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Abstract 

Chronic stress and Alzheimerôs disease (AD) both lead to degenerative changes in the 

hippocampus, a brain structure involved in episodic memory and regulation of the stress 

response.  Mechanisms of aging (inflammation, oxidative stress, membrane damage, 

mitochondrial dysfunction, and insulin resistance) and a loss of brain-derived neurotrophic factor 

(BDNF), occur in cases of both stress-related depression and AD. Three studies were conducted 

using mouse models to determine whether exercise or treatment with an anti-aging multi-

ingredient supplement (MDS) designed to counteract these aging mechanisms could protect the 

hippocampus, and associated behavioural functions, from either stress or AD.  The first 

experiment revealed that the upregulation of neurogenesis by aerobic exercise in c57Bl/6 male 

mice does not occur after stress exposure. The MDS and exercise, but neither intervention alone, 

alleviated anhedonia, upregulated BDNF and increased neurogenesis.  

The other two experiments evaluated whether the MDS could counteract a range of AD 

behavioural and biological manifestations in both sexes of the 3xTg-AD mouse model. At 3-4 

months of age, 2 months of MDS-supplementation protected 3xTg-AD mice from developing 

deficits in working memory and spatial learning seen in vehicle-treated transgenic mice. The 

MDS continued to benefit 3xTg-AD females, but not males, on tests of 24-h recall under 

conditions of high interference until 11-12 months of age, along with upregulating hippocampal 

BDNF. The MDS also attenuated the splenomegaly seen in 3xTg-AD mice and normalized the 

previously undiscovered aberrant recruitment of CA1 and CA3 neurons by 3xTg-AD males 

during spatial encoding. 

This work supports the use of diet and exercise to buffer against major depressive 

disorder (MDD) and AD in part by acting upon the hippocampus.  It also recommends the use of 

lifestyle-based interventions to promote functional improvements in MDD or AD, and further 

elucidates the potential of BDNF and neurogenesis as therapeutic targets in counteracting these 

debilitating conditions. 
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1.1. Depression, stress and the aging hippocampus 

Major depressive disorder (MDD) is a devastating mood disorder and a leading cause of 

disability worldwide (World Health Organization; http://www.who.int/), affecting approximately 

350 million people.  MDD is characterized by prolonged sadness combined with a mosaic of 

psychological symptoms such as apathy, anhedonia, irritability and insomnia, often disrupting 

work and personal relationships and potentially leading to suicide (Belmaker & Agam, 2008).  

MDD also contributes to age-related mental and physical decline and increases the risk of death 

by 2-3x (Fiske et al., 2009). MDD affects 5.8% of Canadians aged 15-64 (Public Health Agency 

of Canada; http://www.phac-aspc.gc.ca/), and while the prevalence of major depression is lower 

in community dwelling adults over 65 years of age (~1.7%), the prevalence of depressive 

symptoms is significantly higher in this group than in younger adults (~15%; Fiske et al., 2009).  

Over half of geriatric patients with depression experience their first episode after the age of 60 

(i.e. late-onset), demonstrating the high probability that the risk factors for MDD in older adults 

differ to some extent from those which affect younger adults.  The economic toll of depression is 

substantial and rapidly increasing, growing by 21.5% to $210 billion between 2005 and 2010 in 

the United States (Greenberg et al., 2015).  In 2013, the cost of depression in Ontario alone was 

also substantial, at approximately $276 milli on (Chiu et al., 2017). Thus, there is a tremendous 

need to investigate lifestyle factors that promote resilience against depression and healthy aging 

for the benefit of both individuals and society. 

Chronic stress has a toxic impact on the brain and is widely agreed to be a major causal 

factor in the pathogenesis of MDD and other mood disorders (McEwen, 2003).  In the elderly, a 

meta-analysis of 20 studies identified life stress due to bereavement as the greatest risk factor for 

MDD (Cole & Dendukuri, 2003), increasing the risk by 3.3x.  Work in rodents (Sapolsky, 1985) 

and primates (Sapolski et al., 1990) has shown that stress is particularly damaging for the 

hippocampus, a region of the brain that also atrophies with age and is critically involved in 

episodic and declarative memory (Tulving & Markowitsch, 1998) as well as regulation of the 

stress response (Surget et al., 2011). Moreover, the degree of hippocampal volume loss in 

humans with MDD is highly related to the number of past episodes (MacQueen et al., 2003) and 

lifetime illness duration (Sheline et al., 1999).  Evidence from animal models and humans 

suggests that inflammation and oxidative stress may be mediating factors in psychological stress-

induced depression. In rodents, chronic mild stress leads to oxidative damage (Fontella et al., 

2005) and inflammation (Zhang et al., 2016) in the hippocampus, as well as depressive-like 

behaviour and impaired performance on tests of hippocampal-dependent memory such as the 

water maze, effects that were prevented by anti-oxidant treatment (Nagata et al., 2009; Zhang et 

al., 2016).  In humans, psychological stress and major depression are associated with increases in 

serum and cerebrospinal fluid (CSF) markers of inflammation and oxidative stress, both of which 

are alleviated by anti-depressant medication (Bilici et al., 2001; Tuglu et al., 2003).   

http://www.who.int/
http://www.phac-aspc.gc.ca/
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Roles for oxidative stress and inflammation in the aging process are also well-established 

(Harman, 1956; Harman,1972; Liochev et al., 2013; Walford, 1964; Caruso et al., 2004).  With 

respect to oxidative stress, the rate of oxygen radical production by mitochondria is inversely 

correlated with lifespan in numerous mammalian species (Ku et al., 1993).  The lifespan of the 

fly Drosophila melanogaster is also extended by ~33% among flies which have been genetically 

modified to overexpress antioxidative enzymes (Orr & Sohal, 1994), while caloric restriction 

also reduces oxidative damage and extends lifespan in rodents (Ross, 1966; Sohal et al., 1994). 

With respect to the involvement of chronic inflammation in aging, white blood cells isolated 

from the blood of older adults produce more pro-inflammatory cytokines than those from 

younger adults (Fagiolo et al., 1993).  In addition, plasma levels of the pro-inflammatory 

cytokine interleukin-6 are negatively associated with lifespan (Bonafè et al., 2001; Wassel et al., 

2010), while genetic alleles associated with elevated levels of the anti-inflammatory cytokine 

interleukin-10 (IL-10) are more common among centenarians than younger adults, and 

polymorphisms resulting in low IL-10 production are associated with cardiovascular disease (Lio 

et al., 2004). 

Dietary and exercise-based interventions show great potential as means of minimizing 

oxidative stress and inflammation.  Aerobic exercise elevates neuroplasticity and memory and 

reduces symptoms of anxiety and depression in mice (Radecki et al., 2003; Marais et al., 2009).  

Evidence from animal models suggests that these behavioural effects are driven by the impact of 

exercise on brain-derived neurotrophic factor (BDNF; Neeper et al., 1995; Vaynman et al., 2004; 

Gomez-Pinilla et al., 2011), a critical moderator of neuron survival, growth and plasticity 

(Fahnestock, 2011).  Chronic stress increases glucocorticoid levels (Smith et al., 1995) and 

decreases BDNF expression in the hippocampus of rats (Marmigère et al., 2003).  Moreover, 

experimentally increasing BDNF levels protects against the development of learning and 

memory impairments and depressive-like behaviour in stress-exposed animals (Radecki et al., 

2003; Marais et al., 2009).  Further research has shown that BDNF upregulates endogenous 

antioxidants, which may underlie its neuroprotective effect against oxidative stress (Spina et al., 

1992) and inflammation (Wu et al., 2011; Lee et al., 2012). Thus, by increasing BDNF, exercise 

may be a means by which individuals can reduce their risk of MDD.   

Some of the cognitive alterations seen in depression are remarkably like those induced by 

head irradiation exposure or anti-mitotic chemotherapeutic drugs (see Becker & Wojtowicz, 

2007, for a review) both of which are highly toxic to newly born neurons in the adult dentate 

gyrus of rodents (DG; Snyder et al., 2001; Laack & Brown, 2004; Winocur et al., 2006; Winocur 

et al., 2012; Winocur et al., 2014).  In fact, the behavioural efficacy of serotonergic 

antidepressant medications depends in part upon upregulation of neurogenesis (Malberg et al., 

2000; Santarelli et al., 2003), implicating neurogenesis as another excellent therapeutic target for 

stress-related disorders.  In terms of behaviour, a vast and expanding literature has identified that 

these adult-born neurons, first discovered by Altman and Das (1965; 1967), are required for at 

least a few related cognitive abilities: the reduction of memory interference during encoding of 
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similar items (Leutgeb et al., 2007; Winocur et al., 2012; Luu et al., 2012), successful adaptation 

to novel or enriched environments (Kempermann et al., 1997; 1998; Kempermann 2002; 2008) 

and possibly in episodic memory encoding (Aimone et al., 2006; Rangel et al., 2014).  In 

particular, the roles of neurogenesis in mitigating interference, as originally predicted by 

Beckerôs computational model (2005), and adapting to novelty, as proposed by Kempermann 

(2002), are now supported by a great deal of evidence from challenging discrimination tasks 

(Creer et al., 2010; Sahay et al., 2011; Yassa et al., 2010; Niibori et al., 2012), tests of reversal 

learning or cognitive flexibility (Garthe et al., 2009; Winocur et al., 2012; Luu et al., 2012; 

Burghardt et al., 2012), and novel object (Jessberger et al., 2009) or context discrimination 

(Tronel et al., 2012). The heightened plasticity of these newborn neurons (Ge et al., 2006; 2007) 

also renders them susceptible to the influence of a wide range of environmental factors (e.g. 

dietary antioxidants, Valente et al., 2009; or exercise, Van Praag et al., 1999, 2005), 

consequently affecting behaviour.   

Nutrition is at least as relevant to MDD and brain aging as exercise. Although overall 

dietary patterns are more complicated to evaluate than an individualôs level of physical activity 

there is evidence that both individual nutrients (e.g. omega-3 fatty acids, Sinn et al., 2012) and 

certain dietary patterns (e.g. Mediterranean diet; Sánchez-Villegas et al., 2015) can reduce the 

risk of age-related cognitive decline and improve depressive symptoms. For example, a 9-year 

longitudinal study found an association between adherence to a Mediterranean-style diet (high in 

fish, olive oil, nuts, fruits and vegetables, while low in dairy and red meat) and reduced age-

related decline in episodic memory (Pelletier et al., 2015). In contrast, malnutrition or adherence 

to a western style diet (high in saturated fats, red meat, poultry and starches, low in fruits, fish 

and vegetables) is associated with an increased risk of MDD (Cabrera et al., 2007; Akbaraly et 

al., 2009) and accelerated age-related cognitive decline (Kanoski et al., 2011; Saka et al., 2010).  

The evidence reviewed above suggests that a combination of dietary factors and aerobic 

exercise may reduce oxidative stress and inflammation and increase BDNF and neurogenesis, 

thereby imparting a degree of resilience to the brain against depression and memory loss.  

 

1.2. The Hippocampus and Alzheimerôs disease  

Alzheimerôs disease (AD) is a devastating neurodegenerative condition that remains 

refractory to treatment.  Since the initial report by Alois Alzheimer (see Stelzman et al., 1995, for 

an English translation) over a century ago, most research into AD pathogenesis has focused on 

counteracting the accumulation of misfolded proteins amyloid-ɓ (Aɓ) and hyperphosphorylated 

tau (p-tau) into the hallmark plaques and tangles that are observed throughout the brains of AD 

patients at autopsy.  The most well-established theory of AD pathogenesis, the amyloid cascade 

hypothesis (Hardy & Higgins, 1992; Selkoe & Hardy, 2016), posits that AD is primarily caused 

by either an overproduction of Aɓ or a deficit in the clearance of Aɓ.  Briefly, Aɓ is produced 
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biochemically from the proteolytic cleavage of the integral membrane protein amyloid precursor 

protein (APP) by ɓ- and ɔ-secretase enzymes, a process which generates several products 

including Aɓ40 and Aɓ42.  Genetic mutations in either APP or the active site portion of the ɔ-

secretase enzyme, called presenilin 1 or presenilin 2 (PS1/2), cause early-onset AD in humans. 

These Aɓ fragments then aggregate into larger and larger forms from small toxic oligomeric 

species up to less toxic fibrillary species of amyloid that give rise to the characteristic plaques 

seen in AD brains (Shankar et al., 2008).  As implied by the ñcascade hypothesisò, Aɓ40 and 

Aɓ42 have multiple downstream neurotoxic effects, including the hyperphosphorylation of tau, 

followed by the formation of neurofibrillary tangles (the other hallmark lesion of AD), 

dissociation of axonal microtubules, synaptic atrophy and cell death (Alonso et al., 1996; Jin et 

al., 2011). 

While the amyloid hypothesis has dominated clinical research over the past 25 years, it 

has substantial limitations, most notably that nearly all human clinical trials aimed at reducing 

Aɓ directly have failed, and more importantly that genetic mutations affecting either the 

biochemical pathways leading to Aɓ production (e.g. APP or PS1) or clearance (e.g. ApoE4) 

only represent the minority of AD cases (for a review see Herrup, 2015).  Which factors then, in 

addition to Aɓ production or clearance, are altered in most AD cases?  Evidence in the literature 

is accumulating that late-onset (or sporadic) AD may represent a form of accelerated brain aging 

(Gatta et al., 2014), in that AD model mice begin to show age-related changes in gene expression 

(mitochondrial functioning, inflammation, synaptic plasticity, etc.) much earlier than healthy 

animals.  More convincingly, despite the well-known absence of a naturally developing AD-like 

pathology in rodents under standard laboratory conditions (Bilkei-Gorzo, 2014), a couple of 

reports suggest that animal and/or cell culture models (without mutations directly in the Aɓ or p-

tau pathways) can exhibit AD-like pathology following manipulations involving systemic 

immune activation (Krstic et al., 2012) or mitochondrial challenge associated with oxidative 

stress (Leuner et al., 2007).  Furthermore, mitochondrial dysfunction (Mosconi et al., 2008), 

oxidative stress (Lovell et al., 2011), and inflammation (Tarkowski et al., 2003) predict the 

conversion from mild cognitive impairment to AD in humans.   

The cognitive deficits and biochemical alterations (e.g. inflammation and oxidative 

stress) observed in AD (Mattson, 2004) have been associated with reductions in brain-derived 

neurotrophic factor (BDNF; in humans; Peng et al., 2005) and neurogenesis (in rodents; 

Rodríguez et al., 2008).  Elevated BDNF levels increase neurogenesis in rat brain (Pencea et al., 

2001). In rodent models of AD, cognitive deficits are ameliorated by upregulation of BDNF 

(Nagahara et al., 2009) and neurogenesis (Blanchard et al., 2010). Moreover, antioxidants elevate 

levels of neurogenesis (Casadesus et al., 2004; Valente et al., 2009) and BDNF (Williams et al., 

2008; Fahnestock et al., 2012) in non-human animals. Aerobic exercise is also a well-known 

inducer of both neurogenesis (van Praag et al., 1999, 2005; Creer et al., 2010; Winocur et al., 

2014) and BDNF (Neeper et al., 1995; Erickson et al., 2011; Gomez-Pinilla et al., 2011).  Recent 

evidence from animal studies suggests that multi-intervention approaches may be much more 
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effective at counteracting age-related degeneration than single factor interventions (Wu et al., 

2008; Fahnestock et al., 2012).  Thus, anti-inflammatory and antioxidant nutrients with, or 

without, exercise may also prevent or delay AD. 

 

1.3. Overview of This Thesis 

Motivated by the literature described above, the overarching goal of this work was to 

determine whether lifestyle-based interventions such as aerobic exercise or complex dietary 

supplementation could protect a highly plastic region of the brain, the hippocampus, and its 

associated behavioural functions, from the neurotoxic effects of chronic psychological stress or 

Alzheimerôs disease.  To achieve this goal, we followed a different approach (to single-

compound pharmacological intervention) based on the emerging literature implicating 

physiological mechanisms of aging and a loss of neurotrophic support (e.g. BDNF) in 

depression, cognitive decline and AD (see sections 1.1 and 1.2).  In contrast to nearly all other 

studies on animal models of depression (e.g. Surget et al., 2008) and AD (e.g. Parachikova et al., 

2010; Wolf et al., 2012), we also chose to focus on prevention rather than treatment.  

Experimental results from studies in mice are presented here from a basic research perspective 

with an emphasis on translation to humans in the future.  Although there is extensive discussion 

of differences that were observed in the hippocampus and other biomarkers, the main emphasis 

is upon functional outcomes at the symptomatic (behavioural) level, which have the greatest 

clinical relevance.  Findings presented in this thesis have important implications for the treatment 

and understanding of depression, brain aging, Alzheimerôs disease, and other conditions such as 

anxiety disorders or frontotemporal dementia.  They strengthen the case for the great potential of 

using diet and exercise to maintain brain health throughout the lifespan.  A more detailed 

overview of each chapter is provided below. 

In Chapter 2, using male c57BL/6 mice we examined the effects of a 4-week-long 

unpredictable series of stressors (compared to mice which had not been disturbed) on sucrose 

preference, a measure of anhedonia (a core symptom of depression; Belmaker & Agam, 2008), 

and a number of hippocampal biomarkers including BDNF expression, neurogenesis and the 

average cross-sectional (coronal) area of the DG and CA1.  With the future translatability of our 

work to humans in mind, we also examined serum protein levels of BDNF, vascular endothelial 

growth factor (VEGF), and insulin-like growth factor-1 (IGF-1).  Mice were also assigned to 

receive access to running wheels (exercise condition) or not, daily supplementation with a 

complex dietary supplement or vehicle control, or the combination of both for the duration of the 

experiment. This study served to address the depression component of the overall thesis goal, in 

that we sought to evaluate whether dietary supplementation alone, exercise alone, or the 

combination of diet and exercise could protect mice from exhibiting persistent depressive-like 

behaviour or hippocampal degeneration under conditions of chronic stress. 
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Chapter 3 describes the first half of a longitudinal experiment we conducted on the 

multiple-ingredient dietary supplement (MDS) using the 3xTg-AD mouse model of Alzheimerôs 

disease. We administered the MDS (which is the same supplement as the CDS in Chapter 2), or a 

vehicle treatment, to both sexes of triple transgenic (3xTg-AD) mice and B6129SF2/J wild-type 

mice for 2 months from 2-4 months of age. Mice were tested in a battery of behavioural tests at 

1-2 (prior to treatment) and 3-4 months of age (after treatment). Since it has become clear that 

there are important sex differences in the 3xTg-AD model (e.g. Stover et al., 2015), we decided 

to include both sexes of mice in this study.  Although we would have also preferred to examine a 

combination of dietary supplementation and exercise in this study (and Chapter 4) as well, 

limited resources, capacity to house and test animals in the behavioural battery, and timing 

constraints prevented us from including exercise as a separate or synergistic intervention in the 

experiment.  The MDS, rather than exercise, was chosen as the intervention for these 

experiments because the aging mechanisms targeted by the MDS are more strongly implicated in 

the pathogenesis of AD than MDD (particularly inflammation and oxidative stress, as described 

above).  Age is, after all, still the single greatest risk factor for AD (Lindsay et al., 2002; Prince 

et al., 2013). This chapter therefore addresses a portion of the AD component of the thesis goal, 

to evaluate whether a complex dietary supplement can delay the onset of early behavioural 

changes in AD using the 3xTg-AD model mouse system.  

 Chapter 4 extends the work of Chapter 3 by describing two experiments which sought to 

determine whether an extended period of MDS supplementation (6 months in Experiment 1 and 

10 months in Experiment 2) would have long-lasting benefits on behaviour and a variety of 

biomarkers including hippocampal neurogenesis, the pattern of neuronal activity across 

hippocampal subfields following spatial learning, and BDNF levels.  In the first experiment, both 

sexes of 3xTg-AD mice were fed the MDS or a vehicle control treatment from 1-7 months of 

age.  From 6-7 months of age, half of the animals from each group were tested in a behavioural 

battery followed by post-mortem biomarker assays. By comparing levels of adult neurogenesis 

between mice which had been tested in the behavioural battery to those which had not, we also 

addressed the potential confound that the experience of training on a ~month long battery of 

behavioural tests might act as a source of environmental enrichment, which might affect 

neurogenesis on its own (e.g. Kempermann et al., 1998). 

In the second experiment, we continued supplementing the male and female 3xTg-AD 

mice and WT mice used in Chapter 3 until they reached 12 months of age and re-tested them in 

the behavioural battery from 11-12 months of age. After the completion of behavioural testing, 

an expanded set of biomarkers was examined, including: brain and spleen size, TBS-soluble 

amyloid-ɓ (Aɓ) in the cortex, hippocampal BDNF mRNA, subgranular zone (SGZ) 

neurogenesis, DG and CA1 volume, and upregulation of the immediate early gene c-Fos after 

water maze reversal learning. Together, these experiments sought to determine if a complex 

dietary supplement could protect against AD-mediated changes in hippocampal structure and 
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function (e.g. memory encoding, test performance) using the 3xTg-AD mouse as a model 

system.  

 Chapter 5 consists of a summary of the main results of the empirical chapters (2-4), 

followed by a general discussion of the limitations of the work and some promising avenues of 

future research.  There is also a description of some preliminary work that I have been doing in 

collaboration with Sue Becker, Melanie-Lysenko Martin, Parminder Raina, Lauren Griffith, and 

Anne Gilsing to examine relationships between nutrition, exercise, mood and cognition in over 

30,000 Canadians between 45-86 years old using data from the Canadian Longitudinal Study on 

Aging. 
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