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Abstract

Increased age and obesity diminish motivation, perseverance, and spatial memory function.
Aerobic exercise interventions have successfully rescued some of these processes. However, in
older and heavier populations aerobic exercise is not as sustainable due to high risk of injury.
Resistance exercise consists of physical activity where maximum oxygen consumption is not
increased and has been proposed as a safe and effective intervention for this population. Here, we
used touchscreen-based cognitive testing to elucidate the influence of resistance exercise on
motivation and spatial memory in aged, diet-induced obese mice, using a water restriction
procedure I develop in Chapter 2. Mice underwent a ladder-based resistance exercise
intervention. Obese and exercised mice were significantly more motivated in the progressive
ratio touchscreen test of motivation than were non-exercised obese mice. Furthermore, exercised
mice performed significantly better on a test of spatial memory. These findings suggest that

resistance exercise is effective at rescuing cognition in older, overweight mice.

Keywords Spatial memory and learning, resistance exercise, motivation, perseverance, obesity,

Western diet



Lay Summary

Our population is becoming older and heavier. Both increased age and adiposity act as risk
factors for many chronic illnesses and present a heavy strain on the healthcare system. In the
Western world, structural changes in our physical environment exacerbate the risk of increased
adiposity and obesity. Our widespread consumption of what has been coined the “Western diet” —
a diet high in processed sugars and fats — has been associated with many negative health
outcomes. Aerobic exercise, like running and cycling, has been shown to decrease adiposity and
decrease incidence of chronic illnesses. However, high impact exercise such as running and
cycling is not always sustainable in this population since they are at a higher risk of falls and
heart attacks. Resistance exercise is a lower impact alternative to aerobic exercise. It increases
functional strength, bone density, and has led to reduction of some cognitive impairments in
recent studies. We wanted to test whether a resistance exercise intervention was able to reduce
impairment in motivation, perseverance, and spatial memory and learning in a population of
middle-aged mice with diet induced obesity. The cognitive testing was completed in Bussey-
Saksida touchscreen chambers that motivate mice to engage in tests of cognition through food
restriction and appetitive rewards. Food restriction is not feasible in a model of diet-induced
obesity; therefore, we established a water manipulation protocol using 2% citric acid water that
reliably motivated completion of a test of learning and memory in groups consuming both
standard chow and high-fat, high-sugar chow. The mice that completed an 8-week ladder-based
exercise intervention were more motivated, had greater perseverance, and had improved spatial

memory function than their non-exercised counterparts.
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Chapter 1: General introduction

Humans’ physiological health and cognitive function are largely shaped by their immediate
physical and social environments (Malik et al., 2013). Rapid urbanization stemming from
economic growth and globalization in many countries has resulted in an increase in consumption
of sugar-sweetened beverages per capita, expansion of fast-food chains, and reductions in
physical activity (Malik et al, 2013), resulting in increased adiposity (Kopp 2022). Urbanization
and policy changes directly affect factors such as the affordability and accessibility of fresh fruits
and vegetables (Cutlet et al., 2003). In addition to reduced availability of affordable healthy food,
urbanization can result in limited opportunities for outdoor leisurely physical activity and
increased reliance on motorized transportation systems instead of primary transportation by
bicycle or foot (Malik et al., 2013). Childhood experiences in these types of environment further
shape lifelong social behaviours that continue through adulthood and old age, such as the
normalization of more time spent sedentary at home watching television, decrease in sleep
duration and quality due to noise pollution, and increased consumption of obesogenic foods

(Siegal et al., 2008).

Individuals in high stress, high pace cities and occupations may be more prone to consuming low
nutritional density, high calorie diets (Ruigrok et al., 2021). Stress has long been associated with
overeating in both males and females (Van Strien et al., 1986), especially in seeking highly
palatable foods (Ruigrok et al., 2021). Western-style diet (WD) is defined as being high in
saturated fats and refined sugars, and low in insoluble fiber and vitamins (Drewnowski, 2007).

WD is highly accessible since it is easy to manufacture, ship, and store as well as being energy



dense and flavourful (Malik et al., 2013). Consumption of a WD is associated with a dramatic
increase in insulin resistance, type 2 diabetes, hypertension, cancers, and mental illnesses in
comparison with a more balanced diet (Lofterad et al., 2021; O’Dea et al., 1988; Kopp, W.,
2020; Kopp, W., 2022; Firth et al., 2018). In rodent models consuming a high fat high sugar WD,
a causal relationship has been established between WD and anxiety-like behaviour (Tsan et al.,
2021), depression (Yu et al., 2021), and learning and memory deficits (Yeomans, 2017). Many of
these conditions have also been associated with obesity (Yeomans, M., 2017). WD has widely
been causally connected with obesity in humans (Ruigrok et al., 2021; Malik et al, 2013; Misra
et al., 2009) and has been used to induce an accurate model of obesity in rodent studies that aim
to further uncover the whole body and brain effects of obesity (Park et al., 2010; Attuquayefio et
al., 2016; Stranahan et al., 2008; Mota et al., 2023) through a model called diet-induced obesity

(DIO).

1.1 Factors in the development of obesity

Obesity is a metabolic disorder defined, in humans, as having a body mass index (BMI) >
30kg/m2 (Bortolin et al., 2018). BMI is calculated by dividing an individual’s weight (kg) by
height (m2) (Motil et al., 2011). Besides BMI, another reliable measurement of obesity is
abdominal obesity which is quantified through measurements of waist circumference in humans
(Fang et al., 2018) and visceral adiposity in rodents (Schipper et al., 2018). Obesity is a primary
risk factor for many chronic diseases such as type 2 diabetes mellitus, various cardiovascular

diseases, stroke, and some neurogenerative disorders (Terzo et al., 2021) which comprise a heavy



load on the healthcare system (Rimes-Dias et al., 2022). Visceral obesity is a major risk for

insulin resistance, especially in aged human populations (Huffman and Barzilai, 2009).

Insulin resistance occurs due to a decrease in sensitivity to insulin in the body and is associated
with dementia (Sripetchwandee et al., 2018), depression (Kan et al., 2013), schizophrenia (Guest,
P., 2019), hypertension and dyslipidemia (Hardy et al., 2012), among other conditions.
Sensitivity to insulin is important due to its vital role in regulating glucose levels within the body
(Petersen et al., 2018). Insulin acts directly in the skeletal muscle, promoting glucose usage and
synthesis of glycogen; in the liver, increasing gene expression of factors implicated in the
conversion of dietary fatty acids into fat storage; and in the white adipose tissue, supressing
metabolism of stored fats and increasing synthesis of new fat storage (Petersen et al., 2018).
When an individual is insulin resistant, the decreased sensitivity to insulin means that higher
circulating levels of insulin are necessary to successfully manage levels of glucose within the
blood (Petersen et al., 2018). The actions of insulin in the body provide a compelling explanation
of the primary physiological hallmarks of insulin resistance in obesity, such as increased
abdominal adiposity and non-alcoholic fatty liver syndrome (Petersen et al., 2018). This increase
of baseline insulin throughout the body presents a greater load on the -cells that are responsible
to produce insulin in the pancreas, which can result in deterioration of the pancreas and eventual
development of type 2 diabetes (Petersen et al., 2018). This cluster of conditions, including
insulin resistance, excess abdominal adiposity, and high blood sugar is called metabolic
syndrome (Samson et al., 2014). Metabolic syndrome is often referred to as the “perfect storm”
of physiological risk factors for the development of cardiovascular disease, diabetes, and stroke

(Samon et al., 2014). Many factors can lead to insulin resistance, metabolic syndrome, and



ultimately obesity; however, it is commonly associated with unhealthy diet and lack of physical

activity (Petersen et al., 2018; Cronier et al., 2008).

1.1.1 Diet and obesity

Food is an integral part of life, and it exists as much more than a simple source of calories to
power the body. Following a rate of obesity that almost doubled from 2002 to 2013 (Gomes et
al., 2019), Brazil published a groundbreaking dietary guideline document that actively moved
away from the common food pyramid structure that simply illustrates the number of servings per
each food group that is widely used in other countries (PAHO, 2014). Instead, this new and
updated food guide included recommendations such: as avoid consumption of ultra-processed
foods; develop, exercise, and share cooking skills; eat in the company of others; and devote time
towards making cooking and eating an important part of life (PAHO, 2014). This set of
recommendations was one of the first to recognize that both the biochemical makeup of the diet

and the context within which it is consumed matters (PAHO, 2014).

In 2018, Statistics Canada reported that 7.3 million Canadian adults were obese (BMI >30), and
9.9 million were overweight (BMI 25-29.9) (Stats Can, 2018). The center for disease control and
prevention in the USA reported that 41.9% of adult Americans were obese (CDC, 2017). The
USA and Canada share a similar fast-paced lifestyle culture as well as heightened consumption
of their namesake diet, the WD. Previous work showed that high intakes of saturated fatty acids,
but not total fat, in individuals 65 years and older over a four-year period led to increased risk of

Alzheimer’s disease and mild cognitive impairment (Kalmijn et al., 2004). A subsequent study



investigating the effect of sucrose consumption in addition to standard chow in young rats
demonstrated impairments in learning and memory on a novel object recognition task (Jurdak
and Kanarek, 2009). Additionally, several studies demonstrated that even very short-term
consumption of WD impaired spatial and working memory. For example, Murray et al (2009)
fed mice WD for only 9 days and observed significantly more spatial memory errors in a radial
arm maze task in comparison to controls. Kanoski and Davidson (2010) found that mice that
consumed WD for only 72 hours made significantly more working memory errors when the
radial maze task required learning about spatial cues, but not when spatial cues were not

required.

WD has commonly been associated with the detrimental impacts of obesity in humans (Terzo et
al., 2021; Hardy et al., 2012; Kopp, W., 2022; Firth et al., 2018); however, historically, adherence
to diet and inaccurate self-reporting have been major hurdles in studies investigating the effects
of diet (Johnson, S., 1992; Martin et al., 2000; Corral et al., 2009). In addition to hurdles in
adherence and accurate reporting, understanding a physiological condition as integrated in the
body and the brain at a biomolecular level is not possible without an accurate animal model. As a
result, diet-induced models of obesity (DIO) have been created in rodents and have been
validated utilizing measurements mirroring those used in humans to ensure translatability such as
quantification of blood glucose and HbAlc (Preguica et al., 2020). Historically, obesity based on
increased body weight and body adiposity was induced in rodents through the administration of a
high fat diet (HFD) (Turner et al., 2013; Preguiga et al., 2020). However, subsequent
experimental evidence in the field of obesity research demonstrated that sugar consumption had

become one of the primary drivers of the obesity epidemic in humans (Preguiga et al., 2020). The



effects of sugar became important due to both the number of calories it provided and the specific
interactions of the macromolecules in the system, and as a result high fat-high sugar (HFHS) diet
became a prominent nutritional strategy in establishing translatable DIO in mice (Morenzo-
Fernandez et al., 2018; Preguica et al., 2020). A HFHS diet is made up of calories mainly coming
from fats and carbohydrates (Masi et al., 2018; Preguica et al., 2020). HFHS models have
successfully induced metabolic syndrome (Moreno-Fernandez et al., 2018), polycystic ovary
syndrome (Roberts et al., 2017), impairments in spatial and social memory (Tran et al., 2017;

Reichelt et al., 2019), and anxiety (Baker et al., 2016) in rodents.

1.1.2 Physical activity and obesity

Ultimately, in most instances obesity and high levels of adiposity originate due to one reason:
overnutrition. Overnutrition is a nutritional imbalance that occurs from excessive consumption of
nutrients that results in an unhealthy accumulation of body fat which ultimately negatively
impacts health (Mathur and Pillai, 2019). Overnutrition has become commonplace due to the
increase in accessibility of very calorie-dense foods and an increase in portion sizes (Mathur and
Pillai, 2019). Decreases in physical activity due to increased television viewing (>3 h/day),
motorized transportation, reduced time devoted to outdoor activities, and the increased
mechanization of daily tasks were all associated with obesity in a study of individuals in India

(Mathur and Pillai, 2019).

To combat overnutrition, caloric intake needs to be reduced to the amount required by the

organism to function at a healthy level (Rooney and Ozanne, 2011). One avenue for reaching this



energy balance is by expending excess calories through physical activity (Rooney and Ozanne,
2011). The solution of simply expending excess calories may seem like a quick and easy
solution; however, there are many interacting factors that complicate it. For example, due to the
aforementioned alterations in the structure of our living environments, physical activity is no
longer a necessity of life to get to work, school, or the store (Malik et al., 2013). Reliance on
motorized transportation and the degradation of bike and walkways has changed physical activity

from a daily fact of life to a luxury that is pursued during leisure time (Malik et al., 2013).

Seabra et al (2008) discuss genetic and environmental factors on propensity to engage in physical
activity and found that individual’s habits were often shaped by those of their spouses or siblings.
A study of maternal exercise in mice found that offspring of mothers that exercised while
pregnant were more protected from the detrimental physiological effects of a sustained high fat
diet and developing obesity (Wasiniki et al., 2015). Exercise during pregnancy also promotes
activation of genes that protect cardiac health (Chung et al., 2017) and upregulates mitochondrial
gene expression (Ching et al., 2017) in offspring. Fathers play an important role in their
offspring’s future adiposity and exercise habits too: McPherson et al. (2015) established that the
deleterious effects that female offspring of obese paternal rodents, such as insulin resistance and
increased white adipose tissue, can be mitigated through targeted lifestyle interventions in the
obese father. These findings have been replicated (Guo et al., 2018; Stanford et al., 2015) and
illustrate an interesting a complex relationship between parental physical activity and offspring

obesity.



Physical activity as a treatment for mitigating pre-existing obesity has been studied in both
humans and rodents, especially in relation to reducing the risk of cardiac infarct and chronic pain
(Okay et al., 2009; McInnis, K., 2000; Wiklund, P., 2016; Freitag et al., 2021; Wasser et al.,
2017). Although diet interventions are generally more effective for weight loss, exercise is more
beneficial for developing functional strength through muscle development (Vreede et al., 2004)
and increasing bone density (Benedetti et al., 2018), among other benefits. Laing et al. (2016)
demonstrated that voluntary wheel running enhanced insulin sensitivity and hypothalamic
function in obese mice. In addition, several studies have demonstrated that voluntary access to
running wheels reliably reduces body mass and body fat in obese rodents (Kelly et al., 2006),
prevents weight gain in mice consuming high-fat diet by altering the gut microbiota (Evans et al.,

2014), and improves obesity-related lymphatic dysfunction (Hespe et al., 2016).

Despite the long history of exercise research in models of obesity, several hurdles are still present
in understanding its efficacy and applicability. Farrance et al (2016) demonstrated the importance
of fostering a sense of community and support when prescribing exercise interventions in older
adults. Similarly, cancer patients had a higher chance of adherence to the exercise intervention if
they had high intrinsic motivation, family and group support, and proximity to the rehabilitation
centre (Ormel et al., 2017). Effective exercise interventions are often shown to require a
welcoming social setting and proximity to individuals partaking, however there are few studies
investigating rates of adherence to independent exercise outside of a class setting (Toft et al.,
2006). Additionally, most exercise intervention studies target a specific subgroup of individuals,
such as the elderly and patients with severe illnesses, so it is not an accurate representation of the

average population that is employed, commutes to their workplace, has children, and most likely



has less leisurely time to commute to an exercise center for a scheduled class. However, due to
the heterogeneity in individual’s resting fitness state, definitions of maximum physical exertion,
and knowledge of fitness, it can be necessary to have the studies take place where individuals

can be observed and guided in their physical activity (Toft et al., 2006).

1.2 Obesity and cognition

1.2.1 Obesity and cognition in humans

Obese adults (BMI >30) have been shown to have cognitive impairments across most cognitive
domains (Prickett and Brennan, 2015). Previously, the consensus was that obesity in middle-age
should be avoided mainly because it resulted in an increased chance of dementia later in life;
however, it has also been associated with reduced cognitive performance during middle age even

if individuals are otherwise healthy (Gunstad et al., 2007).

Isolating the effects on cognitive performance simply to obesity is a challenge since it is a
condition with many comorbidities, including but not limited to: type 2 diabetes, depression, and
hypertension (Prickett and Brennan, 2015). The aforementioned comorbidities all have impacts
on cognition; however, studies have shown that cognition is negatively affected even in obese
individuals that are otherwise healthy and do not have these comorbidities (Gunstad et al., 2007;
Volkow et al., 2009). Making this distinction is important due to the variability in appropriate
intervention for each condition; a weight loss plan may be effective in managing obesity, but an

anti-depressant therapy may be more useful for treating depression. Distilling the effects on



cognition down to one factor is a challenge in human studies with so many interacting factors

(Prickett and Brennan, 2015).

Individuals who are obese often have impaired executive function (Boeka and Lokken, 2008;
Pignatti et al., 2006; Loeber et al., 2012). These impairments result in obesity and cognition
having a bidirectional relationship; individuals who are obese have altered cognition, which can
then increase the likelihood that they will continue to make detrimental lifestyle choices that can
then continue the weight gain (Spyrirdaki et al., 2016). One theory regarding the deterioration of
cognition in obese individuals is that it is a result of chronic low-grade inflammation (CLGI)
(Spyridaki et al., 2016). This theory suggests that obesity activates CLGI, as quantified by C-
reactive protein (CRP) and inflammatory cytokines and chemokines IL-6 and TNF-a (Das,
2006). A study investigated this relationship in a population of middle-aged Greek individuals
and established an inverse association between cognitive performance and BMI (Spyridaki et al.,
2016). Obese individuals had significantly worse performance on measurements of non-verbal
logical reasoning and fluid intelligence, while also having elevated markers of CLGI (Spyridaki
et al., 2016). This inflammation can affect various brain areas, including the hippocampus,
cerebral cortex, brain stem, and amygdala (Gomez-Apo et al., 2021). Inflammation resulting
from obesity can occur in the periphery, leading to insulin resistance, and in the brain as
neuroinflammation that is capable of deteriorating the integrity of the blood brain barrier (Novo

and Batista, 2017).

10



Cognitive deficits have even been demonstrated in obese children (Smith et al., 2011). Obese
children were found to consistently underperform in test of cognitive function, such as the digit
span, continuous performance task, and switching attention (Lee et al., 2009). Additionally, they
demonstrated reduced short-term memory and visuospatial organization (Li et al., 2016). A study
specifically targeting preschool children aged 4 to 8 years in Bavaria demonstrated that obese
girls had greater issues with perseverance, specifically the ability to maintain focused attention

during an examination, than their normal-weight female counterparts (Mond et al., 2007).

In addition to changes in cognition, brain imagining studies have proposed a relationship
between obesity and neural atrophy (Dye et al., 2017). Obese BMI, independent of age, has been
associated with a reduction of gray matter in the inferior frontal gyri, right insula, left and right
precentral gyri, left middle temporal gyrus, left amygdala, and left cerebellar hemisphere
(Goémez-Apo et al., 2021). Reduced amounts of white matter have also been demonstrated in
obese individuals (Goémez-Apo et al., 2021). Interestingly, changes are observed in the white
matter fibre tracts that link limbic structures with prefrontal areas of the brain, possibly providing
a structural explanation of the common cognitive impairments and increased risk for dementia in
obese individuals (Cai, D., 2013). Imaging studies provide a compelling picture of the structural
changes occurring, and cognitive tests provide an interesting insight into changes in brain
function. However, to thoroughly elucidate the physiological changes occurring throughout the

body and observe changes in cognition in a controlled environment, rodent models are necessary.
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1.2.2 Obesity and cognition in rodents

1.2.2.1 Motivation

Motivation is so important because it is necessary in most aspects of life (Braver et al., 2014).
Goal-directed motivation leads to effort being invested in an action in order to achieve desired
outcomes (Braver et al., 2014). Deficiencies in motivation have been partly implicated in the
cognitive deficits present in schizophrenia, depression, and attention deficit/hyperactivity
disorder (Westbrook and Frank, 2018). Motivation functions in tandem with cognitive processes
such as cognitive control, which is implicated in reasoning and inhibition (Westbrook and Frank,
2018). Through these pathways, motivation signalling has been shown to be mediated by

dopamine signalling in the striatum in the brain (Westbrook and Frank, 2018).

In a DIO model in rodents, motivation on a progressive ratio task was impaired following weight
gain (Blaisdell et al., 2014). In this study, rats were fed either refined or unrefined low-fat diets,
and the rats receiving the refined low-fat diet demonstrated significant weight gain and
impairments in cognition, thus suggesting that it is both the macromolecular components of the
diet and the quality of the diet that contributes to the formation of obesity (Blaisdell et al., 2014).
Here, the refined diet represented the types of nutrients that make-up the WD diet; since they are
more highly processed, they are broken down into simpler, more digestible structures such as
simple sugars and refined flour (Blaisdell et al., 2014). In contrast, an unrefined diet is
characterized by foods such as whey, vegetables, and complex carbohydrates (Blaisdell et al.,

2014).
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A study proposed the hypothesis that individuals who are more susceptible to the motivational
effects of food cues have a higher risk of becoming obese (Robinson et al., 2015). Differences
exist between individuals in terms of the motivational value they place on certain rewards, and
this may be related to stronger activation of the nucleus accumbens and caudate putamen in
certain people (Robinson et al., 2015). These differences in activation have previously been
demonstrated in obese people (Rothemund et al., 2007), even prior to the development of obesity
(Stice et al., 2010). Rats that gained weight following consumption of a “junk food” WD showed
enhanced motivation to obtain sucrose following development of obesity (Robinson et al., 2015).
Motivation is heavily dependent on the striatum and dopamine signalling (Schoffelmeer et al.,
2011). Insulin resistance stemming from obesity and consumption of a WD acts directly upon

insulin receptors in the striatum that modulate motivation (Francis, 2013).

1.2.2.2 Spatial memory

Spatial memory, a function largely dependent on the hippocampus, refers to information stored
within a spatiotemporal frame (O’Keefe and Nafel, 1978). The hippocampus is an area that is
very susceptible to deterioration with increased age, obesity, and excessive consumption of
HFHS diet (Reichelt et al., 2021). In addition to its vulnerabilities, the hippocampus is an
incredibly important area of the brain regarding learning, memory, and adult neurogenesis
(Reichelt et al., 2021). Spatial memory is often tested using apparatuses such as the T-maze,

radial maze, and the Morris water maze (Sharma et al., 2010).

A study investigating DIO in rodents tested their spatial memory using the Morris water maze

(MWM) and their working memory using the novel object recognition (NOR) test (Lewis et al.,
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2019). The MWM tests animal’s ability to learn and recall the location of a rest platform within a
large tub of water, while the NOR test investigates the animal’s ability to recognize that an object
is different from the objects that had been used previously in testing phases (Lewis et al., 2019).
The rats demonstrated a robust model of human obesity, exhibiting dyslipidaemia, inflammation,
and impaired glucose tolerance (Lewis et al., 2019). They also exhibited impairment in the
MWM and the NOR task; however, findings have been variable in the field using the MWM test
apparatus due to the high level of stress inherent to the test and increased animal handling

necessary to complete it (Lewis et al., 2019).

Even maternal obesity has been shown to negative effects on spatial learning and memory of
offspring in their younger years (Tozuka et al., 2010). Offspring of obese mothers who had
consumed high-fat diet during pregnancy had less brain-derived neurotrophic factor (BDNF) in
their hippocampi following birth (Tozuka et al., 2010). BDNF is important due to its actions
ensuring the survival, maintenance, and differentiation of certain types of neurons (Tozuka et al.,
2010). Due to its important role in regulating the fates of neurons, BDNF is incredibly important
in learning and the formation of new, lasting memories (Bekinschtein et al., 2014). These
findings imply an obesity-dependent decrease in levels of BDNF and subsequent neurogenesis
may explain some of the deficits seen in spatial memory in these models (Tozuka et al., 2010). In
addition to alterations in levels of hippocampal BDNF following WD consumption, a subsequent
study demonstrated that obese mice maintained on a WD showed impairments in novel object
recognition, object location memory, and significant reductions in the mRNA levels of a variety
of genes associated with hippocampus-dependent memory formation, (i.e. Sirtuin 1 (SIRT1) and

protein phosphatase 1 (PP1)) (Heyward et al., 2012).
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1.3 Behavioural tests

1.3.1 Spontaneous Location Recognition (SLR) Task

The spontaneous location recognition task tests spatial learning and memory (Reichelt et al.,
2016). Spatial learning and memory are reliant on hippocampal function, and the hippocampus
has been shown to be particularly vulnerable to the detrimental outcomes of consuming a HFHS
diet (Hsu et al., 2015) and increased age (Bettio et al., 2017). Various conditions exist in the SLR
test that provide varying degrees of difficulty in recognizing the novel object (Reichelt et al.,
2020; Reichelt et al., 2016). Difficulty is controlled by increasing or decreasing the amount of
space between two of the three objects in the sample phase, thus testing whether the mouse is
capable of spatially differentiating and recalling which object is in a novel location (Reichelt et
al., 2020). Most mice are capable of successfully completing the easier conditions (dSLR and
sSLR) but may exhibit impairment in the most difficult condition (xSLR) (Reichelt et al., 2020).
However, various interventions targeting hippocampus-specific mechanisms can impair function
on less difficult stages as well. Such an effect was observed by Reichelt et al (2016) where they
observed impairments in the middle difficulty phase, sSSLR, in rats that were consuming

increased levels of sucrose.

1.3.2 Translational touchscreen-based paradigms

As mentioned previously, variation exists in tasks that probe specific cognitive deficits in both
rodents and humans. Rodent methods have mostly involved hand testing, including maze-based

tests (Tozuka et al., 2010), quantifying the number of licks to an appetitive reinforcer (Robinson
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et al., 2015), or number of lever presses. In contrast, human methods rely on methods such as

CANTAB assessments (Smith et al., 2015).

Automated touchscreen operant chambers provide an attractive and reliable substitute to hand
testing and self-reported data. Tasks tailored to the Bussey-Saksida touchscreens allow for a high
level of translatability and control by administering virtually the same testing paradigm to both
rodent and human subjects (Homer et al., 2013; Nithianantharajah et al., 2015). Many cognitive
tasks that currently exist in rodent research have attempted to mirror tasks that were already
widely used in a different form in humans (i.e. a maze task to mirror a path finding task done on
pen and paper), but these touchscreen tasks were developed in the same systems, using the same
physical hardware and program software, which removes most of the environmental variation
and confound (Heath et al., 2019). The tasks utilized in the touchscreen allow a high level of
specificity in regard to the brain area being targeted in the tests, through the usage of
optogenetic, chemogenetic, surgical, or lifestyle interventions in tandem with behavioural tasks

tailored to the question at hand.

Importantly, the reduction in handling and involvement of the researcher during the actual
training and test phases has shown to decrease stress behaviours in the test subjects
(Nithianantharajah et al., 2015). In addition to the existence of the same cognitive task tailored to
both human and rodent, the existence of the Mousebytes database further strengthens the basis of
these cognitive tests by providing preexisting findings in an accessible and shareable manner

(Beraldo et al., 2019). The Mousebytes database exists as an international repository for all
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touchscreen-based studies that have been completed and helps promote collaboration while
reducing unnecessary replication of previously completed research (Beraldo et al., 2019;

Sullivan et al., 2020).

1.3.2.1 Pairwise Visual Discrimination (PVD)

The pairwise visual discrimination touchscreen task has been widely used to test the effects of
various interventions on learning, memory, and visual discrimination (Talpos et al., 2011). In this
task, mice are trained to respond to a correct stimulus image (S+) that is presented on the
touchscreen, and not to interact with an incorrect stimulus image (S-). Limited research has been
conducted utilizing these testing paradigms in models of obesity simply due to the fact that most
DIO rodents are already consuming appetitive diets high in fat, sugar, or both, and they may be

less motivated to complete tasks for a food reward (Kim et al., 2015).

1.3.2.2 Fixed-Ratio/Progressive Ratio (FR/PR)

The fixed-ratio and progressive ratio tasks of motivation and perseverance have existed for
decades (Rusted et al, 1998; Schneider et al., 2003; Ferguson et al., 1997). Instead of training
mice to interact with various levers and requiring researchers to actively extend and retract those
levers (Ferguson et al., 1997) the automated FR/PR task in the touchscreens reduces researcher

labour, influence, and presence.
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The fixed-ratio task teaches mice that at each stage, a certain number of nosepokes to the correct
illuminated square on touchscreen apparatus results in an appetitive reward (Finger et al., 2010).
Mice completed one session per day. Following completion of all of the stages of fixed-ratio,
mice are trained on the progressive ratio task. The PR task requires continuously greater amounts
of effort to complete each trial at each stage, and this increase in effort is based on a linear ramp
dependent on the requirement of that stage. The task tests how much effort a mouse is willing to

expend for a constant amount of reward.

Previously, various populations have shown impairment in this task. Individuals with a
schizophrenia diagnosis demonstrated reduced willingness to expend the effort necessary to
achieve a reward in a PR task due to condition related reward processing abnormalities (Strauss
et al., 2016). Chronic cannabinoid treatment during the vulnerable phase of puberty in rats
reduced the main measurement of motivation in the PR task, called breakpoint (Schneider and
Koch, 2003). In a genetic model of ob/ob obese mice, administration of the anorectic drug
fenfluramine motivated them to similar levels as their lean counterparts in the initial phases of

the PR task but was insufficient to reach those levels in later stages (Finger et al., 2010).

1.3.2.3 Extinction

The extinction touchscreen task tests the willingness of mice to continue responding to a
stimulus even without the presence of an appetitive reinforcer (Kim et al., 2020). Extinction is
traditionally tested following animal training on a rewarded touchscreen cognitive task which

ensures the expectation of reward while the animal is completing the task.
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Extinction tests preservation and quantifies how long the animal is willing to continue engaging
in the task without extended periods of inactivity, and the rate at which responses are made to the

stimuli (responses) or the number of stimuli that are not interacted with (omissions).

Impairments in perseverance are prevalent in individuals that are more prone to impulsivity, such
as individuals with gambling disorders (Mallorqui-Bagué et al., 2020), alcohol dependence

(Nowakowska et al., 2008), and mild cognitive impairment (Rochat et al., 2013).

The inability to utilize such standardized, automated, and targeted tasks in diet-specific animal
models presents a huge clinical population that is being disregarded. Touchscreen tasks widely
require food restriction in animal models prior to testing commencement to motivate them to
perform for the appetitive reinforcement that is provided following correct trials. In models
utilizing HFHS diet induced obesity, specialized diets that mimic myelin degradation in
conditions such as multiple sclerosis, or even in low carbohydrate diets, food restriction may
reduce the impact of the diet intervention cognitively, and ultimately, the translatability of that

model to human models of disease (Del Rio et al., 2016; Reichelt et al., 2019; Liu et al., 2020).
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1.4 Water manipulation

An alternative to food restriction is necessary to motivate mice undergoing sensitive diet
interventions in completing touchscreen tasks. Especially in studying DIO, limiting duration of
access to diet, or restricting the amount of diet available for consumption to an amount that
would result in weight loss makes it impossible to accurately model the snacking behaviours,
large portion sizes, and excess in calories that are hallmarks of obesity in the Western world
(Malik et al., 2013; Reichelt et al., 2019; Preguiga et al., 2020) and reduce the translatability on a

physiological and cognitive level.

Obesity in mice has been linked to increased anxiety and depressive-like behaviours in mice (Del
Rio et al., 2016). These symptoms manifest due to a reduction in dopamine (Fam et al., 2022), as
well as serotonin secretion (Park et al., 2017). Vichaya et al (2019) suggest that chronic, low-
grade inflammation, a condition exacerbated by consumption of HFHS diet as well as obesity
(Novo and Batista, 2017), also contributes to the rodent depression phenotype. As a result of
these symptoms, obese mice consuming WD commonly perform in a less motivated manner

when completing conditioning paradigms (Park et al., 2017).

One alternative to utilizing food restriction to motivate mice in touchscreen cognitive tasks is
water manipulation. There are several methods by which water can be manipulated: limiting the
quantity of water (Guo et al., 2014), limiting the duration of access to water (Tucci et al., 2006),

or making water less palatable (Urai et al., 2021).
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Reducing the availability and amount of water that mice have access to has previously been an
effective motivator in conditioning paradigms that offer a liquid reinforcement reward during
testing (Goltstein et al., 2018), specifically in mouse models of obesity (Blaisdell et al., 2014).
However, reducing water intake obviously increases the risk of negative health outcomes in the
animals (Urai et al., 2021). Previous water restriction studies have demonstrated that mice on
water restriction scored higher on measurements of discomfort and anxiety (Goltstein et al,
2018). The looming threat of water restriction studies is, of course, dehydration (Reinagel, 2018).
Dehydration occurs quickly and is incredibly detrimental to overall physiological well-being
(Bekkevold et al., 2013). In addition to increased risk of animal distress, sharp weight
fluctuations, and additional health risks, water restriction protocols require many hours of
researcher labour both in administration of water and monitoring of adverse health effects (Urai

et al., 2020).

Water manipulation through the addition of a low concentration of citric acid results in water that
is palatable but slightly sour (Urai et al., 2020). Mice readily consume citric acid water freely
without negative health outcomes (Urai et al., 2020). This intervention has been presented as an

attractive alternative to food or water restriction (Urai et al., 2020).

1.4.1 Citric acid water administration and applicability in touchscreen conditioning
paradigms

Mice are slowly acclimated to 2% citric acid water by first exposing them to 1% citric acid water

and subsequently increasing the concentration (Reinagel, 2018). The citric acid water solution is
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made by dissolving 2g of powdered citric acid/100mL tap water in regular mouse water bottles
(Urai et al., 2020). Weight changes are monitored to ensure that mice are within a healthy range

and are not decreasing food consumption as a result of decreased fluid consumption (Reinagel,

2018).

Usage of citric acid water as a motivating factor in behavioural testing has not been widely
studied at this time; however, the existing literature is promising. When administered to young
C57BL/6J mice, they maintained a healthy weight and water intake and performed successfully
on visual decision-making tasks (Urai et al, 2020). In a cohort of older C57BL/6J mice that only

had their health monitored, there were no negative health outcomes (Urai et al., 2020).

Rats that consumed citric acid water also presented no adverse health outcomes, with no
additional water supplements required to maintain a healthy weight (Reinagel, 2018). In
addition, these rats performed similarly to their regular water consuming counterparts on a self-

paced random dot motion discrimination task (Reinagel, 2018).

The research pertaining to the efficacy of citric acid water as a motivator suggests an exciting
opportunity for motivation in animal models that are unable to undergo food restriction. Utilizing
water manipulation to motivate mice to complete touchscreen-based tasks as opposed to food
restriction would allow a more accurate model of the cognitive impairments of diet-induced
obesity stemming from free feeding of high fat, high sugar WD, furthering the understanding of
the biochemical, neurological, and cognitive changes that occur and how these hurdles can be

addressed within human populations.

22



1.5 Exercise interventions and the cognitive consequences of obesity

Besides dietary roots of obesity, sedentary lifestyles are a primary driver in the development of
obesity (Trovato et al., 2018). Most people do not reach the minimum suggested requirements for
physical activity (Guess, 2012). Various types of exercise have demonstrated efficacy in not only
expending calories, but also in reducing anxiety (Uysal et al., 2018), inhibiting
neuroinflammation (Liu et al., 2020), increasing bone density in osteoporotic patients (Benedetti

et al., 2018), and reducing cardiometabolic risk (Gaesser et al., 2011), among other benefits.

Exercise has been widely shown to be effective in reversing whole body consequences of obesity
and high fat, high sugar diet consumption (Evans et al., 2014; Johnson et a., 2009; Janney et al.,
2010), however, recently interest has piqued in the applicability of exercise interventions in
rescuing cognitive deficits that stem from obesity, as well as furthering the understanding of how

exactly this occurs in the brain (Kim et al., 2015).

1.5.1 Aerobic exercise and cognition

Special interest has been devoted to aerobic exercise interventions in various populations.
Aerobic exercise increases heart rate and relies on aerobic metabolism to extract energy (Patel et
al., 2017) . Additionally, it is an exercise that relies on large muscle groups and is maintained
continuously and rhythmic in nature (Bourbeau et al., 2023). This type of exercise is measured

through peak oxygen consumption (VO2 max ) (Patel et al., 2017). Examples of aerobic exercise
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include hiking, jogging, walking, and swimming (Patel et al., 2017). It is a type of activity that is

easily integrated into a daily commute, leisurely time, or sports and community-based activities.

Aerobic exercise has previously been shown to rescue cognitive deficits in adults with a variety
of neurological disorders; including mild cognitive impairment (Baker et al., 2010), senile
dementia (Kwak et al., 2008), brain injury (Grealy et al., 1999), schizophrenia (Falkai et al.,
2017), and stroke (Quaney et al., 2009). In addition, it has enhanced cognitive flexibility in older
adults (Masley et al., 2009), improved depressive symptoms in individuals with major depressive
disorder (Knochel et al., 2014), and improved cognitive performance in adolescents with ADHD

(Van Riper et al., 2023).

Although many studies rely on measurements such as the Mini-Mental State Exam, research in
recent years has turned towards combining these measurements with brain imaging to provide a
more nuanced understanding of both the condition and the treatment. One such study
investigated walking and dancing as interventions to reduce white matter deterioration, a
condition that happens naturally with age but is accelerated in individuals with Alzheimer’s
disease (Mendez Calmenares et al., 2021). This intervention successfully improved episodic
memory performance and reduced levels of white matter deterioration (Mendez et al., 2021). In
addition, rodent work using swimming and running wheels has furthered the understanding of
what is occurring in the brain when cognition is improved by exercise (Duman et al., 2008).
Chronic voluntary running has also been shown to improve depression and anxiety-like

behaviours in rodents (Duman et al., 2008; Castilla-Ortega et al., 2013; Cunha et al., 2013).
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The discovery of brain-derived neurotrophic factor (BDNF) and its effects throughout the body
and the brain following exercise interventions changed the field of exercise research. BDNF
functions as a modulator of neuronal structure and function (Bramham et al., 2005). It is highly
expressed in the brain and is a key player in neuroplasticity within the brain (Lu et al., 2014).
Levels of circulating BDNF are reliably increased following physical activity (Griffin et al.,
2011). The discovery of BDNF and its role in conditions from depression to brain cancer
(Colucci-D’ Amato et al., 2020) encouraged the development and usage of rodent-based models
of exercise that allow further understanding of the neurological basis of exercise-related

cognitive improvements.

Despite its demonstrated benefits, aerobic exercise is not always the ideal solution for all
populations. Individuals with higher BMIs are more prone to musculoskeletal injuries, joint pain,
and illness (Janney and Jakicic, 2010). Obese individuals are at a higher risk of certain fractures
and less than ideal bone health (Gkastaris et al., 2020). To achieve the levels of activity required
to sustainably reduce body fat in amounts that reverse the detrimental effects of obesity, high
intensity interventions are necessary (Julian et al., 2022). High intensity programs are not always
sustainable, especially in older, obese individuals. A study by Neri et al (2020) demonstrated that
individuals that are 60 years old or older and obese have a much higher risk of falls compared
with non-obese, age matched controls. In addition, intensive aerobic exercise is not always
accessible to older, obese individuals due to cost barriers related to gyms and aquatic centers,
poor weather conditions, and lack of transportation from urban centers to exercise facilities

(Sallis et al., 1990; McAuley et al., 2003).
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1.5.2 Resistance exercise and cognition

Resistance exercise is less widely studied than aerobic exercise, but curiosity regarding its
efficacy in many populations has increased in recent years. Resistance exercise, often also
referred to as anaerobic exercise or strength training, consists of intense, short bouts of physical
activity that uses energy stores within the contracting muscles (Patel et al., 2017). This type of
exercise is called anaerobic exercise since its energy metabolism does not rely on inhaled

oxygen; instead, it depends on glycolysis and fermentation for ATP production (Patel, 2017).

Resistance exercise has commonly been studied in older individuals. Dunstan et al (2002)
investigated the efficacy of high-intensity resistance training in improving glycemic control in
sedentary and overweight people aged 60-80 years who were diagnosed with type 2 diabetes.
Dunstan and his colleagues found that this intervention improved glycemic control, improved
muscular strength, had no negative health outcomes, and resulted in moderate weight loss.
Subsequent studies demonstrated the usefulness of resistance exercise in improving body
composition by increasing skeletal muscle and decreasing body fat (Deschenes and Kraemer,
2002), reducing blood pressure (Vincent et al., 2003), combatting insulin resistance (Davidson et

al., 2009) and promoting arterial elasticity (Jefferson et al., 2015).

Resistance exercise is especially effective at improving functional capacity in age and obesity
related declines of muscle and bone strength. De Oliveira Silva and colleagues (2022)
investigated whether a resistance exercise intervention would be capable of rescuing functional

capability in elderly women with obesity induced sarcopenia (muscle loss). In their study, they
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were able to establish that a 16-week intervention was effective in rescuing some functional
capacity and reducing adiposity (De Oliveira Silva et al., 2022). Cassilhas et al (2007) were
interested in whether a 24-week resistance exercise treatment would be sufficient to positively
impact cognitive function in a group of elderly individuals. Follow the 24 weeks, elderly
participants completing either moderate or high intensity resistance exercise had better
performance on the digit span forward task, Corsi’s block tapping task, Osterrieth complex figure
immediate recall, and improvements in measurements of anxiety and depression in comparison

to control individuals who completed stretching classes (Cassilhas et al., 2007).

Liu-Ambrose et al (2008) investigated the effects of resistance exercise on executive function
through tasks targeting set shifting, updating, and response inhibition. They established that the
individuals in the exercise intervention scored significantly higher on response inhibition, a
cognitive ability that has also been closely associated with fall prevention in older individuals at

risk for falls (Verghese et al., 2002; Liu-Ambrose et al., 2008).

Currently, animal model-based research in the neural mechanisms of resistance exercise is
lacking. A ladder-based resistance training intervention using incremental carrying load increases
has been validated as effective in eliciting morphological nerve changes in the forelimb and
hindlimb of young rats (Neto et al., 2021), increasing skeletal muscle (Lourengo et al., 2020),

and promoting recovery rates of bones (Song et al., 2018).
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Suijo et al (2016) found that mice undergoing voluntary resistance exercise over 14 days
demonstrated improved spatial memory function as shown in the Morris water maze and
increased concentrations of hippocampal BDNF. Cassilhas et al (2012) compared the efficacy of
aerobic and resistance exercise interventions on spatial memory and found that both groups had
similar improvements in spatial memory; however, there were variations in both signalling
pathways and proteins in the hippocampus. A subsequent study attempted to elucidate the
molecular explanation regarding reductions in neuroinflammation following resistance exercise
training (Kelty et al., 2019). Kelty et al established that chronic resistance training was effective
in ameliorating lipopolysaccharide levels after they had been injected in the dentate gyrus to

increase inflammation, and that this process may occur through the IGF-1 signalling pathway.

1.6 Rationale

Increased adiposity and advanced age have reliably been shown to result in a plethora of
cognitive impairments, such as decreased motivation, impaired spatial learning and memory, and
depression (Fam et al., 2020). Aerobic exercise interventions have previously been effective in
ameliorating some of these deficits (Colucci-D’Amato et al., 2020); however, this mode of

exercise is not always sustainable for the older, heavier population.

Resistance exercise and its capacity to rescue cognitive function in the elderly and the obese is an
exciting new field of study. Due to the increase in prevalence of obesity, high levels of
consumption of WD, and increasing mean age in Canada, it is important to further understand

and validate effective interventions. However, research is lacking and the mechanisms by which
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these interventions function are still unclear. Rodent models of obesity and exercise are
necessary to provide a sufficient level of control and adherence to both the treatment (HFHS
diet) and the intervention (resistance exercise). To ensure the translatability of the findings from
this model to humans, touchscreen conditioning paradigms can be used. The progressive ratio
task can be used to elucidate alterations in motivation, and the extinction task can be used to
assess perseverance in the population of interest. Additionally, a test of spatial memory such as
SLR will allow for a clearer picture of the interacting impairments that increased age and WD

induced obesity generate.

However, before touchscreen tasks can effectively be used in this obese population, an
alternative to food restriction must be validated as a sufficient motivator. Therefore, we evaluated
citric acid water as a possible motivator across various rodent diets to ensure that it is reliable
and effective. To test its efficacy in touchscreen tasks, the progressive ratio task touchscreen task
was completed to demonstrate that there were no significant differences in motivation to
complete the task between groups. Additionally, a task requiring a higher cognitive load such as
the pairwise visual discrimination task was completed to demonstrate that 2% citric acid water is

effective at motivating free fed mice in tasks of learning and memory as well.

Given previous research, we predicted that 2% CA water could sufficiently motivate free-fed
mice to complete touchscreen cognitive tasks without any serious adverse health effects. In
addition, we predicted that a consistent exercise regime effectively rescued impairments in
motivation and spatial learning and memory that are caused by increased age and WD induced

obesity.
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Chapter 2: Water manipulation experiment

2.1 Introduction

The incidence of obesity worldwide has been classed a pandemic and the blame has been laid on
inexpensive calorie-dense food, community structures that reduce physical activity, and
inexpensive nonphysical entertainment (Meldrum et al., 2017). Obesity has made a name for
itself as the primary risk factor for many illnesses with high mortality rates and even higher load
on the healthcare system, such as type 2 diabetes mellitus (Malik et al., 2012), cancer (World
Health Organization, 2009), and Alzheimer’s (Terzo et al., 2021). Recently, interest in the
association between obesity and cognitive function has skyrocketed. Studies have established
associations between obesity and various dementias (Terzo et al., 2021), with special focus on
the effects of inflammation, insulin resistance, and changes in gray matter volume (Fernandez-
Andujar et al., 2021). Additional work has identified the connection between obesity and
impaired episodic and working memory, decision making, attention, executive function, and
neuroplasticity (Dye et al., 2017). To achieve a deeper understanding of the mechanisms behind
this complex, whole body condition, an animal model of human obesity can be used to uncover
the neuropathophysiology of obesity-related cognitive dysfunction as well as developing

sustainable and effective treatments to combat this issue (Wali et al., 2023).

Examining cognition in pre-clinical models of obesity requires behavioural assays that are
translatable as human-health relevant findings. The formal design of the pre-clinical assays used
in obesity — the water maze, radial arm maze, fear conditioning, etc. — do not measure behaviours

in mice in an identical manner to those in humans (Cassilhas et al., 2012; Heyward et al., 2012;
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Klein et al., 2016). In clinical settings, computerized test batteries and automated touchscreen
systems (e.g. the Cambridge Neuropsychological Test Automated Battery (CANTAB), CogState,
Mindstreams, Cognitive Performance Testing Services) are increasingly utilized to test cognition
(Meo et al., 2019). Using similar principles, rodent touchscreen operant chambers robustly

bridge the gap to human behavioural assessments.

Rodent touchscreen operant chambers are more desirable than traditional methods used in the
study of animal cognition for several reasons. Touchscreen chambers have experimental
conditions, such as the testing environment, stimuli presentation, and apparatus, that stay
consistent between trials, paradigms, and animals (Kim et al., 2017). Additionally, they offer a
wide battery of tasks specific to various cognitive domains, including attention, spatial memory,
motivation, and learning (Kim et al., 2017) that can be delivered to both humans and rodents in a

nearly identical manner (Sullivan et al., 2020).

However, there is a significant limitation to using touchscreen conditioning paradigms when
testing models of obesity. Touchscreen tasks usually utilize an appetitive reinforcer, such as
strawberry milkshake or condensed milk (Sullivan et al., 2020) which motivates mice to
complete the task. A reward’s desirability can be enhanced and maintained by food restriction — a
protocol in which food access is limited by duration or quantity (Goltstein et al., 2018; Lattal and
Williams, 1997; Kwak et al., 2015; Mallien et al., 2016). Previous work by Kant et al. (1988)
demonstrated this concept by comparing the speed at which food-restricted and unrestricted mice

completed a maze task. As hypothesized, food-restricted mice receiving a food reward learned to
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complete a maze task more quickly than unrestricted mice receiving the same reward (Kant et
al., 1988). These findings have been directly demonstrated in touchscreens as well, with Yang et
al. (2019) showing that rats interacted with the touchscreens less when they were no longer food

restricted.

Food restriction is not an appropriate motivational protocol in studies utilizing specific diet
interventions or HFHS diet induced models of obesity (DIO) (Reichelt et al., 2019). Food
restriction maintains mice at a bodyweight that is 85-90% of baseline free-feeding weight (Heath
et al., 2016), however, DIO require free-feeding of HFHS diet to accurately model human
obesity (Moura e Dias et al., 2021). Several studies looking at cognition in diet-induced obesity
using touchscreen have noted this limitation (Dumont et al., 2021; Harb & Almeida, 2014; Miles
et al., 2022). Furthermore, obesity is linked with anxiety and depressive-like behaviour in mice
(Del Rio et al., 2016; Park et al., 2017), resulting in mice that are less motivated to perform in
conditioning paradigms (Del Rio et al., 2016; Park et al., 2017). Based on these findings, it is
necessary to validate alternatives to food restriction paradigms so that obese mice can be

motivated to perform touchscreen tasks of cognition in this model.

One such possible alternative to food restriction is water restriction. Water restriction has
previously been applied through two different methods: limiting the quantity of water available
(Guo et al., 2014) or limiting the duration of access to water (Tucci et al., 2006). Such water
restriction protocols have previously effectively increased motivation in mouse models of obesity

in conditioning paradigms (Blaisdell et al., 2014). Restricting the amount and availability of
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water presents greater health risks and discomfort in mice than restricting the amount and
availability of food (Gollstein et al., 2018). In addition to discomfort, the risk of serious
outcomes such as dehydration and unsafe weight loss requires rigorous monitoring to ensure the

well-being of the mice (Urai et al., 2020).

An alternative method of water restriction exists that does not limit the quantity or availability of
water — water with the addition of citric acid (Urai et al., 2021). The addition of a small amount
of citric acid powder into water creates a mild citric acid solution that has a sour taste (Reinagel
et al., 2018). Due to the sour taste, rodents consumed less of the 2% citric acid water when it was
provided ad libitum (Reinagel et al., 2018; Urai et al., 2021). This reduction of water
consumption was sufficient to motivate rodents to complete conditioning paradigms when
presented with water rewards (Urai et al., 2021). In addition to sufficiently motivating mice, the
risk of dehydration is reduced in comparison to other water restriction protocols since the 2%
citric acid water is administered ad libitum (Reinagel, 2018; Urai et al., 2021). Ultimately, water
manipulation using citric acid is non-labor-intensive and a low-error option that benefits animal

health without hindering behavioral training progress (Reinagel, 2018; Urai et al., 2021).

Citric acid water has demonstrated its efficacy and reliability in motivating behavioural task
performance in mice (Urai et al., 2021). However, research regarding its applicability in
touchscreen studies, especially those requiring specialized diets, is lacking. This study aimed to
answer two questions: 1) are mice undergoing a water manipulation protocol using citric acid

water as motivated as food restricted mice to perform and learn on touchscreen tasks? and 2) are
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mice consuming high-fat, high sugar (HFHS) diet as motivated as those consuming standard

chow to complete touchscreen tasks while on the citric acid water manipulation protocol?

2.2 Methods

2.2.1 Animal housing and care

All experiments were conducted in compliance with the standards set by the Canadian Council of
Animal Care and under direct veterinary supervision at the University of Western Ontario.
Seventy-two C57BI1/6J mice (36/sex, The Jackson Laboratory, US) arrived aged 8-12 weeks old.
Mice were separated by sex and housed in groups of 4/cage (28 x 18 cm plastic cages with wire

tops) (Figure 1) in a temperature (23 + 1°C) and humidity (50 + 1%) controlled room under a

reverse 12h light/dark cycle (lights off at 9:00).

. Figure 1. Example mouse home cage with
environmental enrichment.

Levels of enrichment were kept even between
cages to avoid discrepancies in effect of
enrichment. Extra chewing enrichment was

- included in all cages to reduce grinding of
' high-fat, high-sugar diet by mice.
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: Nestlet l
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Chew Stick
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Upon arrival, mice were acclimatized to their cages for 5 days with ad libitum access to standard
diet and untreated water. Mice were randomly assigned to standard diet (Teklad Envigo 7913,
18% protein rodent diet, 3.1 kcal/g, 5% fat, 5% fibre), (N = 20/sex) or high fat high sugar
(HFHS) chow (Bioserv F6724, 4.57 kcal/g), (N = 16/sex). All mice had ad libitum access to their
respective food and untreated water for three weeks. Following three weeks of diet
acclimatization, baseline weights were calculated as the average of their bodyweight over three

days.

2.2.2. Food restriction and manipulation

Food restriction and water manipulation protocols were then implemented. Sixteen mice (n=8
per sex) on standard diet were randomly chosen to undergo food restriction to 85-90% of their
baseline weight. All mice receiving ad libitum standard diet (n = 24) and HFHS diet (n = 32)
underwent 2% citric acid water manipulation ad libitum. Two grams of CA (citric acid
anhydrous, Thermofisher Scientific, USA) were dissolved in 100mL of tap water to produce 2%

CA water.

2.2.3 Health monitoring

Mice were weighed daily, with a healthy weight defined as 85-90% of baseline weight in food
restricted mice, whereas mice on 2% CA water had no upper boundary of acceptable body
weight. Food restricted mice found to be under a healthy weight were provided additional diet;

water manipulated mice found to be under a healthy weight were provided one hour of access to
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0.5% CA water to encourage water consumption. Water-manipulated mice found to be
underweight for three consecutive days were provided one hour of access to regular tap water. In
addition to weight monitoring, all water manipulated mice were monitored for signs of
dehydration. Daily scores were assigned based on their activity, posture and grooming, eating

and drinking, and dehydration levels using a health scoring system (table 1)

2.2.4 Touchscreen apparatus

All touchscreen behavioural testing was completed using standard Bussey-Saksida mouse
touchscreen chambers (model 80614, Lafayette Instrument Company, Lafayette IN — see Figure
2) as described elsewhere (Mar et al., 2013). Briefly, the apparatus consists of a trapezoidal

chamber with a

Figure 2. The Bussey-Saksida mouse
touchscreen chamber. An automated
touchscreen chamber with
interchangeable masks and tests of
cognition. Multiple measurements can be
recorded. Operated through ABET II
touchscreen software.

touchscreen on one end and a reward magazine tray on the other side. In front of the touchscreen
there is a space in which removable masks specialized to each of the cognitive tests can be

inserted. The chamber is insulated from environmental noise and light. A built-in light and
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camera above the chamber allow real-time observation of behaviour as well as recording. The

reward tray illuminates and delivers a liquid milkshake reward upon trial completion.

2.2.5 Touchscreen habituation

Mice were then provided with a sample of Neilson strawberry milkshake (H1P1X8, Saputo Inc.,
Montreal, Canada) mixed with their diet and added to their home cage. Mice were habituated to
milkshake for three days. Once mice were habituated to the milkshake reward, initial
touchscreen training began. All experiments were conducted using Bussey-Saksida Touchscreen
Chamber systems (Campden Instruments Ltd., Loughborough, UK) and ABET Il Touchscreen

Software (Lafayette Instrument, Lafayette, USA).

Habituation to the chambers occurred in two stages. The first stage was a 10-minute habituation
in which mice were left alone in the touchscreen chamber without any stimulus presentation or
reward. The second stage, on the subsequent day, was a 20-minute habituation that began with a
3kHz tone lasting for 1 second, after which the LED light was illuminated and ~150 pL
strawberry milkshake was released into the reward tray (feeder pulse time: 6000 ms). Following
collection of the reward, the light turned off and the tone and light were presented again after a 1
second delay; however, in this instance only 20 puL of milkshake was dispensed (feeder pulse
time: 800ms). This process continued for the remainder of the 20-minute habituation. A
successful habituation session was defined as the mice collecting all the reward from the reward
dispenser. If successful, the third session on the subsequent day consisted of a 40-minute

habituation with parameters identical to day 2.
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2.2.6 Initial operant training

Following successful completion of all three habituation sessions, each mouse underwent a 60-
minute operant conditioning session on the subsequent day. In this session, a white illuminated
square stimulus was presented in the center of a five-square panel on the touchscreen (see Figure
3). The stimulus was present on the screen for 30 seconds, after which the stimulus was removed,
and the trial was terminated — a process which was signaled by a 1 second long 3 kHz tone, light
illumination, and administration of 20 puL of reward into the reward tray. The light turned off and
a 4.5 second delay was presented following reward collection. After this initial trial, if the mouse
touched the illuminated white square with its nose, that trial was classed as a correct trial and
resulted in removal of the stimulus, illumination of the reward dispenser, presentation of the
same tone, and release of 60 pL of reward. Initial operant training was successfully completed
once the mouse achieved 30 correct trials within 60 minutes. If the mouse failed to achieve these
30 correct trials in 60 minutes, this session would be repeated on subsequent days until the

session was successfully completed.

Figure 3. The touchscreen
chamber configuration used in
the FR, PR, and extinction tasks
of motivation and perseverance.
The 5-square mask is utilized in
these cognitive tasks.
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2.2.7 Fixed-ratio (FR) touchscreen task

Once initial operant training was completed, the mice began with the fixed-ratio (FR)
touchscreen task. This task was compromised of several stages with similar parameters to the
previous session; however, correct trial completion was dependent on mice reaching a defined

number of nose pokes to the stimulus.

FR1 required that the mice achieve 30 trials in a 60-minute session, making one nose-poke per
trial to receive reward. The subsequent stage, FR2, required that the mice interact with the
stimulus twice in each trial to receive reward. Following the nose poke to the initial stimulus, the
stimulus was removed for 0.5 seconds and an audible “click” noise was presented after which the
stimulus reappeared. FR2 required that mice achieve 30 trials in 60 minutes in this manner. FR2
progressed to 3 responses/trial (FR3), and 5 responses/trial (FR5) for a reward in subsequent
sessions. All the other parameters were identical to FR1 and sessions lasted 60 min. The criterion
to advance to the next FR session was the completion of at least 30 trials/session. Following FR5
training, the animals progressed to two sessions of unrestricted FR5 (FR5-UC) with no

maximum trial limit across each 60 min session.

2.2.8 Progressive ratio (PR) touchscreen task

Following the completion of both sessions of FRS, the progressive ratio touchscreen task began.
The mice performed unlimited trials in 60-minute sessions, one session per day for six days. PR
task parameters were similar to those in the FR task, differing only in the number of interactions

required to complete a trial. The number of interactions required to complete a trial increased in a
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linear + n manner (i.e. the responses required for reward in the PR4 stage were as follows; 1, 5,
9, etc.) following completion of each trial. Following PR4, mice completed PR8 and PR12 on

subsequent days, adhering to the same parameters for trial completion.

This task was used to assess motivation, which was possible by calculating breakpoint.
Breakpoint was defined as the number of responses performed in the last successfully completed
trial. Sessions terminated either when mice stopped interacting with the touchscreen for five
minutes or when the 60 minutes had elapsed. In addition to breakpoint, the number of trials

successfully completed, reward latency, and blank touches to the screen were recorded.

2.2.9 Pairwise visual discrimination (PVD)

In the pairwise visual discrimination task, mice learned to respond to a correct stimulus image
(S+) and not interact with an incorrect stimulus image (S-) when both were displayed on either
side of the touchscreen with presentation sides for the images pseudo randomly varied across
each trial (see Figure 4). A correct trial, defined as a nose poke to the S+, resulted in 20 pL.
reward release into the reward tray and tray light and tone identical to those described previously.
An incorrect trial, defined as a nose poke to the S-, resulted in a 5-second time-out during which
the chamber was illuminated by the house light. Following the time out, a correction trial began.
In a correction trial, the stimuli were presented in the same configuration as the previous trial.
The correction trial was repeated until the mouse successfully made a correct response. Each
session consisted of 30 trials, with each session ending when those trials were completed, or 60
minutes had elapsed. If a session ended without 30 trials completed, the session was continued

the subsequent day until 30 trials were completed. Correction trials are not counted towards
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session completion. Mice completed a total of 10 sessions of 30 trials each. To assess the

learning of the discrimination rule, the accuracy (% correct responses) and number of correction

trials were determined for each session.

Figure 4. The touchscreen mask used in
the PVD test of learning and memory.

2.3 Data analysis

All data were analyzed using GraphPad Prism (Version 10.0.0 — 153). Three-way ANOVAs were
utilized, with sex and restriction protocol or diet as the between-subject factors and day, week, or
session as the within-subject repeated factors. Tukey post-hoc analyses were used as required. In
instances where sphericity assumptions were violated (Mauchly’s test), a Greenhouse-Geisser
correction was applied. The homogeneity of the between-subjects variable was tested with
Levene’s equality of variance test. Data are presented as mean = standard error (SEM).

Significance was set at a < 0.05.

Analyses were executed by comparing each dependent variable in two sets: 1) restriction
protocol and sex within the standard diet group and 2) diet and sex within citric acid groups.
Both analyses included the same standard diet (non-food-restricted) mice on citric acid, since

including a group of mice consuming HFHS diet while having their consumption restricted
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would be an ineffective model of diet-induced obesity. By eliminating irrelevant comparisons
using these two sets of analysis, we reduced type 2 error. This study design allowed us to answer
1) whether CA water and food restriction motivate mice consuming standard chow in a similar
manner, and 2) whether CA water can motivate HFHS diet mice to a similar extent as standard

chow diet mice.

CA Water Behavioural Exp #1 .
. ' Behavioural Exp #2

Diet : : '

M

S

?

C57BI6

8 Weeks 0ld
N =72 {36/sex) ! - ' |

Control diet or HFHS chow

Citric acid watd:r or food restriction !

— —

Progressive Ratio Task Pairwise Visual Discrimination Task

Figure 5. Experimental timeline for the water manipulation experiment.
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2.4 Results

2.4.1. Diet and water manipulation health outcomes

Health monitoring consisted of measuring body weight, activity, grooming, and if the animal was
eating and drinking regularly. Following the first week of 2% citric acid (CA) water
administration in the water restricted groups, a sharp decrease in bodyweight was observed. Due
to the rapid nature of this weight loss, the percentage of citric acid in the water was reduced to
1.5% as a safety measure. Following the move to 1.5% CA, weight loss stopped, and the animals
eventually maintained at a healthy 85% of their baseline free-fed body weight or greater.
Following several days stabilized at this weight, mice were then returned to 2% CA water.

Mice consuming HFHS diet and 2% CA water had reduced fecal output when compared to
standard chow fed mice, earning a score of 1 (Table 1); however, this was independent of CA
water administration. Additionally, a small number of mice received a score of 1 for posture and
grooming within the initial days of CA water administration (Table 1). Body weight (g + SEM,
figure 6) in standard chow fed mice receiving either CA water (6A) or food restriction (6B)
across 20 weeks showed main effects of week (F(23, 960) = 9.757, p<0.001), restriction
(F(3,960) = 2959, p<0.0001), and sex F(1,960) = 7984, p<0.0001) (as shown in figure 6). There
was a significant within-subjects interaction between week and restriction (F(23,1224) = 3.862,
p<0.0001), with standard chow 2% male mice showing significantly greater bodyweights from
week 9 onwards (p<0.05). Mice in all groups decreased in weight to a stabilized weight of 85-
90% of pre-restriction weight before the beginning of behavioural testing (figure 2-1A-B).

Following a post-hoc investigation, female mice had significantly lower bodyweight in
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comparison to male mice, regardless of restriction type (food restriction p<0.0001; standard

chow 2% CA water p<0.0001; HFHS diet 2% CA water p<0.0001). In addition, male standard

chow fed mice receiving CA water had significantly higher bodyweights than male standard

chow fed mice on food restriction (p=0.038).

Activity

Score

Moves around the cage

Moves slowly around the cage

Moves only when touched

Does not move

WIN|F-L|O

Posture and Grooming

Normal posture and smooth fur

Hunched posture or ruffled fur

Hunched posture and slightly ruffled fur

Hunched posture and all fur ruffled

WIN |- |O

Signs of Eating and Drinking

Feces and urine observed

Minimal fecal and/or urine

|l =)

No signs or feces and/or urine

N

Signs of Dehydration

Skin does not tent when scuffed

Skin tents briefly but returns to normal

Skin tents and takes more than 2 seconds

Skin tents and stays tented

WIN|F—|O

Total Scores

Any animal that has a score:

required

the animal

e <4 cumulatively or < lin any one category should be monitored but no action

e >2in any one category or cumulatively to > 5 required veterinary support to monitor

Table 1. Health scoring system used to assess activity levels and hydration of mice on citric
acid water. All mice receiving water manipulation treatment were monitored using this table 6

times per week.
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Figure 6. Average bodyweight maintained from baseline and from the start of (A)
restriction type on standard diet and (B) water manipulation. Mice began receiving either
standard chow or HFHS diet ad libitum from timepoint week 0 (baseline) to week three and were
weighed three times per week. Week 0 was established based on the three consecutive weights
record prior to the start of week 0. On week 3, chow-fed mice were food restricted (n=8/sex per
group) or started receiving 2% CA water (n=12/sex per group), and HFHS diet mice started
receiving 2% CA water (n=16 per group) ad libitum. The weight recorded at week 3 functioned
as a baseline weight. Mice were initially provided 2% CA water at week four, but in an effort to
prevent rapid bodyweight loss, mice were moved to 1.5% CA water from week 5 to week 8 to
stabilize weight, after which they were returned to 2% CA water from week 8 until the end of the
study. Following the commencement of food restriction or water manipulation, mice were
weighed and had their health monitored 6 times a week. Data presented as mean+=SEM.

2.4.2 Water manipulation and diet modulates motivation in obese mice in the fixed-ratio
and progressive ratio tasks.

No differences were found in sessions to criterion for the FR/PR tasks between standard chow
diet food restricted and standard chow diet with 1.5% CA water mice (p>0.05, figure 7A).
Conversely, following the switch to 2% CA water, only obese male mice on HFHS diet and 2%
CA water were slower to train in comparison with male mice on standard chow diet and 2% CA
water (main effect of diet F(3, 51) = 0.7029, p<0.01, figure 7A, 7B) and female mice on standard
chow and 2% CA water (post hoc; p<0.05). A comparison of the rate of response during the
fixed-ratio (FR) task showed a main effect of stage (figure 7C, F(2.024, 72.86) = 107.5,
p<0.0001) when comparing diet groups, since each stage of FR requires greater responses/minute
to complete. In the water manipulated groups, there was once again a main effect of stage (figure
7D, F(1.859, 94.18) = 125.6, = p<0.0001), as well as a main effect of diet (F(3, 152) = 5.548,
p<0.01), with mice consuming standard chow responding more/minute, and an interaction of

stage x diet (F(3, 152) = 5.549, p<0.01).
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Figure 7. Effects of restriction type on standard diet or water manipulation on days to train
and response rate in the fixed-ratio touchscreen task. Days to training encompassed
habituation to the touchscreen chambers, learning to interact with the touchscreens, and learning
to retrieve reward. The groups did not differ significantly in the days required to train on the
touchscreen task across restriction type on standard diet (A). They did differ across groups in the
water manipulation (B) groups, with obese HFHS males taking significantly longer to train than
standard chow males. The FR task trained the mice to make a certain number of responses at
each stage to successfully receive the reinforcement reward (strawberry milkshake). There was
an effect of stage in both restriction type on standard diet (C) and water manipulation (D). There
was also an effect of diet, and an interaction of stage x diet in (D). Performance within each
group is further broken down by sex. Data presented as mean+=SEM, ** p < 0.01.
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On the progressive ratio task itself, mice performed it once while CA water mice were on 1.5%
CA water, and then again when they returned to 2% citric acid water. These two runs are

analyzed separately.

Breakpoint, an important marker of motivation, was defined as the maximum number of
responses that were given at each stage of the PR task. Comparing 1.5% citric acid to food
restriction, mice had lower breakpoints at PR4 than at PR8 or PR12 (p<0.001; main effect of
stage, F(1.569, 56.5)=11.962, p<0.001, figure 8A). There were, however, no significant
differences between restriction types or diets (p>0.05). The resulting total rewards collected
showed a similar pattern, with a main effect of stage (F(1.37, 49.316)=373.203, p<0.0001, figure
8E) with PR4 producing many more rewards than PR8 or PR12 (p<0.0001) and PR 12 resulting
in slightly more rewards than PR8 (p<0.05). Notably, food restricted mice received more rewards
than 1.5% CA water mice (F(1,36)=4.327, p<0.05, figure 8E). Responses to non-illuminated
windows (i.e. blank touches) differed by sex (F(1,36)=9.009, p<0.01, figure 8C; males more than
females) and stage (F(2, 72)=7.517, p<0.01, figure 8C), with stage significantly interacting with
sex (F(2,72)=3.523, p<0.05) and restriction type (F(2,72)=5.515, p<0.01). Notably, male mice

made significantly more blank touches in PRS8 than did female mice (p<0.01).

While on 1.5% citric acid, mice of both diets had lower breakpoints at PR4 than at PR8 or PR12
(p<0.05; main effect of stage, F(1.523, 77.667)=8.507, p<0.01, figure 8B). Chow fed mice had
higher breakpoints than HFHS mice (main effect of diet, F(1,51)=22.437, p<0.0001, figure 8B),

with no effect of sex (p>0.05). Similarly, chow fed mice received more rewards resulting from
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their increased responding (main effect of diet, F(1,51)=19.836, p<0.0001, figure 8F),
particularly at PR4 and PR12 (p<0.05; stage by diet interaction, F(1.508,76.892)=11.643,
p<0.001, figure 8F). Here there was a significant three-way interaction (F(1.508,76.892)=7.257,
p<0.01, figure 8F), but with no relevant significant pairwise comparisons. Number of blank
touches differed by diet (F(1,51)=7.823, p<0.01, figure 8D), with diet interacting with reward
contingency (F(2,102)=8.06, p<0.001) and sex (F(1,51)=5.521, p<0.05) alone and as a three-way
interaction (F(2,102)=3.206, p<0.05, figure 8D). Notably, male chow fed mice made more blank

touches than male HFHS mice (p<0.01), particularly at PR4 (p<0.05).

Following testing with CA mice on 1.5% CA water, mice were returned to 2% CA water and
tested again on PR. In a comparison of breakpoint by restriction type on standard diet, there was
a main effect of stage (F(1.456, 52.401) = 7.931, p<0.01, figure 8A). There were no main effects
of treatment or restriction type (p>0.05, figure 8A). A significant sex by stage interaction was
observed (F(1.456, 52.401) = 5.227, p<0.05) but no relevant and significant pairwise
comparisons were found. There was a main effect of stage (F(1.044, 37.596) = 31.632, p<0.0001,
figure 8E) in number of rewards collected, with more rewards received in PR4 than PRS8 or
PR12. The number of blank touches made significantly differed by stage (F(2,72)=14.579,

p<0.0001, figure 8C), but not by sex or restriction type.

Importantly, in the water manipulated groups, a main effect of diet on breakpoint was present
(F(1, 51)=5.51, p<0.05, figure 8B) with standard chow mice outperforming HFHS diet mice.

Once again, there was also a main effect of stage (F(2, 102) = 4.463), p<0.05) but no main effect
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of sex (p>0.05). A diet by sex interaction was present (F(1, 51) =4.641, p<0.05), with a
significant difference between standard and HFHS fed male mice (p<0.05). This effect of diet
carried over to the number of rewards collected (F(1, 51) =4.873, p<0.05) with HFHS mice
collecting fewer rewards. In this group there was also no effect of sex (p>0.05), but the number
of rewards collected was higher in PR4 than in PR8 or PR12 (p<0.0001; main effect of stage
(F(1.069, 54.522) = 45.952, p<0.0001, figure 8F). Blank touches differed across stage (F(1.768,
90.17) =4.9, p<0.05, 8D), with no further main effects (p>0.05). Finally, there was a three-way

interaction (F(1.768, 90.17) = 6.059, p<0.01) with no significant pairwise comparisons.

These findings provide important insight into the applicability of 2% CA water as a motivator by
suggesting that it can be used effectively in studies that compare performance across groups of
obese animals. While CA water may not motivate standard-fed mice to a similar level as food
restriction in this sensitive test of motivation, the results of this experiment provide compelling
evidence that CA water can successfully motivate obese mice to perform touchscreen tasks.
Thus, we found changes in responding during PR which is highly sensitive to changes in
motivation. However, we were interested in the practical application of the CA intervention in
tests of cognition. Therefore, in the next experiment we tested the applicability of water

manipulation in a test of learning and memory, the pairwise visual discrimination (PVD) task.
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Figure 8. Levels of motivation within the progressive ratio touchscreen task vary based on
group.

In the first round of PR, 1.5% CA chow mice and F-R mice had lower breakpoints at PR4 in
comparison to PR8 and PR12 (A). These same effects were observed in number of total rewards
collected, and FR mice collected more rewards (E). F-R mice completed more blank touches,
and male mice had significantly more than females (C). 1.5% chow vs. 1.5% HFHS diet also had
lower breakpoints at PRR4 than in PR8 or PR12, and chow had higher breakpoints than HFHS
(B). Chow fed also collected more trials, especially at PR4 and PR12. (F) Male chow mice made
more blank touches than male HFHS mice (D).

In the second round of PR, 2% CA chow and F-R mice had similar breakpoints (A), blank
touches (E), and rewards collected (C). More rewards were collected in PR4 than in PR8 or
PR12 (C). Water manipulated groups showed greater breakpoint in chow mice than in HFHS
mice, and an interaction demonstrated a significant difference between male chow and male
HFHS mice (B). Rewards collected also differed between diets with chow mice collecting more
rewards, and both groups collecting more rewards in PR4 than in PR8 or PR12 (F). Groups
performed similarly in blank touches (D). Data presented as mean+SEM, *p<0.05, **p<0.01,
*HEEp<0.001, ****p<0.0001.

2.4.3 Groups consuming 2% CA water performed similarly in the pairwise visual
discrimination task.

In contrast to the clear variation between groups in performance observed during PR, there were
no clear differences between groups in PVD (figure 9). There was a main effect of session when
comparing groups by restriction type (figure 9A, F(5.692, 204.898) = 46.704, p<0.0001), as well
as an interaction of session x sex x restriction type (F(5.692, 204.898) = 2.402, p<0.05; no
statistically significant and relevant pairwise comparisons, p>0.05), but no effect of sex or
restriction type (p>0.05). A main effect of session (figure 9B, F=(6.041, 302.054) = 75.67,
p<0.0001) was also present when investigating percent correct between water manipulated
groups. Additionally, here a main effect of sex (F(1, 50)=5.057, p<0.05) which demonstrated a

greater percent correct in females than in males. Importantly, there was no significant difference
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% Correct

between groups at session 10 (p>0.05). Once again, there was no significant difference between

water manipulated groups (p>0.05).
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Figure 9. Percentage correct trials across 10 sessions of the pairwise visual discrimination
task. Percentage of correct trials in the PVD task by restriction type (A) and water manipulation
(B) both demonstrated variation based on session. (A) showed an interaction of session x sex x
restriction type. In (B) an effect of sex was observed. Data presented as mean+SEM, *p<0.05.

Additionally, there were some differences in correction trials between groups (figure 10A-B).
Correction trials occurred following an incorrect trial response and repeated until the animal
made a correct response. Correction trials did not count towards total trial count during the
session. There was a main effect when comparing restriction groups by session (figure 10A,
F(5.116, 184.177) = 24.369, p<0.0001), as well as a main effect of sex (F(1, 36) = 6.64, p<0.05;
males made more correction trials than females), but no effect of restriction type (p>0.05). When
probing performance across water-manipulated groups (figure 10B), effects differed from those
observed across restriction groups. Here, there was a main effect of session (F(5.187, 259.346) =

77.39), p<0.0001), a main effect of diet (F(1, 50) = 13.32, p<0.0001) that demonstrated a greater
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number of correction trials in chow fed mice than in HFHS fed mice. Additionally, a main effect
of sex was present (F(1, 50) = 8.85, p<0.01) which showed that males completed more correction

trials than females.
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Figure 10. Number of correction trials across 10 sessions of the pairwise visual
discrimination task. Number of correction trials in the PVD task by restriction type (A) and
water manipulation (B) both demonstrated variation based on session. In (A) there was also a
main effect of sex, but no effect of restriction type. In contrast, (B) demonstrated a main effect of
diet, sex, and session. Performance within each group is further broken down by sex. Data
presented as mean+=SEM, ****p < (.0001.

To further contextualize these findings, the perseverance index (PI) was calculated. The Pl is a
ratio of the number of correction trials to each incorrect trial, representing the number of
corrections required for the mouse to complete the trial correctly. There was no main effect of
restriction type (figure 11A, p<0.05), however there was a main effect of session (F(0, 359) =
7.730, p<0.0001). In addition, there was a main effect of sex (F(1, 359) 15.77, p<0.0001) with
males exhibiting a higher PI than females. Similar effects were seen when investigating
performance across water-manipulated groups. There was no significant difference in PI between

diet groups (figure 11B, p<0.05) but once again there was a main effect of session (F(9. 496) =
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Perseverance Index

5.058, p<0.0001). There was also a main effect of sex (F(1, 496) =19.19, p<0.0001) with males

completing the task with a greater PI than females.
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Figure 11. Perseverance index across 10 sessions of the pairwise visual discrimination task.
Perseverance index in the PVD task by restriction type (A) and water manipulation (B) both
demonstrated a main effect of session and sex. No main effect of restriction type (A) or diet (B)
was present. Performance within each group is further broken down by sex. Data presented as
mean+SEM, ****p < (0.0001.

Interestingly, these findings show that the variations in performance between standard chow and
food restricted mice in the progressive ratio task are not observed during the pairwise visual
discrimination task. This homogeneity in performance across groups in PVD suggests that in
tasks that the use of 2% CA water intervention functions as a reliable and effective motivator in

touchscreen behavioural tasks that are not specifically probing motivation.

Chapter 3: Resistance exercise experiment
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3.1 Introduction

High prevalence, complex origins, and interacting health complications make obesity a difficult
condition to address in a clinical setting (Wharton et al., 2020). Sustained obesity, characterized
by excessive adiposity, is often casually associated with chronic conditions such as type 2
diabetes, nonalcoholic fatty liver disease, cardiovascular disease, and various cancers (Wharton
et al., 2020). In addition to physiological impacts, obesity has also been associated with various
cognitive impairments (Buie et al., 2019). Obesity exerts its effects on cognitive performance by
promoting inflammation, dysfunction in insulin sensitivity, and gut homeostasis which in turn
results in impaired endothelial function, oxidative stress, and mitochondrial dysfunction (Buie et
al., 2019; de Mello et al., 2018; Sripetchwandee et al., 2018). Clinical studies have suggested that
mid-life obesity (45-65 years old) is associated with worse cognitive outcomes and more adverse
effects on cognition (Smith et al., 2011; Dye et al., 2017). Mid-life obesity has been correlated
with lower scores on the Mini-Mental State Examination (MMSE) (Bischof et al., 2015), worse
performance on testing involving organization, attention and visuomotor speed, executive

function (Wolf et al., 2007), and memory (Gunstad et al., 2009).

The growing rate of obesity and its detrimental effects have largely been attributed to excessive
consumption of “western diet” which is characterized by high levels of sugar and fat (Rakhra et
al., 2020). Consumption of WD is pushing incidence of obesity into even younger age brackets,
with type 2 diabetes now commonly presenting in childhood and adolescence instead of in

adulthood (Rakhra et al., 2020). WD is used widely in diet-induced models of obesity in rodents
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(Buie et al., 2019). WD induces cognitive impairment in these models (Darling et al., 2013),
especially spatial, working, and recognition memory as investigated through performance on
several established behavioural tests such as the Morris water maze (Gladding et al., 2018), y-
maze (Labouesse et al., 2018), and novel object recognition test (Cordner and Tamashiro, 2015),
respectively. During the early stages of diet-induced obesity, rats demonstrated profound deficits
in cognitive tasks requiring the prefrontal cortex as well as reduced numbers of dendritic spines
and structural alterations to microglia in the PFC (Bocarsly et al., 2015). Using preclinical
models of diet-induced obesity in rodents allows a greater level of control in domains that affect

the manifestation of obesity such as age, activity level, and type of diet consumed.

In combatting obesity, the most recommended interventions consist of a change of diet or an
increase in physical activity levels (Sharma, 2007). For many, a change of diet away from a WD
is cost-prohibitive or inaccessible (Malik et al., 2013). Rapid urbanization resulting in densely
populated areas with minimal outdoor recreational spaces, reliance on motorized transportation
systems, and the increasing rate of employment in sedentary work sectors limits the possibility
and probability of engaging in physical activity (Malik et al., 2013). However, improvements in
physiological markers of health (Maffiuletti et al., 2005; Nelson et al., 2006; Kennedy et al.,
2005) and cognitive function (Peven et al., 2020) were observed when sustainable exercise

regimes were implemented.

Previously, aerobic exercise interventions have been exceedingly popular and effective in

alleviating inflammation in children and adolescents with obesity (Calcaterra et al., 2022) as well
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as cognitive dysfunction in mice consuming WD (He et al., 2023). 13-week treadmill exercise
led to an improvement in visuospatial working memory capacity in 12 overweight participants
(Russo et al., 2018). Short term memory and spatial memory, as tested by performance in the Y-
maze, were improved in obese mice following 12 weeks of treadmill exercise (Kim et al., 2016).
Park et al (2019) found similar effects in the performance of obese mice in Morris Water Maze
following 12 weeks of treadmill exercise. Subsequent studies investigating the variation in effect
dependent on the level of intensity of the aerobic intervention found that significant
improvements in spatial and working memory occurred only in the high intensity exercise group,

not in the low or medium intensity groups (Kim et al., 2020; Mora-Gonzalez et al., 2019).

Despite the demonstrated efficacy of aerobic exercise interventions in alleviating many of the
deleterious effects of obesity, it is not sustainable or safe in certain populations. Obesity
increases the risk of falls and multiple falls in individuals aged 60 years or more (Neri et al.,
2020), and due to alterations in body composition that often lead to sarcopenia or osteoporosis,
falls are more likely to result in fractures (Scott et al., 2016). In older populations, a fracture can
result in a prolonged hospital stay, an increased risk of subsequent injury, and ultimately a loss of
independence (Sabesan et al., 2015). Since aerobic exercise interventions commonly consist of
running, jumping, or other high intensity activities, it may not be as useful in older, obese
individuals. Instead, resistance exercise presents itself as an attractive alternative. Resistance
exercise interventions increase functional strength more than aerobic exercise, allowing older
individuals to maintain independence and self-sufficiency (Villareal et al., 2017). Resistance
exercise prioritizes growth of skeletal muscle as opposed to simple fat loss, although it reliably

reduces visceral and subcutaneous adiposity in the abdominal region (Strausser et al., 2011).
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Abdominal adiposity is especially dangerous in models of obesity as it is a major risk factor for
metabolic disorders (Strausser et al., 2011). In addition to improvements in physiological
markers of obesity in older populations, they also demonstrated improved performance on tests
such as the digit span forward task and Rey-Osterrieth complex figure immediate recall when
compared to age-matched individuals that did not participate in any resistance exercise
(Cassilhas et al., 2007). Preclinical rodent models have demonstrated that a consistent resistance
exercise regime inhibits neuroinflammation and attenuates neuropathological changes in
Alzheimer’s model mice (Liu et al., 2020), significantly increases strength (Kim et al., 2015),
improves performance in the Y-maze in sarcopenic, obese mice (Lim et al., 2022), and reduces
hepatic insulin resistance in obese mice (da Crus Rodrigues et al., 2021). Most pre-clinical
reports studying resistance exercise utilize a weighted repeated ladder-climbing task to model the
exercise accurately (Liu et al., 2020; Kim et al., 2015; Lim et al., 2022). However, investigation
into the capability of a resistance exercise intervention to improve specific cognitive functions
that have been previously shown to be affected by increased age and obesity, such as spatial

memory and motivation (Wolf et al., 2007), is lacking.

Resistance exercise has been presented as an exciting, sustainable, and effective intervention in
mitigating some of the negative effects of obesity in older individuals as an alternative to aerobic
exercise (Cassilhas et al., 2007). However, maintaining homogeneity in diet, age-related factors,
and exercise intensity between human participants is challenging. Although a reliable resistance
exercise preclinical model exists (Liu et al., 2020; Kim et al., 2015), it has not been used to
thoroughly elucidate the effects of resistance exercise on motivation, perseverance, and spatial

memory in DIO mice. A reliable and safe manner to answer these questions is through the usage
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of the already validated weighted ladder-climbing task in conjunction with touchscreen
behavioural testing paradigms. This study will further the understanding of the effects of a WD
on spatial memory, motivation, and adiposity in older mice, and whether a resistance exercise

intervention is sufficient to rescue these effects.

3.2 Methods

3.2.1 Animal housing and care

All experiments were conducted in compliance with the standards set by the Canadian Council of
Animal Care and in collaboration with the veterinary staff at the University of Western Ontario
with an approved animal protocol (2021-082). Forty-eight C57BI/6J mice (24/sex, The Jackson
Laboratory, US) arrived aged 8-12 weeks old. Mice were separated by sex and housed in groups
of 4/cage (28 x 18 cm plastic cages with wire tops) in a temperature (23 + 1°C) and humidity (50
+ 1%) controlled room under a reverse 12h light/dark cycle (lights off at 9:00). Upon arrival,
mice were acclimatized to their cages for 5 days with ad libitum access to standard diet and
untreated water. Mice were aged to 13 months of age with regular handling and standard chow
(Teklad Envigo 7913, 18% protein rodent diet, 3.1 kcal/g, 5% fat, 5% fibre). At 13 months of
age, all mice began consuming high fat high sugar (HFHS) chow (Bioserv F6724, 4.57 kcal/g).
All mice had ad libitum access to water and their respective food. Following 1 week of
habituation to HFHS chow, mice were then given 2% citric acid (CA) water as described in
chapter 1. Following one week of acclimation to 2% CA water, mice randomly assigned to
ladder-based resistance exercise (RES), (N =12/sex) or non-exercise (non-RES), (N=12/sex)

intervention group.
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3.2.2 Exercise paradigm

Following acclimatization to diet and CA water, all mice were habituated to the ladder resistance
exercise apparatus (see Figure 12). The apparatus was made up of a 1m long plexiglass ladder
with 1.5cm grids and a dark box positioned at the top. The angle of the ladder was adjustable.
The RES condition group was habituated to the ladder while it was set at an 85-degree angle,
while the non-RES group was habituated to the ladder while it was set at a 0-degree angle. Mice
were habituated to the apparatus for 15 minutes/day for 3 days. Mice were placed at the bottom
of the ladder and climbed to the top. After reaching the dark box at the top of the ladder, they
were given 120 seconds before beginning the next trial. A successful trial was defined as the
mouse climbing from the bottom of the ladder to the top and entering the dark box. Following
habituation, the mice were tested for 5 trials/day, 5 days/week, for 8 weeks. The first resistance
day consisted of the mice climbing to the top of the ladder carrying only their bodyweight. Once
the bodyweight trial was successfully completed 5 times on the same day, the equivalent of 10%
of the mouse’s body weight was added to the base of its tail. The weights utilized for this
experiment were 2- and 15-mL falcon tubes that were filled with varying amounts of water. The
weights were attached using a coastlock snap swivel and Scotch 23 rubber tape. Following 5
successful trials (on the same testing day) with the 10% of their bodyweight added, an additional
2g of weight was added. The mice were required to complete 5 successful trials (on the same
testing day) at each addition of weight before another 2g was added. The load weight was
increased until the mouse was either unable to complete 5 successful trials at a certain weight, or
they reached 100% of their starting body weight which was defined as their bodyweight

following one week of diet intervention.
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Figure 12. The resistance exercise ladder apparatus. The ladder exercise apparatus (A) in
RES position at 85 degrees and (B) non-RES position at 0 degrees. The ladder is 1 metre tall
with 1.5cm acrylic steps and a square opaque rest enclosure on the top.

3.2.3 Fixed-Ratio and Progressive Ratio (FR/PR)
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Fixed-ratio (FR) and progressive ratio (PR) touchscreen testing were completed in Bussey-
Saksida touchscreen operant chambers (Lafayette Instruments) as described in Chapter 1.
Progressive ratio was completed twice and then averaged to control for variation in exercise level

and borderline effects.

3.2.4 Extinction

Following PR, mice returned to FR1 training followed by an extinction protocol. In the
extinction task, stimuli were presented in the same location on the screen but disappeared
following a nose poke (defined as a response) or after 10s of presentation with no interaction
from the mouse (omission). No reinforcement was provided for either responses or omissions.
Each session of the extinction task consisted of 30 trials, with a pause of 4.5 seconds between

each trial. The extinction task was performed over 10 sessions.

3.2.5 Spontaneous Location Recognition (SLR)

The spontaneous location recognition (SLR) task tests the subject’s ability to distinguish between

two similar locations in memory (Reichelt et al., 2021).
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SLR Apparatus

The SLR apparatus consisted of a large, circular tub made of black plastic that was 47cm in
diameter and 30cm deep This tub functioned as the open field and was placed within a black,
rectangular enclosure (61cm x 61cm x 123cm). This enclosure functioned as a source of distal
cues, with a unique black and white image attached to three out of the four walls, and the fourth
wall functioned as a door. The floor of the field was covered with standard mouse bedding (Bed-
0’Cobs Combination bedding, The Andersons Inc., Delphi IN). The top of the enclosure was
open with a camera positioned above that allowed for recording of sessions. ANY-Maze
behavioural tracking software (Stoelting Company, Wood Dale IL) was utilized in tandem with

the camera to track the animal’s location and movement.

Various objects made of plastic or glass were used as visual stimuli and were disinfected with 5%

ethanol between each trial along with the walls of the open field.

SLR habituation

Habituation to the open field-testing area in the absence of stimulus objects was necessary to
reduce any stress stemming from a novel environment. The animals were placed in the empty

field and allowed to explore for 10 minutes per day for 3 days.

SLR test

The SLR test phase began the day following habituation. Mice first completed a sample phase,

followed by a 3hr delay, and then completed the test phase each day. In the sample phase, the
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mice were exposed to three identical objects (referred to as A1, A2, A3) in a triangular formation
for 10 minutes. The configuration of these objects (i.e. the angle at which they were placed in

relation to one another) defined the condition of SLR testing the mouse was completing (Figure

13).

Sample Test
(10 min) (5 min)
Open Arena Day 5 3 hour delay .
Day 1-4
Habituation —
Day 7 3 hour delay
s-SLR q

Figure 13. The spontaneous location recognition (SLR) task. Illustrated are the varying
object configurations based on condition, d-SLR and s-SLR in sample phase and test phase.

The dissimilar condition (d-SLR), in which there was a larger amount of separation between
objects, required all three objects to be 108° apart from each other. The similar condition (s-
SLR), where there was a smaller amount of separation between objects A2 and A3, required
objects A2 and A3 to be placed 72° apart from one another, and object A1 to be equidistant from
A2 and A3. All objects were placed approximately Scm away from the walls of the open field. A
reduction in amount of separation between objects results in an increase in difficulty in the task;

this is why the s-SLR phase is more challenging than the d-SLR phase.
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Mice then underwent a delay of three hours during which they were returned to their home-cage.
Following the delay, the mice completed the test phase. In the test phase, two of the identical
objects used during the sample phase were presented in two locations (A4 and AS). The A4
object location was the exact same as the A1 location during the sample phase. The A5 location
was novel, defined as the position exactly in between objects A2 and A3 in the sample phase.
Each mouse completed both the d-SLR condition and the s-SLR condition with a 72-hour period

separating each test.

Objects and condition order were randomized, and all mice were presented with different objects
for each condition to increase novelty and therefore exploration. Both sample and test phases
were recorded and manually assessed for exploration time and exploratory behaviour towards
each of the objects. Exploration was defined as the mouse having its nose clearly orientated

towards the object with a distance of <1 cm.

3.2.6 Strength measurement

Grip strength was measured using a force transducer that was attached to an angled wire grid
which the mouse gripped onto. The mouse, held by the base of its tail, was lowered towards the
grid until it gripped the grid with both front paws. The torso of the mouse was held parallel to the
grid. This position was held for 2 seconds before the experimenter gently pulled the mouse
backwards until it let go of the grid. This measurement was repeated 3 times with a break of 60
seconds between each measurement. The grip strength measurement was recorded the day before
the start of the exercise intervention, and once a month following with the final test less than 1
week prior to perfusion. The grip strength apparatus was connected to a computer to ensure
accuracy and reduce the number of trials required. Furthermore, grip strength was recorded on

days that mice were not undergoing resistance exercise to avoid fatigue.
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3.2.7 Tissue collection

Mice were anesthetized using isoflurane and transcardially perfused with 4% paraformaldehyde
in PBS. All white adipose tissue deposits from both sides of the animal were removed and

weighed. In addition, the entire liver was also removed and weighed.

3.3 Data Analysis

All data were analyzed using GraphPad Prism (Version 10.0.0 — 153). Two-way ANOVAs were
used to identify main effects of group, session, or group-by-session interactions. One sample t-
test was used to evaluate between-group differences. Tukey post hoc analyses were used as
required. In instances where sphericity assumptions were violated (Mauchly’s test), a
Greenhouse-Geisser correction was applied. Data are presented as mean =+ standard error (SEM).

Significance was set at a < 0.05
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Figure 14. Experimental timeline of resistance exercise experiment.

3.4 Results

3.4.1 Diet and exercise intervention outcomes following resistance exercise intervention
in aged, obese mice.

In this experiment, all mice consumed HFHS diet and 2% CA water. Mice began consuming

HFHS at 13 months of age, and following two weeks of diet habituation they began receiving

2% CA water. There were significant differences in bodyweight between intervention groups

(figure 15, main effect of exercise F(1, 704) = 648.2, p<0.0001. Additionally, there was a main

effect of time point (F(15, 704) = 23.82, p<0.0001) and sex (F(1, 44) =51.51, p<0.0001). There

were significant interactions of timepoint x sex (F(15, 660) =2.980, p<0.001), and week x
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exercise (F(15, 660) = 7.843, p<0.0001). These results demonstrated that non-exercise (non-

RES) mice weighed significantly more than exercise (RES) mice starting at week 13 of diet, and

male mice weighed significantly more than female mice.
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Figure 15. Body weight of each group over 16 weeks. At 13 months, all mice (n=24/sex) began
consuming HFHS diet. Half (n=12/sex) underwent an exercise intervention. Mice undergoing the
exercise intervention had reduced bodyweights compared to non-exercise mice. Female mice had
reduced bodyweights across intervention, and an effect of week time point was also present. Data

presented as

meantSEM, *p < 0.05, ****p<0.0001.

However, these differences in bodyweight were not due to a noticeable difference in diet

consumption. Across the 16 weeks, the non-RES and RES males consumed a similar amount of

HFHS chow, as did the non-RES and RES females (figure 16). There were no significant

differences in consumption between RES and non-RES males (p>0.05) or RES and non-RES

females (p>0.05), but there was a main effect of sex (F(1, 8) = 108.5, p<0.0001) with males
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consuming more than females. Levels of HFHS diet consumption were of interest in this study as
the mice were exposed to high levels of handling and novel exercise interventions that can lead

to stress in mice, often characterized by a reduction in eating (Preez et al., 2021).

Male
Non-Exercise
Male
Exercise
Female
Non-Exercise
Female
——— EXercise

Food Consumed (Q)

Weeks on Diet

Figure 16. HFHS diet consumption by each group over 16 weeks. All mice consumed HFHS
diet. There was no effect of exercise intervention, but there was an effect of sex on the average
amount of diet consumed per week. Data presented as meantSEM, ****p < (0.0001.

Following the resistance exercise intervention, significant differences were observed in our
measure of strength in the mice, grip strength (figure 17, main effect of exercise F(1, 44) =
89.36, p<0.0001; a main effect of week (F(2.351, 103.5) = 109.0, p<0.0001), and an interaction
between exercise x week F(4, 176) = 67.70, p<0.001). Surprisingly, no main effect of sex was
observed (p>0.05). A post-hoc analysis showed that RES mice had significantly greater grip

strength at 4 (p<<0.0001), 6 (p<0.0001), and 8 (p<0.01) weeks.
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Figure 17. Grip strength of each group at baseline, 2-, 4-, 6-, and 8-weeks of exercise
intervention. Differences were observed based on exercise intervention, week, and exercise x
week. Data presented as mean+SEM, **p<0.01, ****p < 0.0001.

3.4.2 Resistance exercise increases motivation in aged, obese mice in the progressive
ratio touchscreen task.

In terms of days to reach training criteria, there were no significant differences between the RES
and non-RES groups (figure 18A, p>0.05). During the fixed-ratio task, there were also no
significant differences observed in the response rate which measures correct responses per

minute (figure 18B, p>0.05).
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Figure 18. Effects of exercise on sessions to train and response rate in the fixed-ratio
touchscreen task. Sessions to training encompassed habituation to the touchscreen chambers,
their mechanisms, and the interactions required to successfully engage in the touchscreen task.
The groups did not differ significantly in the sessions required to train on the touchscreen task
based on exercise intervention (A). The fixed-ratio task trained the mice to complete a task that
required a certain number of responses at each stage to successfully receive the reinforcement
reward (strawberry milkshake). There were no differences in correct responses per minute in the
fixed-ratio task based on exercise intervention (B). Data presented as mean+SEM.

There were no significant differences between the RES and non-RES groups in the number of
days required to reach training criteria (figure 18A, p>0.05) or correct response rate in the FR

task (figure 18B, p>0.05).

Despite the similarities between groups during the training phase of this task, the groups differed
in multiple measures during the PR task. Mice in the RES group were willing to expend more
effort across stages to receive a reward, according to analysis of breakpoint (figure 19A, main
effect of exercise F(5, 112) = 5.249, p=0.0002). In addition to a higher breakpoint, the RES

group also collected significantly more rewards in comparison to the non-RES mice (figure 19B,
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main effect of exercise F(5, 12) = 53.07, p<0.001). The mice in the RES group showed greater
levels of interaction with the touchscreen in the chamber even when their responses were to non-
response windows, shown here by number of blank touches (figure 19C, main effect of exercise
F(5, 113) = 8.568, p<0.0001). After identifying these differences in performance between groups,
it was of interest whether this could be attributed to a difference in physical activity and speed in
the chambers caused by fitness from the exercise intervention. Reward latency illustrates the
amount of time each mouse takes to retrieve the milkshake reward following a successful trial.
The lack of significant differences between groups in reward latency suggests that the variations
observed in the progressive ratio task in this cohort cannot simply be attributed to global changes

in locomotion (figure 19D, p>0.05).
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Figure 19. Resistance exercise intervention modulates performance during the progressive
ratio touchscreen task (mean+SEM). A) Comparison of breakpoint during PR between older,
overweight RES and non-RES mice. There was a significant main effect of exercise, with RES
mice exerting more effort in responding. B) Number of rewards collected differed significantly
between groups. RES mice successfully completed more trials and collected significantly more
rewards. C) RES mice interacted significantly more with non-response windows during the task.
D) There were no significant differences between groups in latency to collect reward following
trial completion (p=0.7544). Data presented as mean+SEM, ** p < 0.01, **** p<(0.0001.
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3.4.3 Resistance exercise intervention increases perseverance in aged, obese mice during
the extinction touchscreen task.

Since differences in motivation were observed between groups in the progressive ratio task, it
was of interest to investigate whether this perseverance would continue through the extinction
touchscreen task in which responses resulted in no reward. Similarly, to the progressive ratio
task, the RES group demonstrated a greater response rate than the non-RES group (figure 20A,
main effect of group F(1, 450) = 9.758, p=0.0019). To further investigate whether there were any
differences during different phases of the task, performance was split into an early, middle, and
late phase for analysis. The early phase of the task represented the first ten trials of a session, the
middle phase represented the middle ten, and the late phase represented the last ten trials. The
aim with splitting the session up in such a manner was to further understand variation in
responding within a session, as opposed to just comparing across sessions. Splitting the
extinction performance into phases revealed some interesting effects. RES group mice
demonstrated a significantly greater level of effort and motivation to complete the task, even in
the absence of a reward, in the early (figure 20B, main effect of exercise F(1, 450)=4.908, p =
0.0272) and late phases of the task (figure 20D, main effect of exercise F(1, 450) =7.659, p =
0.0059). However, both groups performed at a similar level in the middle phase of the task with
no significant differences observed (figure 20C, p>0.05). These findings suggest that the
resistance exercise intervention motivates older, obese mice to respond during touchscreen tasks

even in the absence of any reward.
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Figure 20. Performance on the extinction touchscreen task. Extinction responses rate (A),
response rate in the early phase (B), middle phase (C), and late phase (D). The RES group
had higher perseverance in the absence of a reward when responding to the extinction task.
Specifically, rates of response were higher in the early and late phase of the task session, with no
significant difference observed between groups in the middle phase. Data presented as
meantSEM. *p<0.01, **p<0.001.
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3.4.4 Resistance exercise intervention reduces impairments in aged, obese mice in the
spontaneous location recognition task.

The last task that the mice completed was the spontaneous location recognition (SLR) task. Both
groups of mice completed two conditions of the task that differed in difficulty: dissimilar (d-
SLR) and similar (s-SLR). Performance on the task and spatial memory function was quantified
through the discrimination ratio (d2) that was calculated by comparing the total amount of time
the mouse spent investigating the novel object location versus the non-novel object location: d2

= time(novel) — time(familiar)/time(novel + familiar) (Reichelt et al., 2021).

Some level of impairment in the non-RES group was anticipated as consumption of HFHS diet
and increased age has previously been shown to impair performance on cognitive tasks,
including SLR (Reichelt et al., 2020; Yeomans, 2017; Murray et al., 2017). Of interest was
whether the resistance exercise intervention would be sufficient to improve this performance.
Here in the SLR task, performance on both conditions was significantly better in the RES mice
(figure 21, unpaired t-test dSLR t(36.56)=9.480, p<0.0001; unpaired t-test SSLR t(42.73)=5.573,
p<0.0001). Healthy rodents consuming standard chow are usually capable of completing both the
d-SLR and s-SLR phases with limited impairment (Reichelt et al., 2016). Reichelt et al (2016)
demonstrated that adolescent rats with daily access to sucrose were impaired during the s-SLR
phase but not the d-SLR phase. Here, non-RES mice were impaired at both stages. These mice
were matched on age, diet, and water manipulation, and the RES group performed significantly

better at both stages.

77



dSLR SSLR

’ E— . - o  Non-Exercise

0.4 ' o Exercise
o 0.2 = o
.: (-] '
© o .
© 0.0 -+-&s-vvrveinn- b B ag e
S = o
e .

-0.2- @o . o00O©

° . oo
-0.44 i o
-0.6

Figure 21. Performance on both the dSLR and sSLR conditions of the spontaneous location
recognition task. A d2 ratio was calculated based on the amount of time each mouse spent
investigating the novel object versus the familiar object within each condition of the SLR task. In
both dSLR and sSLR, RES mice spent significantly more time investigating the novel object.
Data presented as mean+=SEM. ****p<().0001

3.4.5 Physiological differences following resistance exercise intervention in aged, obese
mice.

Following sacrifice, both liver weight and white adipose tissue (WAT) weight were recorded.
Liver weight and WAT were of interest since they are clear biomarkers of obesity in diet-induced
models of rodent obesity (Preguica et al., 2020). RES mice had significantly less abdominal
white adipose tissue than non-RES mice (figure 22A, main effect of exercise F(3, 33) = 18.99
p<0.0001). There was a main effect sex (figure 22A, F(1, 44) =33.91, p<0.0001) and post hoc
analysis showed non-exercised males had significantly greater amounts of WAT tissue than
exercised males (p<0.01). The effect of the resistance exercise intervention was clearly
demonstrated within the females, where exercised female mice had significantly decreased
amounts of WAT in comparison to non-exercise females (p<0.001) . However, there was no

significant interaction of treatment x sex (p>0.05).
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Similar effects were observed in the liver weights. RES mice had significantly lighter livers than
non-RES mice across sexes (figure 22B, main effect of exercise F(3, 33) = 26.30, p<0.0001).
Males had significantly heavier livers than females (figure 22B, main effect of sex F(1,44) =
12.07, p<0.01), with no interaction effect (p>0.05). A post-hoc analysis revealed that non-RES
males had significantly heavier livers than RES males (p<0.05) and non-exercise females
(p<0.0001). Exercise males also had significantly heavier livers than exercise females at almost
double the weight (male RES mean = 3.988; female RES mean = 1.918). Lastly, non-exercise
females had significantly heaver livers than exercise females. These findings show that the 8-

week resistance intervention was sufficient to decrease WAT amounts and fatty tissue within the

liver.
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Figure 22. Mouse white adipose tissue weight by group (A) and liver weight by group (B)
following an 8-week exercise intervention. Exercise intervention reliably reduced both markers
of DIO and females had significantly less WAT and less heavy livers. Data presented as
mean+SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Chapter 4: General Discussion

In this thesis I aimed to answer two questions:

1) 1s 2% CA water sufficient to motivate free fed mice to successfully complete touchscreen

behavioural tasks?

2) is a consistent resistance exercise regime sufficient to rescue age and obesity-related cognitive

deficits in motivation, perseverance, and spatial memory?

The first question had to be answered before the second could proceed; testing an exercised,
WD-induced model of obesity in touchscreen tests of cognition would have been impossible if

the efficacy of the 2% CA water were not validated first.

4.1 Applicability of CA water manipulation as a replacement for food restriction in
motivating performance during touchscreen cognitive tasks.

In this study, we investigated the novel use of CA water as an alternative to food restriction as a
motivator in touchscreen cognitive tasks. Establishing an alternative to food restriction was
necessary since many models require free feeding of specialized diet to accurately study DIO and
the related cognitive impairments. Research investigating the cognitive deficits in, for example,
diet-induced obesity (HFHS diet) or demyelination (cuprizone diet) is not possible using food

restriction.

We established that 2% citric acid water sufficiently motivated obese, free fed mice to complete
touchscreen tasks at levels relatively comparable to those achieved by the food-restricted control
group. Using a touchscreen-based test of motivation, the progressive ratio test, we established

that all groups were sufficiently motivated to complete the task. Sex and diet interactions were
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most commonly observed in the male mice consuming HFHS diet and 2% CA water, as this
group of mice required more time to complete most tasks successfully in comparison to female
mice consuming HFHS diet and 2% CA water. This subgroup of mice also increased in weight

throughout the experiment.

In contrast, in a more cognitively engaging test of learning and memory, PVD, the 2% CA water
sufficiently motivated the non-restricted, obese mice to complete the task without significant
differences across groups or sexes. These findings suggest that when administering CA water,
differences are present in a task that is specifically sensitive to motivation, but these variations in

performance are not present in more general tests of cognition.

4.1.1 Administration of 2% citric acid water did not result in long-term adverse health

outcomes.

Mice were closely monitored throughout the entirety of the study, with special attention devoted
to measures of dehydration and stress. Following initial administration of 2% CA water, a steep
decrease in bodyweight was observed. This decrease was sufficient to motivate a move back to
1.5% CA water as a safety measure, as it had less of a sour taste due to the reduced citric acid
content. Once weight stabilized and mice were returned to 2% CA water, weight stayed relatively
constant in all groups except for HFHS diet males that steadily increased in weight. In other

measures of health, such as activity and grooming, all mice behaved normally.

This drop in weight following CA water administration is documented elsewhere (Urai et al.,

2020) and is hypothesized to be an expected part of habituation to this treatment. Other studies
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(Reinegal et al., 2018) habituated rats to the CA water more gradually with incremental increases

in CA concentration to avoid this effect.

4.1.2 Water manipulation, sex, and diet modulates motivation in obese mice.

Performance on the progressive ratio task varied based on several factors. Across both 1.5% and
2% CA water manipulation, breakpoint was significantly different only between water
manipulated groups; however, there were no significant differences in breakpoint between food
restricted mice and 2% CA water chow mice. This finding establishes that with respect to
breakpoint, 2% CA water is effective in motivating free-fed mice of both sexes consuming
standard chow to perform at a level that is not significantly different to food-restricted mice. Past
work established the efficacy of food restriction in motivating mice to complete tests of
cognition, with Yang et al. (2019) demonstrating that mice interacted with touchscreens less
when returned to free-feeding. Previously, work suggested that mice fed a HFHS diet could not
be food restricted as a motivator for performance on cognitive tasks due to the fact that they
would lose weight and that would be an inaccurate model of obesity (Liu et al., 2014). However,
our findings suggest that this difference in performance on cognitive tasks may result from more
than just differences in weight. Previous work has suggested that the composition of the diet, in
addition to obesity, affects performance (Attuquayefio et al., 2016). Although both water-
manipulated groups of male mice gained significantly more weight than the other groups during
this experiment, only the HFHS fed mice were cognitively impaired in comparison to the food
restricted mice. This discrepancy implies that the cognitive effects of the HFHS diet and its

increased palatability in comparison to the standard chow diet may affect motivation more than
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variations in weight. In a review by Cordner and Tamashiro (2015), WD or high-fat diet
consumption led to a reliable impairment in the Morris water maze, radial arm maze, T-maze,
and other tests (Cordner and Tamashiro, 2015). There was an additional interaction of diet x sex
due to a significant difference in motivation between standard-chow males and HFHS males.
Hwang et al (2012) also demonstrated a sex difference in performance and learning abilities in
high-fat fed mice. They established that, not only did high-fat diet males gain significantly more
weight despite consuming a similar amount of food to their female counterparts, but they were
also more impaired on all tests of learning (Hwang et al., 2012). These authors confirmed that
these variations were not due to impairments in sensorimotor ability stemming from obesity

(Hwang et al., 2012).

4.1.3 No differences were present during the pairwise visual discrimination task
regardless of diet or water manipulation.

The pairwise visual discrimination task tests visual learning and memory with a consistently
correct image, and a consistently incorrect image, placed in inconsistent locations. When
comparing the percentage of correct response trials, there were once again no significant
differences in performance between food restricted mice and 2% CA water chow mice,
regardless of sex. In contrast to the variation observed in the progressive ratio task, there were no
differences based on diet between the water-manipulated groups. The perseverance index
demonstrated a sex difference between both restriction types and diet types in PVD performance,
but no effect of diet or restriction, Here, we have evidence that citric acid water can sufficiently
motivate task completion in tasks of visual learning and memory without administration of food

restriction and without introducing variations between groups, allowing further study in models
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of diet-induced obesity, diet-induced disease through avenues such as the cuprizone diet, and

investigations of the gut-brain axis.

4.2 Effectiveness of resistance exercise in reversing cognitive impairments due to
age and diet-induced obesity.

In this study, I aimed to investigate the effects of diet -induced obesity in middle age on
cognition, and to test whether a resistance exercise exercise regime would be sufficient to reverse
or partially rescue the cognitive and physiological effects of obesity. This was tested through
touchscreen cognitive tasks, strength testing, and post-mortem physiological measurements.
Obesity in middle age is one of the greatest predictors of dementia later in life (Whitmer et al.,
2005). Abdominal obesity especially is associated with arterial stiffness (Strasser et al., 2015),
hypertension (Niskanen et al., 2004), and macular degeneration (Adams et al., 2011) in middle
age. Most middle-aged individuals in North America lead relatively sedentary lives (Diaz et al.,
2017; Blumel et al., 2015). Sedentary behaviours in middle age are associated with obesity,
depressive symptoms, and hypertension (Blumel et al., 2015). In addition, there is a strong

association between obesity and cognitive impairment in middle-age (Dye et al., 2017 ).

4.2.1 Physiological characteristics confirm diet-induced model of obesity in 13-month-
old rodents and demonstrate sex differences in presentation.

All mice were free fed standard chow for 12 months and started receiving HFHS diet 2 weeks
prior to experiment commencement. Throughout the experiment there were no sharp drops in
weight. Weight remained stable even after the beginning of 2% CA water administration, in

contrast to experiment #1. All groups, including exercise groups, maintained a high weight
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(mean bodyweight per group were as follows: non-exercise male = 43.20g; exercise male =
40.23g; non-exercise female = 33.69g; exercise female = 31.34g). Males were significantly
heavier, and previous work has shown that males are more vulnerable than females in terms of

weight gain resulting from a diet high in fat (Hwang et al., 2012).

Non-RES mice weighed significantly more than RES mice across sexes starting at 13 weeks,
despite no significant differences in consumption between groups. Mort et al. (2023) found
similar results in their mice that were consuming HFHS diet — despite a reduction in amount of
diet consumed and calories consumed, body mass and fat deposition was increased. In our study,
both non-RES and RES male mice consumed significantly more diet across 16 weeks than

females did.

Following euthanasia, non-RES mice presented compelling markers of diet-induced obesity and
metabolic syndrome as demonstrated by white adipose tissue content and liver weight.
Consumption of WD is closely tied to increased white adipose tissue accumulation around the
abdomen (Dye et al., 2017) as well as non-alcoholic fatty liver (Oddy et al., 2013). Both male
and female non-RES mice had significantly more white adipose tissue than RES mice. However,
there was a greater difference in adiposity between female RES and non-RES mice, implying
that the resistance exercise intervention was more effective at reducing white adipose tissue in
females than in males. This variation in lipolysis has been observed before, and Schmidt et al.
(2014) demonstrated that this occurred due to sex difference in the adrenergic stimulation of

lipolysis during exercise. In the present study, non-RES groups had significantly heavier livers
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than RES groups as well. In addition, large differences were found within the exercised group,
with RES males presenting with livers double the weight of RES females (male RES mean liver

weight = 3.988g; female RES mean liver weight = 1.918g).

4.2.2 The 8-week resistance exercise regime was sufficient to induce changes in grip
strength.

RES mice were significantly stronger than non-RES mice following four weeks of exercise
intervention, with the effect lasting until the last week of the intervention. Interestingly, there
were no significant sex differences in grip strength despite the discrepancy in size between sexes.
Since exercise carrying load was based on percentage of body weight, males were carrying
heavier loads while climbing the ladder and would therefore be expected to demonstrate greater
grip strength. Ge et al., 2016 demonstrated interesting findings relating decreased grip strength as
an early indicator of age-related decline due to age-related carpal and digital exostosis. Ge et al
observed a decline in peak force starting at 12 months of age. The mice used in this experiment
were 13 months old at the beginning of the study, so it is plausible that the lack of sex differences
in grip strength may have to do with sex discrepancies in rates of aging in response to WD

consumption.

4.2.3. Non-exercised mice were significantly less motivated in the progressive ratio
touchscreen task and extinction task.

There were no significant differences in number of sessions to acquisition or response rate per
minute during the FR training stage, implying that exercise had no effect on habituating to the
touchscreen chambers or learning the rules of the task. However, RES mice scored significantly

higher on all measurements of motivation during the probe trials. Due to the cohort’s increased
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age and adiposity, the apparent differences in responsiveness and motivation may have been due
to differences in activity. However, reward collection latency, which is the time each mouse takes
to retrieve the appetitive reinforcement following a correct trial, did not differ between non-RES
and RES mice. These measurements suggest that the differences in performance between groups
was not based on the speed at which they navigated around the touchscreen chamber or moved to

the reward tray; it was based on differences in motivation.

RES mice also demonstrated greater levels of perseverance in the extinction task. Extinction
engages the test subject to interact with the screen in the same manner as during the first phase of
the FR task (FR1); however, no appetitive reinforcement is provided following a successful trial.
When a trial passes without a response, that is counted as an omission, and a new trial
commences after a pause of 4.5 seconds. To better understand when this perseverance was
occurring during each session, performance was split into early (first 10 trials of the session),
middle (middle 10 trials of the session) and late (last 10 trials of the session) stages. RES mice
responded significantly more in the early and late stages, but responsiveness between groups was
about equal in the middle phase. Perseverance is a characteristic often related to addictive,
compulsive, and impulsive behaviours, in which the individual has difficulty resisting
completing these behaviours (Volkow et al., 2013). Predisposition to impulsivity can be
exacerbated by disruption in the neurobiological processes that control the brain’s sensitivity to
reward (Volkow et al., 2013). Here, we can compare the reward effect the appetitive milkshake
reinforcement would have on a food-restricted mouse consuming standard chow in comparison
to a mouse that is consuming HFHS diet ad /ibitum. The value of the reward becomes “re-
baselined” following sustained consumption of HFHS diet, such that it may not be as satisfying

and appetizing. The state of obesity is already a marker of the dysregulation in the brain that
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results in an individual that is unable to stop engaging in eating behaviour despite no longer

having hunger cues (Volkow et al., 2013).

4.2.4 Aged, obese mice consuming HFHS diet are impaired in the spontaneous location
recognition task.

RES mice demonstrated improved performance on both the d-SLR and s-SLR conditions in the
spontaneous location recognition task. The level of impairment demonstrated in the non-RES
mice in suggests an impairment of spatial memory. Spatial memory impairments in a DIO model
have been demonstrated widely (Heyward et al., 2012; Valladolid-Acebes et al., 2011;
Underwood et al., 2016). In the SLR task, impairment usually does not present at the d-SLR
stage (Reichelt et al., 2020). The reason impairment is usually not shown at the d-SLR stage is
due to the fact that the s-SLR stage targets pattern separation specifically, whereas the d-SLR
stage 1s dependent more generally on spatial memory (Reichelt et al., 2020). Pattern separation is
a process within spatial memory, but it acts in a more highly specified manner (Reichelt et al.,
2020). Pattern separation allows the subject to distinguish between highly similar inputs and to
transform them into distinct representations (Goethem et al., 2018). However, since there was
severe impairment in both stages in this experiment, it suggests that the impairment is at a more

general level, impairing spatial memory.

Spatial memory and learning are largely reliant on hippocampal function (Ma et al., 2021). The
hippocampus is very vulnerable to environmental insult, and a high-fat, high-sugar diet has
previously been demonstrated by Reichelt et al., 2021; Kanoski et al., 2011; Attuquayefio et al.,

2017. Kanoski et al. (2011) presented a compelling analysis of the detrimental effects of WD on
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hippocampal function, which was correlated with impaired memory inhibition and other
cognitive functions. They suggested that this impaired memory inhibition further encouraged the
elicitation of appetitive behaviour based on food-related environmental cues (Kanoski et al.,
2011). Attuquayefio et al. (2017) investigated these effects further in a human population and
established that the experimental condition that consumed WD for four days showed significant
impairments in hippocampal-dependent learning and memory. Reichelt et al. (2021) illustrated
how HFHS diet affects the hippocampus and prefrontal cortex at the molecular level by
modelling DIO in mice of various ages and quantifying alterations in neuronal density,
perineuronal nets, and microglia. Reichelt et al. (2021) established that HFHS diet resulted in
disturbances to parvalbumin neurons, perineuronal nets, and microglia most prominently in adult

mice.

In contrast, RES mice had increased novel object location investigation in both conditions with
and greater d2 scores in both conditions. This type of restoration in function has been
demonstrated before by Ma et al., 2021 when they restored both hippocampal neurogenesis and
learning and memory in obese mice by regulating the gut microbiota using metformin. The
detrimental effect of chronic high fat diet consumption has also been shown to be prevented
through a concurrent, long term aerobic exercise intervention on a running wheel (Klein et al.,
2016). In that study the control, non-exercised HFD group demonstrated reduced immature
neurons in adolescence and reduced performance on the Morris water maze test of spatial
memory (Klein et al., 2016). Although previous research has shown that resistance exercise can
rescue cognition, the present study provides a compelling first look at the possibilities of

resistance exercise interventions in individuals that are both obese and middle-aged.
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4.3 Study Limitations

Although this study has shown several exciting and novel findings, there are limitations as well.
One limitation is the lack of histological measurements from the hippocampus and other tissue in
both studies. The hippocampus has widely been shown to be vulnerable to detrimental effects
following high fat high sugar diet consumption and the SLR task is heavily dependent on the
hippocampus (Reichelt et al., 2020). In the water restriction study, it would have been interesting
to explore whether citric acid administration had any effects on the adipose tissue. Previously,
Abdel-Salam et al. (2014) established that citric acid administration significantly reduced levels
of lipid peroxidation in the brain and liver following treatment with an endotoxin (lyophilized
Escherichia coli) that was used to emulate a model of oxidative stress. The cognitive dysfunction
associated with HFHS diet consumption has been linked to increased levels of oxidative stress
resulting from greater levels of circulating free fatty acids resulting in systemic inflammation
(Tan and Norhaizan, 2019). Increased oxidative stress induces lipid peroxidation, which in turn
impairs adipogenesis and promotes insulin resistance (Soldo et al., 2022). Unfortunately, due to
time and labour constraints, completing these measurements was not feasible. Future studies
could repeat this study’s parameters but delve deeper into investigating the relationship between
several myokines and brain factors that have been suggested as the mediators of the beneficial
effects of exercise, such as irisin and BDNF (Kim et al., 2015; Preciado et al., 2023), and their
systemic and local action in various tissues. Previous work has demonstrated increases in serum
BDNF in mice that showed improved hippocampal function following aerobic exercise (Griffin

et al., 2011). Additionally, an increase in levels of irisin has been correlated with reduced anxiety
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following aerobic exercise (Uysal et al., 2018) and improved muscle function in aging mice and

humans (Kim et al., 2015).

Another limitation to the study is the lack of a matched, younger cohort to compare with the aged
mice to further understand the interactions between age, obesity, and resistance exercise . It
would be interesting to complete a similar study with a younger cohort as there may be
differences in performance physiologically in the maximum load the mice are able to carry on
the exercise ladder, variations in peak grip strength and strength maintenance, and levels of
abdominal obesity. Previous work has demonstrated that older mice are more prone to muscle
wasting (White et al., 2016), peak grip strength is lower in older mice and deteriorates more
rapidly (Ge et al., 2016), and that middle-aged mice are more prone to diet-induced obesity than

younger mice (Nishikawa et al., 2007).

In addition, it would be beneficial to repeat the exercise intervention in a cohort that is powered
to detect sex differences in touchscreen tasks. Males develop diet-induced obesity at a greater
and more rapid rate than females (Ge et al., 2016; Arpon et al., 2019). Sex differences in exercise
efficacy have been established as well. Fagot et al. (2017) established that being sedentary had a
greater impact on speed of processing in older aged females than older aged males. A systematic
review completed by Barha et al (2017) demonstrated that aerobic exercise, resistance exercise,
and multimodal training improved executive functions compared to control participants, with a
greater effect seen in women. These sex differences may exist because of hormonal variations in

level of circulating sex hormones that act on skeletal muscles (Aizawa et al., 2007) or even sex-
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differences in BDNF signalling (Komulainen et al., 2008; Barha et al., 2017). Therefore,
understanding and visualizing the effects between groups and between sexes would lend a great

deal of strength to the conclusions taken from this study.

4.4 Conclusion

Together, these studies successfully established an aged, diet-induced model of obesity that can
be safely and effectively exercised, while also being motivated, using CA water, to perform
touchscreen based cognitive assessments without food restriction. The model we developed in
this study allows for a much greater degree of translatability to the middle aged, obese human
population through feeding habits as well as testing paradigms in comparison to studies using

food restriction in touchscreen tests of cognition.

We found impaired motivation between water-restricted groups, with reduced responses from
male HFHS-fed mice in comparison to male mice consuming standard chow. In contrast, this
difference was not observed between chow and food restricted groups, which demonstrated that
water manipulation through CA water is sufficient to motivate non-food restricted mice to
perform at the same level as food restricted mice in a task of motivation. Additionally, no
significant differences were observed between diet and water-manipulation groups in percentage
of correct responses during a task of learning and memory. These findings suggest that
variations in diet only affect performance in tasks specifically testing motivation, but they do not
modulate performance in tasks more generally testing cognition. These findings help orient

future studies where water manipulation is required for a variety of touchscreen tasks.

In addition, we found effects of increased age and obesity on motivation and perseverance, and

an exceptionally large deficit in performance on the SLR task. However, we also established that
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a consistent exercise regime is sufficient to rescue these effects. We established a safe and
effective exercise intervention that reliably increased grip strength without any negative health

outcomes.

The work completed in this thesis provides an exciting and novel next step in research
investigating the various cognitive effects of diet-induced obesity, as well as the translation of
this research to studies conducted in humans. In addition to uncovering the behavioural
underpinnings of this cognitive model, this thesis also suggests a promising non-pharmacological
therapeutic intervention to rescue these cognitive impairments through a sustainable and safe

resistance exercise intervention.
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