty with work, home, or social activities due their depressive symptoms, making 

depression the leading cause of disability worldwide (Brody et al., 2018; WHO, 2018). Major 

depression, a highly debilitating classification of depression, is the most prevalent form of 

depression in the United States population. In 2016, the National Institute of Mental Health 

(NIMH) reported that 6.7% of adults suffered from major depression, an incidence that was 

nearly double that value in adolescents (NIMH, 2017).  

 

While the overall prevalence of depression is cause for alarm, depression is a treatable 

illness. Common treatments for depression include medication (antidepressants), psychotherapy, 

and electroconvulsive therapy (NIMH, 2018). Unfortunately, and possibly most alarming, 

treatment is not attainable or not sought after by individuals with depression (NCHS Data Brief). 

Fewer than 50% of individuals with depression received treatment worldwide, with rates below 
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10% in some countries (WHO, 2018). In 2016, the NIMH and the National Survey on Drug Use 

and Health (NSDUH) reported that of Americans with depression, 63% of adults (18+ years old) 

(Figure 2A), 44% in young adults (18-25 years old), and 40% of adolescents (12-17 years old) 

(Figure 2B) received treatment for depression (NIMH, 2017; Substance Abuse and Mental 

Health Services Administration, 2017). 

 

The low treatment seeking rates may be, among other factors, due to the stigma 

surrounding depression and mental illness (Gulliver, Griffiths, & Christensen, 2012). This is of 

concern for many reports as this stigma may lead to the underreporting of depression, potentially 

making current statistics on depression inaccurate and vastly understated (Bharadwaj, Pai, & 

Suziedelyte, 2017). This stigma also concerns medical officials as it may reduce treatment-

seeking behaviors for a disorder that is already one of the leading causes of suicide worldwide 

(Bharadwaj et al., 2017; WHO, 2018).  

Rodent models are a primary method of studying depression in vivo (Duman & 

Aghajanian, 2012). The primary rodent models used in depression research are the chronic 

unpredictable stress (CUS) model (Duman & Aghajanian, 2012; Zheng et al., 2006) and the 

Wistar-Kyoto (WKY) rat strain model (Kurtz & Morris, 1987; Will, Arid, & Redei, 2003). The 
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CUS model works by consistently exposing rodents to randomized chronic mild stressors (e.g. 

damp bedding, tilted cage, reduced temperature, empty cage) which lead to the development of 

behaviors associated with anxiety and depression (Gibson, Klatzkin, & Littlefield, 2012; 

Rotzinger, Lovejoy, & Tan, 2010). The WKY rat strain, another common model for examining 

depression in rodents was originally developed by Okamoto and Aoki (1963) to be a model of 

hypertension but was later found to express depressive behavioral patterns. The strain has been 

examined for its reliability and validity as a model of depression. Kurtz and Morris (1987) and 

Will et al. (2003) showed that the WKY rat stain was a reliable model of endogenous depression 

and that the strain exhibited common behavioral symptoms of depression on tests such as the 

Open Field Test (OFT) and Forced Swim Test (FST). While these findings were consistent 

across much of the literature, Will et al. (2003) suggested that there may be high variability 

within the WKY rat strain which may impact the findings of studies using the strain. While this 

may be of concern, this potential variability may serve as a strength of the model given the 

heterogeneity of depression in the human population. It is important to note that both of these 

models of depression are behavioral models and were not designed through gene knockout. 

Two prominent regions of the brain imperative for higher-level human functioning are 

the hippocampus and prefrontal cortex. The hippocampus, part of the larger limbic system within 

the brain, is a medial structure deep under the cortex of the brain that is responsible for memory 

consolidation and recovery (Preston & Eichenbaum, 2013). The prefrontal cortex, part of the 

frontal cortex, is the most anterior region of the brain and plays a major role in planning, 

decision making, and aspects of personality (Preston & Eichenbaum, 2013).  

In depression, both the hippocampus and prefrontal cortex undergo major structural 

changes (Duman & Li, 2012; Miguel-Hidalgo & Rajkowska, 2002). Neuronal death is a common 
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occurrence within the brain as neural connections undergo dynamic changes due to an 

individual’s specific experiences. Processes such as pruning (the removal of damaged or 

defective neurons), sprouting (the growth of new connections), and reorganization (the 

modification of neural connections) all work to optimize brain performance when functioning 

normally (Yamahachi, Marik, McManus, Denk, & Gilbert, 2009). When this neuronal death 

becomes excessive and erroneous, atrophy, a common neurological factor expressed in depressed 

individuals, often occurs (Duman & Li, 2012). Live imaging and post-mortem studies of the 

brains of depressed humans show substantial levels of atrophy in the hippocampus and prefrontal 

cortex (Duman & Aghajanian, 2012; Duman & Li, 2012; Erickson, Miller, & Roecklein, 2012; 

Miguel-Hidalgo & Rajkowska, 2002), a finding also seen in rodents (Zheng et al., 2006). Closer 

examinations of human hippocampi and prefrontal regions found that individuals with 

depression exhibited decreased grey matter tracks, indicating the presence of substantial neuronal 

death and suggesting that neuronal death may occur inside the brains of depressed individuals 

(Miguel-Hidalgo & Rajkowska, 2002). 

Structural correlates of depression can also be seen in individual neurons (Duman & 

Aghajanian, 2012). Dendrites (the projections off the neural cell body that typically receive 

signals from an adjacent neuron), axons (the major projection carrying the neural signal to the 

axon terminal), and synapses (the junction between two neurons where the neural message is 

passed chemically) all show alterations in depressed individuals (Duman & Aghajanian, 2012; 

Duman & Li, 2012). Post-mortem studies in both humans and rodents with depression 

documented reductions in neuron size, dendrite and axon branching, axon length, and quantity of 

terminal synapsing (Duman & Aghajanian, 2012; Duman & Li, 2012).  
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Neurotrophic factors, small proteins within the brain that promote the survival of neurons 

and glia, the growth of neurons, and neuronal differentiation, are also disrupted in individuals 

with depression (Duman & Li, 2012; Skaper, 2012). Brain-derived neurotrophic factor (BDNF) 

is one neurotrophic factor responsible for maintaining a healthy neural system within the brain.  

BDNF, found in high concentrations in the hippocampus and prefrontal cortex of the brain, aids 

in the survival of neurons by serving many neural-promoting functions including the regulation 

of neurogenesis, neural dendrite length, and neural spine density (Duman & Li, 2012; Erickson 

et al., 2012; Groves, 2007). Clinical trials and post-mortem studies in humans showed reduced 

BDNF levels in brains of depressed individuals (Erickson et al., 2012; Groves, 2007), 

particularly in the hippocampus and prefrontal cortex (Duman & Li, 2012; Zheng et al., 2006). 

Given its role in promoting neuron survival, this reduction in BDNF may be an underlying factor 

in the cellular disruptions associated with depression.  

Researchers developed the Neurotrophic Hypothesis of depression to better understand 

and explain the underlying mechanism of depression by focusing on the role of neurotrophic 

factors in the brain and their altered levels during depression (Duman & Aghajanian, 2012; 

Duman & Li, 2012; Groves, 2007). The basis of the Neurotrophic Hypothesis suggests the role 

of reduced neurotrophic support in the development and maintenance of depression, a notion that 

is supported by the discovery that the induction of BDNF can induce antidepressant-like effects 

(Duman & Li, 2012). Therefore, clinically, BDNF has potential as a biomarker, a biological 

indicator of the presence of a disease, for depression (Duman & Li, 2012). BDNF deletion 

studies in mice showed neuronal atrophy and decreased dendrite length and branching in the 

hippocampus and prefrontal cortex, both of which are commonly seen in the brains of depressed 

individuals (Duman & Aghajanian, 2012; Duman & Li, 2012). By infusing male Sprague 
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Dawley rats with BDNF, Shirayama, Chen, Nakagawa, Russell, and Duman (2002) reversed 

these neuronal deficits.  

BDNF and other neurotrophic factors share general neurotrophic cellular mechanisms 

seen in Figure 3 (Skaper, 2012). Neurotrophic factors, like BDNF, bind to cell surface tyrosine 

kinase receptors, and dimerization of the two receptor parts leads to the activation of multiple 

downstream pathways via phosphorylation, a common molecular energy transfer step involving 

the addition of a phosphoryl group (PO3). This phosphorylation, in turn, activates multiple 

secondary messengers which contribute to the activation of the protein kinase B (Akt) and 

mitogen-activated protein kinase (MAPK) pathways (Skaper, 2012). Activation of the Akt 

pathway, a highly conserved signaling pathway among mammals mediating many cellular 

functions (angiogenesis, metabolism, growth, survival, and protein synthesis) through gene 

transcription regulation, leads to the upregulation of pro-survival genes that promote neuronal 

growth and survival (Hemmings & Restuccia, 2012). Activation of the MAPK pathway, a highly 

conserved signaling pathway among mammals composed of serine/threonine protein kinases 

regulating multiple cellular functions (neuronal proliferation, differentiation, and survival) 

activates multiple downstream transcription factors that increase neuronal differentiation (Zhang 

& Liu, 2002). 
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 Currently, the one of the most common treatment courses for depression is 

pharmaceuticals (Food and Drug Administration (FDA), 2017). There are multiple classifications 

of antidepressant drug treatments including selective serotonin reuptake inhibitors (SSRIs), 

tricyclic antidepressants (TCAs), monoamine oxidase inhibitors (MAOIs), and serotonin-

norepinephrine reuptake inhibitors (SNRIs), each having their own specific mechanisms of 

action (FDA, 2017). Each category of antidepressant contains multiple drugs that all have 

different efficacies. The most common class of antidepressants is the SSRIs due to their 

relatively low side effects (FDA, 2014).  

 SSRIs reestablish the balance of serotonin in the brain by blocking the serotonin 

transporter 5-HTT on presynaptic neurons and astrocytes, a support glial cell in the brain, 
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increasing the extracellular concentration of serotonin (Oberlander, Gingrich, & Ansorge, 2009). 

Researchers suggest that serotonin neurotransmission directly impacts downstream neurotrophic 

factors, specifically BDNF (Zheng et al., 2006). Duman and Li (2012) and Zheng et al. (2006) 

showed that antidepressant treatments increase BDNF in the hippocampus. Further, Miguel-

Hidalgo and Rajkowska (2002) demonstrated that antidepressant treatments combat hippocampal 

atrophy by increasing the number and complexity of neurons within the hippocampus. 

Antidepressant treatments may function to promote hippocampal survival, a process that may be 

mediated by antidepressants’ increase of BDNF (Duman & Li, 2012; Miguel-Hidalgo & 

Rajkowska, 2002). Both stress and antidepressant therapies impact BDNF levels within the 

brain. Elevated cortisol and other stress responses reduce BDNF levels and, consequently, 

neuronal proliferation, survival, and plasticity in the hippocampus leading to decreased overall 

hippocampal function and mood (Groves, 2007). The impacts of antidepressant treatments, in 

comparison to a stress model of depression, on BDNF and its downstream effects can be seen in 

Figure 4 (Groves, 2007). 
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 Despite the successes of antidepressants like SSRIs in combating depression, they carry 

potential drawbacks, such as variable treatment efficacies, rigorous drug schedules, side effects, 

cost, and stigma, all of which might limit people from obtaining effective treatment. Duman and 

Li (2012) demonstrated that only about one-third of patients respond to their first antidepressant 

prescribed, thus highlighting the low efficacy of antidepressant therapies. Antidepressants effects 

may not be noticeable until three to four weeks after the start of medication as the drug must 

build up within the system before having an impact, often leaving patients with depression for 

multiple weeks after the start of the treatment (Duman & Li, 2012). Further complicating 

treatments, research and warning labels note that abruptly stopping antidepressants may lead to 

symptoms of withdrawal and/or the return of the depression which poses an added challenge for 

patients who need to switch medications if the initial drug is not effective (FDA, 2017; Keks, 

Hope, & Keogh, 2016). To switch antidepressants, patients must taper off the first medication, 
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potentially leaving patients without treatment and at risk of the return of their depressive 

symptoms for a period, before starting the second medication (FDA, 2017; Keks et al., 2016). 

Antidepressants also come with the potential for side effects. Cascade, Kalail, and 

Kennedy (2009) demonstrated that patients taking SSRIs most commonly reported sexual 

dysfunction, sleep disturbances, and weight gain as negative effects. Taking antidepressants may 

also increase suicidal thoughts in adolescents and adults (FDA, 2017; Gibbons et al., 2007). 

Recent research has also focused on antidepressant use during pregnancy, and whether their use 

may lead to birth defects, deficits in motor development, and/or persistent pulmonary 

hypertension of the newborn (PPHN) (Casper et al., 2003; FDA, 2018).  

The cost of antidepressant medications is the first hurdle that patients face. An analysis of 

depression patient costs suggests that a six-month SSRI treatment supply can cost upwards of 

$1,700 (Sheehan, Eaddy, Shah, & Mauch, 2005). While medical insurance may cover some 

expenses, antidepressant treatments are often life-long treatments and, as a result, individuals 

with low incomes or poor prescription drug coverage may be unable to obtain consistent 

antidepressant treatment (Chisholm, Sanderson, Ayuso-Mateos, & Saxena, 2004). Also, due to 

the stigma related to depression, individuals with depression showed reduced treatment seeking 

behaviors toward medical professionals and reduced antidepressant drug adherence after 

obtaining professional medical treatment (Gulliver et al., 2012; Sirey et al., 2001). 

Given the drawbacks of antidepressants, alternative therapies need to be explored to 

replace or supplement the need for medications. Aerobic exercise may serve as a good 

alternative as it addresses many of the potential problems of drug treatments (i.e. low cost, 

personalized schedule, low stigma, total body health benefits; Dunn, Trivedi, Kampert, Clark, & 

Chambliss, 2005; Hatziandreu, Koplan, Weinstein, Caspersen, & Warner, 1988; Warburton, 



15 

 

Nicol, & Bredin, 2006). Aerobic exercise reduces depression and has been shown work as 

effectively as common SSRIs antidepressant treatments (van Pragg, 2009). Studies of high 

school students, a population with an abnormally high susceptibility to and prevalence of 

depression, suggested that aerobic exercise and sport participation were linked to increased 

psychological and social well-being and decreased depression (Moti, Birncaum, Kubik, & 

Dishman, 2004; Sanders, Field, Diego, & Kaplan, 2000). Nabkasorn et al. (2005) expanded on 

this research in college students, another at-risk population for depression (Eisenberg, Gollust, 

Golberstein, & Hefner, 2007), and demonstrated that aerobic exercise was effective in improving 

depressive symptoms.  

When considering aerobic exercise as an effective treatment for depression, metabolic 

rate and energy expenditure may influence the effectiveness of the exercise treatment. A 2005 

study of adults suggested that exercise was successful at reducing major depressive disorder in 

adults when energy expenditure was at or above the public health recommended dose of 17.5 

kcal/kg/week (Dunn et al., 2005). 

Erickson et al. (2012) found that aerobic exercise increased hippocampal volume in adult 

humans, a region of the brain that undergoes atrophy during depression, an effect rooted in the 

neurogenic benefits of aerobic exercise. Similarly, multiple rodent studies, have documented that 

voluntary aerobic exercise increased neurogenesis in the hippocampus (Eadie, Redila, & 

Christie, 2005; Erickson et al., 2012; Ernst, Olson, Pinel, Lam, & Christie, 2006; Kempermann, 

Kuhn, & Gage, 1997; van Pragg, Christie, Sejnowski, & Gage, 1999). Kempermann et al. (1997) 

showed that aerobic exercise promoted the survival of neural precursor cells, stem cells with the 

ability to regenerate and differentiate into mature neural cells, leading to increased hippocampal 

volume. Aerobic exercise may also play a role in increasing dendritic branching and synaptic 
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plasticity. For example, Eadie et al. (2005) found that voluntary exercise in rats increased 

dendritic complexity and connectivity within the cortex. Further, multiple studies documented 

that aerobic exercise increased synaptic plasticity by promoting long-term potentiation (LTP), 

the process by which consistent excitatory synaptic stimulation strengthens synaptic connections, 

throughout the cortex (Eadie et al., 2005; Farmer et al., 2004).  

 The structural changes in the brain that arise consequent to aerobic exercise may be 

rooted in the impact that exercise has on BDNF levels. Multiple rodent studies found that aerobic 

exercise increased BDNF mRNA and overall BDNF levels in the hippocampus and cortex 

(Erickson et al., 2012; Marlatt, Potter, Lucassen, & van Pragg, 2002; Zheng et al., 2006). The 

intensity and timing of aerobic exercise may also play a role in the effectiveness of the exercise 

treatment. Naghibzadeh, Ranjbar, Tabandeh, and Habibi (2018) found that high intensity interval 

training (HIIT), short intense anaerobic exercise periods followed by short rest periods, increased 

BDNF transcription more than continuous aerobic exercise in rodents. 

 Additionally, prior work suggests exercise may act as a protective factor against the 

development of depression. García-Mesa et al. (2011) showed that exercise served a protective 

role against the development of neurological disorders such as Alzheimer’s disease (AD), a 

neurological disorder characterized by severe hippocampal and cortex damage leading to 

memory loss, and Parkinson’s disease (García-Mesa et al., 2011; Paillard, Rolland, & Barreto, 

2015), and psychiatric disorders such as depression (Cotman & Engesser-Cesar, 2002) in mouse 

models. Exercise also delayed the onset of AD and protected against the onset of depression in 

human clinical trials (Cotman, Berchtold, & Christie, 2007).  

Depression is rooted in the brain as depressed individuals show signs of atrophy, 

abnormalities in neuron projections, and reduced BDNF (Duman & Aghajanian, 2012; Duman & 



17 

 

Li, 2012; Erickson et al., 2012; Miguel-Hidalgo & Rajkowska, 2002). For many patients, 

pharmaceutical treatments constitute the main therapy for depression. Unfortunately, 

antidepressants often fall short as they have variable efficacies, rigorous drug schedules, and 

potential side effects (Cascade et al., 2009; Duman & Li, 2012; Keks et al., 2016). Aerobic 

exercise has been shown to increase hippocampal volume (by promoting hippocampal 

neurogenesis), BDNF, and hippocampal neural projection complexity (Eadie et al., 2005; 

Erickson et al., 2012; Marlatt et al., 2002). Clinically, aerobic exercise also reduces depressive 

symptoms in adolescents with depression (Moti et al., 2004; Nabkasorn, 2005; Sanders et al., 

2000). Therefore, exercise may serve as a viable treatment option for depression and may even 

protect against the development of the disease. In the current study, we hypothesize that aerobic 

exercise will reduce the behavioral and neurological correlates with depression and will reduce 

the severity of the development of depression. WKY rats were trained to voluntarily run in a 

gradually elongating lane and Wistar rats, a parent strain of the WKY strain, were trained to run 

on a rodent treadmill during a five-week aerobic exercise protocol. After cessation of the 

exercise regimen, OFT and FST behavioral tests and neurological assessments of BDNF and 

neuronal atrophy were conducted to determine the role of aerobic exercise as a treatment and 

protective factor in depression.  
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Materials & Methods 

Animals 

WKY (n = 8) and Wistar (n = 9) rat strains were included in the study. The WKY strain 

was initially developed by Okamoto & Aoki (1963) as a hypertensive model but later studies 

found WKY rats exhibited depressive behaviors and the strain is currently seen as an acceptable 

rodent model for endogenous depression. Due to vastly different exercise capabilities between 

the strains and the inability of the WKY strain to meet the treadmill training criteria – both 

strains moved directionally on the stationary treadmill, but the WKY would not move 

directionally on the treadmill moving at 0.5 mph – the strains were divided into two separate 

studies. Table 1 and Figure 5 depict the study breakdown and experimental timeline, 

respectively.  

 

Table 1. Experiment breakdown by rat strain and number of animals per 

treatment group. 

Experiment Rat Strain Exercise Non-Exercise 

1 WKY 
4 

(2 Female, 2 Male) 

4 

(3 Female, 1 Male) 

2 Wistar 
4 

(2 Female, 2 Male) 

4 

(2 Female, 2 Male) 
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All animals were bred in-house (parent strains: Charles River) and breeding took place in 

a 12:12-hour light cycle in which the lights were on from 8:00 am to 8:00 pm. Upon birth, 

breeding mothers and pups were transferred to a 12:12-hour reverse light-dark cycle in which the 

lights were on from 8:00 pm to 8:00 am so not to interfere with the gestation period of the 

breeding mothers. The animals were maintained on the reverse light cycle and all procedures 

took place during the dark phase of the cycle. All animals were provided rodent chow and water 

ad libitum and environmental enrichment (one five-inch sterilized ¾-inch cut PVC pipe per 

cage). After rodents matured to 3 months, rodent chow was restricted (20 g per day) to maintain 

a healthy weight. Temperature was maintained at 70℉-72℉ and cage cleaning was conducted 

weekly. Animal weights were measured weekly to monitor weight gain/loss due to exercise 

participation. Animals were monitored during and after exercise for limb damage and were 

removed from the study if signs of injury were visible. All procedures were conducted at 

Washington College, MD and were approved by the Washington College Institutional Animal 

Care and Use Committee (IACUC; Protocol: F18-003). 

Experiment 1: Role of Exercise as a Treatment for Depression 

 Animals. WKY rats (n = 8, 5 female & 3 male), 14-19 weeks of age, were used as an 

endogenous model of depression. Post-weaning, animals were matched by sex and divided 

evenly into exercise (WKY-E; n = 4, 2 female & 2 male) and non-exercise control (WKY-C; n = 

4, 3 female and 1 male) groups. Animals in the exercise and non-exercise groups were housed 

separately in pairs by sex (if possible) or singly if no sex-match was available in the group.  

Exercise. Animals within the exercise group engaged in voluntary exercise for 35 days 

(29 exercise days, 6 off days total). Exercise consisted of walking back-and-forth in an enclosed 

custom lane (72 x 5.5 x 7 in, Figure 6). Animals were removed from their cage, placed into the 
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lane individually, and allowed to move freely for the duration of the exercise session (three 

minutes). Exercise sessions occurred once per day, except on designated rest days. To motivate 

the animals to walk, small Fruit Loop pieces were continuously placed at the ends of the lane. 

The duration of the 35 days of exercise was divided into 6 intervals. At each new interval, the 

distance between the ends of the lane was increased by moving the removable divider that 

blocked the full distance of the lane. This was done to familiarize the animals with the lane and 

ease the them into the exercise procedure. Table 2 depicts the exercise protocol. As the animals 

became accustomed to the exercise, Fruit Loop pieces were provided at the end of the lane on a 

fixed interval of every 3 full lane crossings. At the end of each exercise session, animals were 

returned to their cages and the lanes were sanitized. Animals in the non-exercise group remained 

in their cages throughout the 35 days. Animal handling was minimized in both groups to reduce 

the impact of handling on the animals.  
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Experiment 2: Role of Exercise as a Protective Factor in the Development of Depression 

 Animals. Wistar rats (n = 9, 4 female & 5 male), 19 weeks of age, were used. Post-

weaning, animals were matched by sex and divided evenly into exercise (Wistar-E; n = 5, 2 

female & 3 male) and non-exercise control (Wistar-C; n = 4, 2 female & 2 male) groups. Due to 

a refusal to exercise, one animal was removed (n = 8) from the Wistar-E treatment group leaving 

the group with four animals (Wistar-E: n = 4, 2 female & 2 male) for the remainder of the 

procedures. All animals were subject to the CUS procedure. Animals housed individually as per 

the CUS model and additional animal monitoring occurred in conjunction with the CUS 

procedures. 

Exercise. Animals within the exercise group engaged in forced exercise for 35 days (29 

exercise days, 6 off days). Exercise consisted of running on a custom rodent treadmill (Figure 7) 
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that was constructed based off the model proposed and tested by Boughanim and Bergdahl 

(2017). The custom treadmill used was constructed using a standard treadmill (Weslo Crosswalk 

5.2t). A custom enclosed acrylic chamber (30 x 16 x 4.5 in) with an open floor was built to sit on 

the treadmill just above the moving belt. The chamber was separated into 3 lanes (30 x 5.25 x 4.5 

in) to allow animals to run individually. The rear 4.5 inches of the lanes hung off the end of the 

treadmill belt and was filled using a wooden block to create a safe standing place for the animals. 

Exercise sessions occurred once per day, except on designated rest days. The sound of a 

paintbrush and/or flyswatter rubbing against the moving treadmill was used to motivate the 

animals to run on the treadmill. If needed, the gentle probe with a paintbrush and/or flyswatter 

was also used. The duration of the 35 days of exercise was divided into 6 intervals. The speed of 

the treadmill gradually increased by 0.1 mph (0.045 meters per second) over the 6 intervals. The 

different sessions within the interval consisted of either 3x30 second exercise bouts or 3x45 

second exercise bouts alternating with 3x30 second rest periods. Table 3 depicts the exercise 

protocol. Animals were closely monitored for difficulty or failure at an exercise speed and 

duration. This was commonly seen as constant motivation to continue running, ignoring 

motivation and falling to the rear platform, or attempting to exit the chamber. If this occurred, 

the speed was reduced to the most recent successfully completed speed and time. At the end of 

each exercise session, animals were returned to their home cage and given a Fruit Loop as a 

reward and the treadmill lanes were sanitized. Animals in the non-exercise group remained in 

their cages throughout the 35 days. Animal handling was minimized in both groups to reduce the 

impact of handling on the animals.  
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Table 3. Wistar exercise protocol. 

Interval Days Speed (mph) Speed 

(meter/min) 
Duration 

Exercise (sec) 
Duration Rest 

(sec) 

1 1-2 0.6 16.1 45 30 
3 Rest Rest - - 

2 
4-5 0.7 18.8 30 30 
6-8 0.7 18.8 45 30 
9 Rest Rest - - 

3 
10-11 0.8 21.5 30 30 
12-14 0.8 21.5 45 30 

15 Rest Rest - - 

4 
16-17 0.9 24.1 30 30 
18-20 0.9 24.1 45 30 

21 Rest Rest - - 

5 
22-23 1.0 26.8 30 30 
24-26 1.0 26.8 45 30 

27 Rest Rest - - 

6 

28-29 1.1 29.5 30 30 
30-32 1.1 29.5 45 30 

33 Rest Rest - - 
34-35 1.1 29.5 45 30 
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Chronic Unpredictable Stress (CUS). Animals were exposed to daily mild stressors 

modeled off the chronic mild stress protocol proposed by Gibson et al. (2012). Animals were 

first transferred from group housing to single housing cages, causing social isolation distress. 

Over the course of the following 35 days, three additional stressors were administered in a 

randomized fashion. Damp bedding was caused my pouring 150 mL of water over the normal 

bedding placed in the cage. To cause the tilted cage stressor, blocks were securely placed under 

one side of the cage, causing the cage to sit at an angle. Finally, to create the empty cage stressor, 

all bedding and enrichment was removed from the cage, while water and food remained 

available. Table 4 shows the sequence of stressors used in the CUS protocol. All animals were 

monitored for signs of severe distress and weighed weekly to monitor for abnormal changes in 

weight.  

Table 4. Wistar CUS treatment sequence of events. 

Days Start Day / Duration  Stressor 

1-3 Day 1 / 3 Days Damp Bedding 

4-5 Day 4 / 2 Days Tilted Cage 

6-7 Day 6 / 2 Days Empty Cage 

8-10 Day 8 / 3 Days Tilted Cage 

11-12 Day 11 / 2 Days Damp Bedding 

13-14 Day 13 / 2 Days Tilted Cage 

15-17 Day 15 / 3 Days Empty Cage 

18-20 Day 18 / 3 Days Damp Bedding 

21-23 Day 21 / 3 Days Tilted Cage 

24-25 Day 24 / 2 Days Empty Cage 

26-27 Day 26 / 2 Days Tilted Cage 

28-30 Day 28 / 3 Days Damp Bedding 

31-32 Day 31 / 2 Days Tilted Cage 

33-35 Day 33 / 3 Days Empty Cage 

 

Behavioral Assessments 

Open Field Test (OFT). The OFT, a measure of locomotor activity and anxiety, is a 

reliable measure for measuring the behavioral symptoms associated with depression in rodents 
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(Rittenhouse, Lópex-Rubalcava, Stanwood, & Lucki, 2002; Shirayama et al., 2002). Marlatt et 

al. (2002) and Shirayama et al. (2002) found that depressed rodents showed reduced total activity 

and exploration behaviors, both of which returned to normal after antidepressant treatment 

(Marlatt et al., 2002; Shirayama et al., 2002). Animals were brought into the dimly lit testing 

room and allowed 30 minutes to acclimate. OFT testing took place 2 days after the cessation of 

the exercise and stress procedures. OFT testing was conducted using the Photobeam Activation 

System (San Diego Instruments) which tracked the total, center, peripheral, and rearing 

movement of the animal. The beams collected the quantity of beam crossings, resulting in total, 

peripheral, center, and rearing activity (Figure 8A). Animals were removed from their home cage 

and placed into the testing chamber (standard rodent housing cage) containing a thin layer of 

fresh bedding. The 5-minute session began upon the first beam break. Upon completion of the 

trial, the animal was removed and returned to its home cage. The used bedding from the testing 

chamber was discarded and the chamber was sanitized before adding fresh bedding for 

subsequent trials. Session data from each animal was extracted using a custom Microsoft Access 

report. Animals within each experiment were compared. Independent samples t-tests were used 

to compare mean total, perimeter, center, and rearing OFT activity between the exercise and non-

exercise groups. For the rearing analysis of the WKY strain, one animal (non-exercise) was 

removed due to an improbably high rearing behavior, potentially due to an error in data 

collection.  

Forced Swim Test (FST). The FST is a common reliable measure of depressive-like 

behavior in rodents (Rittenhouse et al., 2002; Shirayama et al., 2002). During the FST, depressed 

rodents swam less and showed increased susceptibility to learned helplessness, the phenomena in 

which an animal no longer attempts escape from a stressor, both of which return to normal after 



26 

 

antidepressant treatment (Fukumoto et al., 2017; Rittenhouse et al., 2002; Shirayama et al., 

2002). FST testing took place 3 days after the cessation of the exercise and stress procedures. 

Animals were allowed 30 minutes to acclimate to the dimly lit testing room. FST testing was 

conducted in a plexiglass cylinder under normal light in water maintained at 25℃-30℃ (Figure 

8B). Singly, animals were gently placed into the water and latency for no longer searching for an 

exit or failing to stay afloat was recorded. Each trial lasted a maximum of 2 minutes. At the 

completion of the trial, animals were retrieved from the water and towel dried before being 

returned to their home cage. Water was changed after 4 consecutive animals and was regularly 

cleaned of fecal matter between trials. Animals within each experiment were compared. 

Independent samples t-tests were used to compare mean latency to surrender between the 

exercise and non-exercise groups.  
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An unforeseen delay for euthanasia procedures extended time until euthanasia from 3 

days to 9 days post-exercise. To compensate for this time change, exercise and CUS procedures 

were reinstated 5 days after original exercise cessation and lasted for an additional 5 days until 

euthanasia. For both rodent strains, exercise was conducted at the final exercise interval as seen 

in the original exercise protocol. The Wistar strain received tilted cage (2 days) and damp 

bedding (3 days) as CUS stressors during the extension period. On the third day of the extension, 

a second FST trial was conducted at a 5-minute maximum (four days after the initial trial) due to 

the low spread in the data as all animals swam for the full 2 minutes or close to the full 2 full 
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minutes. On the fifth day of the extension, euthanasia and tissue collection began in conjunction 

with the final exercise/CUS protocols sessions.  

Euthanasia & Tissue Collection/Preparation 

 Euthanasia & Perfusion. Euthanasia and tissue collection began on the final day of the 

protocol extension period and took place over four consecutive days. Animals received 

intraperitoneal injections of sodium pentobarbital (196mg/kg). Once the animal no longer 

perceived pain, assessed by hand pinch of the skin between the toes of the animal, the chest 

cavity was surgically opened to expose the heart and a luer stub needle (22 ga x 12 mm) was 

inserted in the left ventricle. Saline was pumped throughout the vascular system. The right 

atrium was cut to allow blood to flow out of the system. Once the blood was removed from the 

animal, paraformaldehyde (4%) was perfused until the tissue was fixed. The stiffening of the 

neck was used as an indicator that fixation occurred successfully in the brain. Upon completion, 

the head of the animal was severed from the body using a rat guillotine and the brain was 

removed from the skull. Excavated brains were submerged singly in glass jars containing 

paraformaldehyde (4%) for 3-6days before being transferred to jars containing tris-buffered 

saline (TBS; 1X) and refrigerated pending brain sectioning. 

  Brain Sectioning. Tissue slicing for histological analysis was conducted in TBS using a 

Leica VT1000S vibratome (Leica Biosystems). Coronal slices (60 micrometers) of the prefrontal 

cortex and hippocampus were collected and stored at -20℃ in FD Section Storage Solution (FD 

Neuro Technologies, Inc.) to preserve the tissue until staining. 

 Staining. Staining procedure was modeled off the Vector VECTASTAIN Elite ABC 

Peroxidase (HRP) Kit (Vector Laboratories Inc.) procedure. Blocking serum, biotinylated 

secondary antibody, Reagent A (Avidin), and Reagent B (Biotinylated HRP) were provided in 
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the kit. Sections were washed 3x10 minutes in TBS at room temperature on a Labnet Shaker 

Orbit 300 (Labnet International Inc.) on high shake (50 rpm). Between each wash, the wash 

solution was removed and fresh TBS was added. After washing and thawing to room 

temperature, the tissue was incubated at 45℃ in 1 mL of blocking serum (1.5%) for 30 minutes 

followed by 30 minutes at room temperature with low shake (30 rpm). The blocking serum was 

removed, and the tissue was incubated at 45℃ in 750 μL of primary anti-BDNF antibody 

[ERP1292] (Abcam) at 1:750 in fresh phosphate buffer (PB) for 1 hour. Incubation continued 

overnight at 3℃ on low shake.  

The following day, the tissue was washed 4x15 minutes in fresh phosphate buffered 

saline (PBS) at room temperature and high shake. After washing, the tissue was incubated at 

45℃ in 1 mL of biotinylated secondary antibody at 1:200 in blocking serum and PBS for 30 

minutes followed by 30 minutes at room temperature with low shake. The tissue was then 

washed 3x10 minutes in fresh PBS at room temperature. The VECTISTAIN Elite ABC Reagent 

was made by combining the following contents in the VECTISTAIN Elite ABC Kit Peroxidase 

(HRP) procedure at the designated 1:50 concentration: Reagent A (100 μL), Reagent B (100 μL), 

and PBS (5 mL). The reagent was incubated at 45℃ for 20-30 minutes before its use. After the 

final wash solution was removed, the tissue was incubated at 45℃ in 1 mL of the VECTISTAIN 

Elite ABC Reagent for 1 hour followed by 1 hour at room temperature with low shake. The 

tissue was then washed 2x10 minutes in PBS and 1x10 minutes in Tris at room temperature with 

high shake.  

The Vector DAB Peroxidase Substrate Kit (Vector Laboratories Inc.) was used to 

produce a brown reaction product in the presence of the HRP enzyme. The working peroxidase 

solution was prepped using the Vector DAB Peroxidase Substrate Kit procedure: 2 drops 
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(approximately 84 μl) of Buffer Stock Solution, 4 drops (approximately 100 μl) of DAB Stock 

Solution, and 2 drops (approximately 80 μl) of Hydrogen Peroxide Solution, and 5 ml of distilled 

water. Tissue sections were completely submerged in the peroxidase solution at room 

temperature until the optimal development (45 seconds-1 minute) was acquired and then 

transferred to cold Tris for washing to halt the reaction. The tissue was then mounted onto 

Proteinase-Resistant Microscope Slides (75 x 25mm; FD Neuro Technologies, Inc.) and dried 

overnight. Slides were then washed with fresh 95% and 100% ethanol 3x5 minutes each, 

followed by 3x15 minute washes in Safeclear Tissue Clearing Agent (Fischer Scientific), and 

mounted with coverslips using Permount (Fisher Scientific).  

Imaging. Slides were visualized on a Nikon Optiphot-2 microscope (Nikon Instruments 

Inc.; Reference: 520831) using a Leica DFC295 photo adaptor (Leica Microsystems) and the 

Leica FireCam imaging program. Images of the medial prefrontal cortex (mPFC), hippocampus 

CA1, hippocampus CA3, and hippocampus dentate gyrus (DG) were collected. Locations of the 

mPFC, CA1, CA3, and DG in tissue sections were modeled off Grüter et al., 2015 (Figure 9A-

D). Images of each region were acquired at 40x, 100x, and 400x magnification (Figure 9E-G). 
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Neurological Assessments 

Brain-Derived Neurotrophic Factor (BDNF). Cell counts were acquired from each 

region (mPFC, CA1, CA3, and DG) from images at 400x magnification. Multiple tissue sections 

and multiple sample locations per tissue section from each animal were counted to obtain a more 

representative cell count for each region. Cells were counted using ImageJ Cell counter. Image 

contrast and color balance were adjusted for optimal cell visualization. Cell counts were 

averaged within each region for each animal and then averaged within the exercise and non-
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exercise groups. Independent samples t-tests were used to compare mean BDNF containing cells 

within each region between the exercise and non-exercise groups. 

  



33 

 

Results 

Open Field Test (OFT) 

 Within the Wistar strain, independent samples t-tests revealed no significant differences 

in total, peripheral, center, or rearing OFT activity between the exercise and non-exercise groups 

(Figure 10A, Table 5). Within the WKY strain, there was a significant difference in mean 

peripheral OFT activity between the exercise (M = 119.00, SD = 14.90) and non-exercise (M = 

97.75, SD = 15.31) groups, t(6) = 1.9897, p < 0.05, η2 = 0.3975, indicating that exercise 

increased peripheral OFT activity, a treatment that accounted for 39.75% of the variance 

between the groups. A significant difference was also found for mean rearing OFT activity 

between the exercise (M = 27.50, SD = 3.70) and non-exercise (M = 17.33, SD = 1.53) groups, 

t(5) = 4.4046, p < 0.01, η2 = 0.7951, indicating that exercise increased rearing OFT activity, a 

treatment that accounted for 79.51% of the variance between the groups. A trend toward 

significance was found for mean total OFT activity between exercise and no-exercise animals 

(t(6) = 1.7655, p = 0.064, η2 = 0.3419). Together, these indicate that the exercise group had 

increased exploratory behaviors and OFT activity. No significant differences were found 

between exercise (M = 91.75, SD = 16.80) and non-exercise (M = 85.50, SD = 9.98) groups for 

mean center OFT activity (Figure 10B).  
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Table 5. OFT results for Wistar rat strain (n = 8). Total activity, center activity, peripheral 

activity, and rearing data were collected using the quantity of beam crossings within the testing 

chamber. Individual sessions began upon the first beam break and continued for five minutes. 

Session data was extracted using a custom Microsoft Access report and averaged for each 

measure within the exercise and non-exercise groups. 

OFT Activity Exercise Treatment Mean (X) 
Standard Deviation 

(SD) 

Total 
Yes 244.75 29.23 

No 286.25 86.30 

Peripheral 
Yes 82.50 28.99 

No 100.00 20.31 

Center 
Yes 162.25 24.99 

No 186.25 66.70 

Rearing 
Yes 29.00 9.52 

No 31.75 8.42 
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Forced Swim Test (FST) 

 Within the Wistar strain, an independent samples t-test for mean latency to surrender 

between the exercise (M = 277.00, SD = 46.00) and non-exercise (M = 223.75, SD = 47.13) 

groups exhibited a potential trend toward significance, t(6) = 1.6172, p = 0.0785, η2 = 0.3036, 

indicating that indicating that exercise increased latency to surrender, a treatment that accounted 

for 30.36% of the variance between the groups (Figure 11A). Within the WKY strain, no 

difference was found for mean latency to surrender between the exercise (M = 122.25, SD = 

31.61) and non-exercise (M = 123.50, SD = 62.96) groups (Figure 11B). 

 

Brain-Derived Neurotrophic Factor (BDNF) 

 Due to low tissue availability and tissue damage, cell counts were not conducted in the 

CA3 region for the Wistar strain and the CA1 or DG of the hippocampus for either strain. Within 
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the Wistar strain, no significant difference in mean BDNF containing cells in the mPFC was 

found between the exercise (n = 4, M = 152.08, SD = 34.74) and non-exercise (n = 3, M = 

136.89, SD = 29.94) groups (Figure 12A). Within the WKY strain, independent samples t-tests 

were used to compare the number of BDNF containing cells within the mPFC and CA3. While 

no difference was found between the exercise (n = 4, M = 133.56, SD = 15.82) and non-exercise 

(n = 4, M = 102.75, SD = 40.04) groups within the mPFC, a significant difference was found 

within the CA3 between the exercise (n = 3, M = 205.17, SD = 27.59) and non-exercise (n = 4, M 

= 141.25, SD = 46.56) groups, t(5) = 2.0889, p < 0.05, η2 = 0.4660, indicating that exercise 

significantly increased BDNF expression in the CA3 of the hippocampus, a treatment that 

accounted for 46.60% of the variance between the groups (Figure 12B). 



37 

 

 

  



38 

 

Discussion 

 This study examined the efficacy of aerobic exercise on depressive behaviors and BDNF 

expression in two rodent models of depression. These studies examined the potential benefits of 

aerobic exercise in either protecting against the development of depression, by administering 

exercise and CUS to Wistar rats simultaneously, or reducing depression, by administering 

exercise to WKY rats. 

 The results of this study partially supported aerobic exercise’s ability to reduce 

depressive symptoms in rodents. In the CUS-treated Wistar strain, aerobic exercise had no 

noticeable effect in reducing depressive behaviors in the OFT, showed a trend toward reducing 

depressive behaviors in the FST, and did not significantly impact expression of BDNF 

containing cells. In the WKY strain, aerobic exercise reduced depressive behaviors in the OFT, 

showed no effect in reducing depressive behaviors in the FST, and increased BDNF producing 

cells in the CA3 region of the hippocampus. These findings imply that the aerobic exercise 

employed in the study may not have been effective in protecting against the onset of depression 

or that the CUS protocol may not have been sufficient to induce depression since a depressive 

state was not verified, as evidenced by the lack of effect in the FST. 

 Aerobic exercise appeared to reduce activity and anxiety-related depressive behaviors in 

the WKY strain in the OFT. Increased exploratory behavior accompanied exercise-treated 

animals compared to non-exercise treated animals on all OFT activity measures, specifically 

rearing, peripheral, and total activity, a finding consistent with prior work (Erickson et al., 2012; 

Marlatt et al., 2002; Shirayama et al., 2002). While this suggests that aerobic exercise may be 

effective in reducing depressive behaviors in the WKY rodent model of depression, it is 

important to consider that the increase may be an artifact of the nature of the exercise. The 
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exercise procedure capitalized on the rat’s motivation to search for food, therefore, the exercise 

may have unintentionally rewarded exploratory behaviors which may have translated to the 

novel OFT environment resulting in increased exploration as the rats searched for a food reward. 

Contrary to recent findings, no difference in OFT activity was found across exercise treatments 

of the CUS-treated Wistar rats. This discrepancy may have been influenced by a small effect of 

CUS and exercise programs. It is necessary to consider that the CUS and exercise treatments 

may not have been sufficient enough to produce a depressive state and then reduce depressive 

symptoms, respectively, therefore no difference should be detectable.  

 In the FST test, aerobic exercise showed a trend toward reducing depressive behaviors, 

specifically learned helplessness, in the CUS-treated Wistar strain. As seen in prior work, 

depressed rats showed a reduced latency to surrender compared to exercise-treated rats 

(Rittenhouse et al., 2002; Shirayama et al., 2002). While this may be the case, the Wistar rodents 

may have had greater stamina due to aerobic exercise and, therefore, may have performed better 

on the FST since the assessment is also a measure of stamina (Duman, Schlesinger, Russel, & 

Duman, 2008; Trejo, LLorens-Martín, & Torres-Alemán, 2008). Particularly if the CUS 

treatment did not produce a depressive state in the Wistar rats, the trend found here may be better 

explained by the rodents’ increase in stamina due to exercise. FST latency to surrender did not 

differ in WKY rats based on exercise treatment, though current literature suggests that WKY rats 

are very susceptible to learned helplessness and often swim for a shorter duration in FST 

(Rittenhouse et al., 2002; Will et al., 2003). This may suggest that the exercise treatment may not 

have had the intended impact, possibly due to its reduction in difficulty at the start of the study, 

and that the exercise program should be revised. This may also suggest that the entire WKY 

strain benefited equally from the minimal handling or that the rats used was not as depressed as 
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other WKY rats. Moving forward, learned helplessness could also be further assessed using other 

common behavioral assessments like the tail suspension test or sucrose preference test 

(Fukumoto et al., 2017; Rotzinger et al., 2010). 

 Taken together, these behavioral results uncover an interesting and valuable notion 

regarding depression. Both rat strains exhibited reductions in depressive symptoms differently 

depending on the strain. While strain difference could play a role, this occurrence may highlight 

the heterogeneity of depression and variability in depressive symptoms in rodent models, a 

concept commonly understood in the human population as contributing to difficulties in both 

depression research and treatment (Jaffee et al., 2002).  

A closer examination of BDNF within the prefrontal cortex and hippocampus of the 

animals revealed promising results for aerobic exercise. Within the WKY strain, exercise-treated 

animals had increased expression of BDNF containing cells within the CA3 region of the 

hippocampus, suggesting an increase in BDNF. Despite no observable change in prefrontal 

cortex, this finding is consistent with previous literature suggesting that exercise works to 

increase BDNF in the hippocampus as a mechanism for combating depression (Erickson et al., 

2012; Marlatt et al., 2002; Zheng et al., 2006). Overall, this study supports that aerobic exercise 

may be beneficial in reducing depression. The lack of evidence within the mPFC of the WKY 

strain may suggest that the exercise program may not have been sufficient enough to elicit a 

response in the cortex, suggesting a regional hierarchy in the molecular impacts of exercise 

beginning within the hippocampus. In the Wistar strain, increased BDNF expression was not 

identified within the mPFC. Unfortunately, the study was unable to assess the hippocampus to 

determine any change in BDNF expressing cells. Therefore, it is inconclusive to suggest that 

exercise exposure may protect against depression, especially without clear OFT or FST support. 
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Similarly, it is again important to consider that the CUS and exercise treatments may not have 

had their intended effects within the Wistar strain. 

Current literature suggests variability within WKY rats and, while that may be beneficial 

in modeling the heterogeneity of depression, the variability may contribute to difficulty in 

studying depression (Will et al., 2003). The study expands on how motivation impacts the 

strain’s ability to exercise. In current study, prior to the division into two separate studies, several 

attempts were made to motivate the WKY rats to engage in exercise. The rats were initially 

trained on the treadmill, but they failed to directionally walk once the treadmill was moving and 

immediately climbed out of the apparatus. Follow-up attempts included the use of a free-moving 

rodent exercise balls and a rodent harness/leash, but the rats were content on remaining 

stationary when in the exercise ball and visibly panicked when placed in the harness. During the 

training and multiple exercise attempts, it was noticed that the WKY rats responded well to food 

motivation (Fruit Loops). This was used to the study’s advantage as the rats would travel up to 

six feet for the food reward. This led to the division of the rat strains into separate studies. 

Through a better understanding of the WKY strain’s motivations, better individualized exercise 

models can be developed to more accurately assess the strain. 

 The findings of this study must be considered within the study’s limitations. While the 

major strength of this study’s ability to consider each strain’s motivation to exercise, effectively 

individualizing each exercise procedure to the strain, the exercise may not have produced the 

intended impact. The current study did not contain a control to test the effectiveness of the 

exercise procedures, despite being modelled off existing protocols (Erickson et al., 2012; 

Kempermann et al, 1997; Naghibzadeh et al., 2018), so the efficacy of the exercise treatment was 

not confirmed. The exercise protocols may not have elicited adequate energy expenditure within 
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the rats (Dunn et al., 2005) or they may have been limited in duration. The exercise protocol may 

have also induced stress in some of the animals as previous work suggested that forced exercise 

may lead to an increase in the stress response in mice (Cook et al., 2013). This increase in stress 

response may, therefore, exacerbate depressive symptoms instead of contributing to a reduction. 

The impact of novel and enriched environments may also have contributed to the results found in 

the study as the exercise groups were consistently transferred between their home cage and the 

exercise environment. This consistent transfer may have increased BDNF alone, a result similar 

to results seen in current literature suggesting that novel and enriched environments increase 

BDNF in the brain (Boulle et al., 2012; Sun et al., 2010). In the Wistar strain, the current study 

did not test the effectiveness of the CUS procedure despite being modelled off existing protocols 

(Gibson et al., 2012) and, therefore, may not have created depressive state within the Wistar 

strain. 

 It is important to consider literature from multiple avenues to create a more complete 

picture of the interaction between aerobic exercise and depression. While substantial research 

has focused on BDNF as a potential factor in the manifestation and maintenance of depression, 

some research suggests that BDNF may not play a significant role in depression (Groves, 2007; 

Krishnan & Nestler, 2008). Monteggia et al. (2007) found that the conditional forebrain 

knockout of BDNF or its receptor or the selective disruption of BDNF gene or BDNF-receptor 

gene regulation, leading to a reduction in BDNF, did not result is depressive-like behaviors in 

male mice. Berton et al. (2006) and Krishnan et al. (2007) showed that an increase in BDNF in 

the ventral tegmental area (VTA) or nucleus aucubas (NAc) regions of the brain, due to chronic 

stress or direct BDNF infusion, increased depressive-like behaviors. Finally, genetic variant 

studies found that a single-nucleotide polymorphism (G196A; Val 66 3 → Met 66) of the BDNF 
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gene, a single nucleotide change rendering the BDNF gene non-functional, did not alter genetic 

vulnerability to depression in rodents (Chen et al., 2006; Egan et al., 2003). These findings 

suggest the presence of gaps in the current literature regarding the role(s) of BDNF in 

depression, further highlighting the complexity of depression, prompting researchers to examine 

the roles of other molecular mechanisms in the treatment and prevention of depression connected 

with depression. 

Researchers have turned to examining vascular endothelial growth factor A (VEGF-A) 

due to increasing evidence that blood flow is altered within the brain during depression (Duman 

& Li, 2012; Mackenzie & Ruhrberg, 2012). Miguel-Hidalgo and Rajkowska (2002) showed that 

depression decreased blood flow to the prefrontal cortex and increased blood flow to the 

amygdala, the emotion center of the limbic system potentially contributing to prefrontal cortex 

atrophy and the atypical emotional activity of depressed individuals (Miguel-Hidalgo & 

Rajkowska, 2002). 

VEGFs are small polypeptides that increase angiogenesis, the formation of new blood 

vessels, throughout the body (Duman & Li, 2012; Holmes & Zachary, 2005; Jensen, Pilegaard, 

Neufer, & Hellsten, 2004). Recent research suggested that VEGF-A may have a role in 

protecting against damage within the brain, particularly damage associated with depression 

(Duman & Li, 2012). By delivering oxygen and nutrients to the high metabolically active tissue 

of the brain, VEGF-A promotes neurogenesis, increases cell soma size, and increases axon 

length in some regions (Mackenzie & Ruhrberg, 2012). This may be highly important in regions 

such as the hippocampus that experience significant neuronal atrophy with depression (Duman & 

Li, 2012). Berent, Macander, Szemraj, Orzechowska, and Galecki (2014) and Mackenzie & 

Ruhrberg (2012) showed that VEGF-A levels are elevated in the hippocampus of depressed 
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individuals and that, after successful depression treatments, VEGF-A levels returned to normal 

suggesting that VEGF-A may work to protect and heal the damaged brain. Prior research 

highlighted the neuroprotective role of VEGF-A as infusions increased neurogenesis, the 

formation of new neurons, in the hippocampus and cortex (Mackenzie & Ruhrberg, 2012). 

Whether the neurogenic effects of VEGF-A are direct or indirect is currently at debate within the 

literature (Mackenzie & Ruhrberg, 2012). Falk, Gonzalez, and Sherman (2010) described the 

potential cellular mechanism of VEGF-A as seen in Figure 13. VEGF-A binds to cell surface 

VEGF receptors (VEGFR1-3) and, after dimerization, activates downstream Akt and PLCγ/PKC 

pathways via phosphorylation, which leads to transcriptional gene regulation (the increase or 

decrease of specific gene transcription) of genes involved in angiogenesis, neuroprotection, and 

neurogenesis (Falk et al., 2010). 
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One of the beneficial roles of aerobic exercise in combating depression may arise from 

the ability of exercise to increase vascularization within the brain (Jin et al., 2002). In addition to 

increasing vascularization and VEGF mRNA and total VEGF protein in skeletal muscles, Tang, 

Xia, Wagner, and Breen (2010) showed that aerobic exercise increased VEGF-A transcription in 

the hippocampus and cortex of the brain in rodents. Prior work also found that VEGF-A 
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increased angiogenesis, promoted neurogenesis, and served other neurotrophic-like functions 

similar to BDNF within the hippocampus and cortex (Jin et al., 2002).  

Another group of molecules of recent interest to researchers are kynurenine (KYN) and 

its metabolite, kynurenic acid (KYNA). KYN, KYNA, and other molecules in the kynurenine 

family are derived from the amino acid tryptophan, similar to the well-studied neurotransmitter 

serotonin (Schwarcz, Bruno, Muchowski, & Wu, 2012). KYN, normally identified as harmless, 

is found throughout the body’s periphery, but it causes problems when it enters the brain 

(Agudelo et al., 2014). Research by Agudelo et al. (2014) suggested that, once KYN crosses the 

blood brain barrier (BBB), it activates stress-induced mechanisms, such as neuronal death, 

neuroinflammation, and glutamate transmission, that are linked with depression. These occur as 

KYN is metabolized by microglia and astrocytes, two types of glial cells within the brain, into 

3‑hydroxykynurenine (3-HK) and KYNA, respectively (Schwarcz et al., 2012). 3-HK is further 

metabolized to quinolinic acid (QUIN), a molecule linked to excitotoxic neuronal damage 

(Schwarcz et al., 2012). The KYN pathway may play an even greater role with the induction of 

stress. Agudelo et al. (2014) suggested that tryptophan conversion is shifted highly toward KYN 

in the presence of stress, thus increasing KYN’s influx into the brain and, consequently, 

increasing QUIN and downstream neurotoxic pathways leading to depression-inducing 

conditions. Prior work using individuals with clinically-diagnosed depression, found higher 

levels of KYN in individuals with depression indicating this shift in conversion during stress 

(Schwarcz et al., 2012). Broader research concerning dysregulation of the KYN pathway has 

been linked to both neurological disorders (i.e. Huntington’s disease and Alzheimer’s disease) 

and psychiatric disorders (i.e. depression and schizophrenia) in clinical populations (Schwarcz et 
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al., 2012). A simplified schematic of the KYN synthesis and metabolism depicting KYN 

conversion can be seen in Figure 14A (Agudelo et al., 2014).  

Since most KYN enters the brain from the periphery, researchers are exploring methods 

of preventing it from crossing the BBB (Agudelo et al., 2014; Schwarcz et al., 2012). KYN’s 

major metabolite, KYNA, is unable to cross the BBB and enter the brain (Agudelo et al., 2014; 

Schwarcz et al., 2012). Agudelo et al. (2014) found that aerobic exercise increases skeletal 

muscle expression of kynurenine aminotransferases (KATs), a group of enzymes that convert 

KYN to KYNA, in mice. By increasing the expression of KATs in the periphery (the same 

enzyme that astrocytes carry to convert KYN to KYNA in the brain), KYN is more readily 

converted to KYNA and is, therefore, unable to cross the BBB and induce depression-involving 

pathways (Agudelo et al., 2014; Figure 14B). 
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 Yau et al. (2014) identified another molecule that may play a role in exercise-mediated 

benefits in combating depression. Adiponectin (ADN) is a protein hormone responsible for 

mediating glucose and lipid uptake in skeletal muscles and the liver (Thundyil, Pavlovski, Sobey, 

& Arumugam, 2012). ADN readily crosses the BBB and acts on its receptors (AdipoR1, 

AdipoR2, and T-cadherin) located in brain regions such as the hypothalamus, pituitary gland, 

cortex, and hippocampus (Thundyil et al., 2012; Yau et al., 2014). Yau et al. (2014) found 

reduced ADN levels in patients with depression. While Thundyil et al. (2012) noted that several 

studies have examined the role of ADN in neurological pathologies, a mechanism is largely 

unknown. A study conducted by Yau et al. (2014) examined the role of ADN in the brain and 
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uncovered that it is essential for the exercise-mediated benefits (increased neurogenesis, cell 

proliferation, and other antidepressant effects) in combating depression. While Adipo-/- mice, 

ADN knockout mice, did not exhibit altered basal hippocampus neurogenesis levels, they 

showed significantly reduced running-induced hippocampal neurogenesis, cell proliferation, and 

other running-induced antidepressant effects (Yau et al., 2014). When examining a potential 

mechanism, it was found that Adipo-/- mice were unable to trigger running-induced 

phosphorylation of AMP-activated protein kinase (AMPK) within the PI3K-Akt signaling 

pathway in hippocampal tissue, a protective pathway within the hippocampus, suggesting that 

the PI3K-Akt signaling pathway may play a role in ADN-mediated exercise-induced benefits 

(Yau et al., 2014).  
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Conclusion 

In conclusion, this study partially supports the role of aerobic exercise in reducing 

depression. Consistent with recent literature, aerobic exercise reduced some depressive-like 

behaviors and increased hippocampal CA3 BDNF in the WKY strain. Therefore, aerobic 

exercise may be beneficial for those seeking treatment for depression, yet continued research is 

needed to understand the extent of its treatment abilities. The study further contributes to the 

growing understanding of the difficulty researching a complex heterogeneous disorder such as 

depression. Overall, aerobic exercise shows promise in its ability to reduce depression, a quality 

similar to antidepressant medications. While continued research is needed to further understand 

the molecular mechanisms underlying the benefits of aerobic exercise, current research suggests 

it may serve as a useful alternative or supplement to antidepressant medications.  
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