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ABSTRACT 

The modern environment contributes to the obesity epidemic by encouraging a 

sedentary lifestyle and increased intake of highly processed, energy dense foods. Females are 

more prone to develop disordered feeding behaviors, such as binge eating, and the prevalence 

of obesity is greater in females than males. However, obesity-related metabolic and cognitive 

dysregulation is more severe in males. One mechanism by which exercise may protect against 

these negative outcomes and restore energy homeostasis is through changes in macronutrient 

selection, specifically decreasing intake of high fat (HF) food. Sex differences in the 

susceptibility, outcomes, and exercise as a treatment intervention for obesity, however, have not 

been well-characterized. Moreover, how factors including diet, cognition, and peripheral 

metabolic function interact to potentially perpetuate the viscous feedback loop of maladaptive 

eating behavior and obesity in a sex-specific fashion is poorly understood. The goal of this 

dissertation was to investigate sex differences in the efficacy of exercise at attenuating the 

adverse cognitive and metabolic outcomes associated with long-term HF feeding. To this end, 

our lab has established a voluntary wheel running (WR) and two-diet choice model in rats. 

Using this paradigm, we found that the simultaneous introduction of WR and HF diet resulted in 

complete HF diet avoidance in WR rats whereas sedentary (Sed) rats maintained HF diet 

preference. There is also a sex difference in exercise-mediated changes in diet preference 

where male rats maintain HF diet avoidance and females reverse their initial HF diet avoidance.  

Chapter 2 examines the role of gonadal hormones on the expression and maintenance of HF 

diet avoidance during acute exercise. Chapter 3 extends the voluntary WR and two-diet choice 

paradigm used in Chapter 2 to assess sex differences in peripheral metabolic function and 

behavioral flexibility resulting from chronic HF feeding. In Chapter 4, an additional assessment 

of cognitive behavior was added where heightened impulsivity, a behavior associated with poor 

dietary self-regulation, binge eating, and obesity, was examined as both a potential vulnerability 

factor for and outcome of palatable diet preference. To more accurately mimic the fat and 
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carbohydrate intake in the modern environment, HF was replaced with a Western diet (WD). 

Impulsive choice was assessed before and after long-term WD exposure and preference in 

addition to WD-mediated metabolic adaptions. Results suggest that female, but not male, sex 

hormones as well as developmental factors are important for the expression of sex-typical diet 

choice patterns during exercise. The ability for exercise to improve peripheral metabolism, 

including glucose tolerance and insulin sensitivity, was greater in males than females. Although 

cognitive performance was only moderately improved in rats of both sexes, exercise did appear 

to have a beneficial effect on cognition. Taken together, the studies in this dissertation 

contribute to the knowledge of how sex differences in diet preference and exercise interact and 

lead to sex-specific physiological and behavioral adaptations.  
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CHAPTER 1: SEX DIFFERENCES IN THE INTERPLAY BETWEEN OBESITY, DIET, AND 
EXERCISE: COGNITIVE AND METABOLIC OUTCOMES 

 

The globalization of the food industry has led to increased affordability and accessibility 

of food (Swinburn et al., 2011). To increase production and shelf life stability, foods have 

become more processed and, as an outcome, tend to have higher glycemic loads than 

unrefined foods (Foster-Powell et al., 2002). The modern obesogenic environment is not only 

saturated with food cues to eat, but also provides easy access to a variety of high-fat high-sugar 

foods (HFHS), which promotes overeating and weight gain (Okreglicka, 2015). Together, the 

overconsumption of highly palatable processed foods and living a sedentary lifestyle leads to a 

state of prolonged positive energy balance and exacerbates the development of obesity. 

Approximately 39% of the global population (Chooi et al., 2019) is considered to be overweight 

(body mass index (BMI) 25 – 30 kg/m2) or obese (BMI ≥ 30 kg/m2). Not only is the worldwide 

prevalence of obesity concerning, but also the rate at which it is increasing, e.g., 80% increase 

in incidence from 1980 to 2015 (Collaboration, 2017, Bluher, 2019, Chooi et al., 2019). For 

example, more than 30% of adults are considered obese within the United States (Bluher, 2019) 

and analyses project that based on current trends, nearly 50% of adults will be obese by the 

year 2030 (Ward et al., 2019).  

Although obesity is typically classified based on excess body weight and fat, it is a 

complex disorder that affects whole body physiology including metabolic diseases such as type 

2 diabetes, hypertension, stroke (Winocur et al., 2005, Kanoski et al., 2007, Martin et al., 2007) 

and cognitive disturbances such as depression, mild cognitive impairment, and Alzheimer’s 

disease (Smith et al., 2011, Chen et al., 2017, Steenbergen and Colzato, 2017, Yang et al., 

2018). These comorbidities severely impair quality of life and increase risk of morbidity and 

mortality. Obese individuals tend to have increased preference and intake for high-fat high-

sugar (HFHS) foods (Drewnowski and Greenwood, 1983, Hill et al., 2012), which leads to 

excess weight and fat deposition. The typical Western diet (WD) contains ~40% calories from 
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both carbohydrates and fats (Okreglicka, 2015) and negatively influences both metabolic (Smith 

et al., 2011, Chen et al., 2017, Steenbergen and Colzato, 2017, Yang et al., 2018) and cognitive 

health (Martin et al., 2007). It is important to identify effective treatments to restore body weight 

homeostasis and mitigate disease risk for obesity and its comorbidities.  

Behavioral treatment interventions aimed at restoring energy balance involve reducing 

caloric intake and increasing physical activity. The effectiveness of regular exercise at reducing 

body weight and fat is highly dependent on how quickly and whether individuals compensate for 

the increased energy demand from exercise (Beaulieu et al., 2017, Sparks, 2017, Beaulieu et 

al., 2020b, Foright et al., 2020). Moreover, exercise training appears to be more effective than 

diet control (Maesako et al., 2012) such that it decreases visceral fat and insulin resistance 

more than caloric restriction mediated-weight loss (Coker et al., 2009). A combination of 

exercise and diet, however, is the most effective method for body weight regulation. Exercise 

has also been implicated in influencing food preference. More specifically, individuals who are 

able to maintain long-term weight loss have decreased intake and preference for HF food (Klem 

et al., 2000, Beaulieu et al., 2017). Given that physically active individuals may cognitively 

choose to make healthier food selections, how exercise affects diet preference from a more 

physiological perspective to promote weight loss is unclear. 

Distinct sex differences exist in the susceptibility and outcome of obesity. Obesity 

(Hudson et al., 2007, Flegal et al., 2010, Chooi et al., 2019) and disordered eating behavior 

(Klump et al., 2013, Hildebrandt et al., 2014) are more prevalent in women than men. However, 

the adverse metabolic and cognitive outcomes associated with obesity are generally more 

prevalent and severe in men (Espeland et al., 2018). As a treatment intervention for energy 

homeostasis and body weight regulation, exercise appears to have a greater efficacy in males 

(Anderson et al., 2001, Donnelly and Smith, 2005). Collectively, these studies highlight the need 

to include sex differences as a factor when developing treatment interventions to promote 

weight loss. Elucidating the mechanisms underlying sex differences in exercise and diet 
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preference and its associated physiological adaptions may help inform more effective 

interventions targeting weight loss and improve treatment outcomes. 

 
SEX DIFFERENCES IN EXERCISE AND ENERGY BALANCE 

Lifestyle-based treatment interventions for excessive weight gain involve changes in diet 

and exercise. Exercise can reverse some of the negative physiological impacts of obesity and 

improve overall body composition (Donnelly et al., 2009). Importantly, neither exercise nor diet 

alone is as effective at promoting weight and fat loss as regular exercise combined with caloric 

restriction (Shaw et al., 2006, Stiegler and Cunliffe, 2006, Coker et al., 2009). There is 

considerable sex and individual variability in response to exercise. That is, not all individuals 

decrease body weight or fat after regular, supervised exercise and are referred to as “non-

responders” (Hammond et al., 2019). The percentage of non-responders is higher in women 

than men, such that roughly half of the women in a study increased body weight gain with 

exercise whereas the majority of men decreased body weight (Anderson et al., 2001, Donnelly 

and Smith, 2005). There is also an inverse correlation between physical activity and body fat in 

men but this relationship is absent in women (Bjorntorp, 1989, Westerterp and Goran, 1997, 

Paul et al., 2004). The rodent literature parallels the human literature. Studies have shown that 

exercise suppresses weight gain and adiposity to a greater extent in male than female rodents 

(Rolls and Rowe, 1979, Pitts, 1984, Cortright et al., 1997, Schroeder et al., 2010, Carrera et al., 

2011) when lean (Bjorntorp, 1989, Cortright et al., 1997) and obese (Schroeder et al., 2010). 

Taken together, these results indicate that males are more responsive to the weight and fat loss 

effects than females. These sex differences in the physiological response to exercise likely 

influence the effectiveness of treatment outcomes. 

Exercise increases energy expenditure, and the compensatory response to this energy 

deficit through changes in energy intake and food preference is highly variable in humans 

(Blundell and King, 1999, Scheurink et al., 1999, Melzer et al., 2005, King et al., 2009, 

Laskowski, 2012, Ebrahimi et al., 2013, Schubert et al., 2013, Donnelly et al., 2014). 



 

4 
 

Investigations into sex differences in the underlying the variable response to exercise in regards 

to energy balance in humans have been limited (Westerterp et al., 1992, Washburn et al., 

2015). Currently, there is no clear consensus in the literature and some studies even report no 

sex differences in appetite and food intake in individuals engaging in regular exercise 

(Pomerleau et al., 2004, Hagobian et al., 2009, Ebrahimi et al., 2013, Thackray et al., 2016). In 

contrast, sex differences in exercise-mediated changes in food intake in rats are more apparent 

and consistent. After initiating a bout of exercise, male rats typically decrease food intake 

(Tokuyama et al., 1982, Looy and Eikelboom, 1989, Kawaguchi et al., 2005, Carrera et al., 

2011). Female rats, however, vary in their response to voluntary WR and have been shown to 

both decrease (Tokuyama et al., 1982, Eckel and Moore, 2004) and increase (Carrera et al., 

2011) food intake upon exercise. Sex-specific adaptations in energy balance in response to 

exercise may lead to different metabolic adaptations; however, the current literature is mostly 

limited to male subjects and precludes analysis of sex differences. 

Beyond its effects on body weight regulation and energy balance, exercise can also 

influence diet preference. Studies from The National Weight Control Registry found that 

exercise alters dietary selection of macronutrients (Klem et al., 1997, Shick et al., 1998, Wing 

and Hill, 2001, Catenacci et al., 2014) among individuals who successfully maintained weight-

loss ≥ 13.6 kg for at least 1 year. These individuals report that they exercise regularly and 

consume low-fat diets (Klem et al., 1997, Shick et al., 1998). Recent studies provide additional 

support for a role for exercise to decrease fat preference (Finlayson et al., 2011, Martin et al., 

2019, Riou et al., 2019, Beaulieu et al., 2020a). Importantly, this shift in food preference was 

dependent on whether an individual responded to the weight loss effects of exercise. Non-

responders that compensated for exercise and did not reduce body weight tended to increase 

liking and wanting for fatty foods (Finlayson et al., 2011, Sparks, 2017, Beaulieu et al., 2020b). 

These individuals also had a preference for fatty foods prior to the exercise intervention, which 

suggests that the loss of body weight and fat may work in combination with exercise to promote 
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a decrease in fat intake and preference. Currently, the biological mechanisms underlying the 

ability for exercise to influence diet preference have not been clearly elucidated. 

Studies from our lab used a rodent model of voluntary exercise to address this gap in 

knowledge. In our voluntary wheel running (WR) and two-diet choice model, rats are given 

concurrent access to two diets (chow vs. palatable diet) and access to running wheels. 

Sedentary (Sed) rats given diet choice between chow and HF diet will prefer HF over chow diet. 

Although introducing WR to these Sed rats with an established preference for HF diet reduces 

intake and preference for the HF diet (Scarpace et al., 2010, Shapiro et al., 2011, Scarpace et 

al., 2012, Liang et al., 2015), a more robust effect is seen when WR and a novel HF diet are 

introduced together. With the simultaneous WR and two-diet choice paradigm, male rats show 

complete and persistent HF diet avoidance (Moody et al., 2015, Yang et al., 2017). In contrast, 

most female rats reverse their initial HF diet avoidance and establish preference for the HF diet 

within 2 weeks of WR and two-diet choice. Ovariectomized females express diet choice patterns 

similar to that of gonadally-intact males where they maintain HF diet avoidance for a longer 

period than intact cycling females (Moody et al., 2015). Results from these studies suggest sex 

hormones may underlie the sex difference in exercise-mediated changes in diet preference. To 

this end, Chapter 2 will assess the role for gonadal hormones in mediating the expression of 

sex-specific diet choice patterns during exercise. 

 
SEX DIFFERENCES IN METABOLIC ADAPTATIONS TO DIET AND EXERCISE 

Weight gain and increased abdominal adiposity potentiates dysregulated adipokine 

secretion (Ouchi et al., 2011, Kwon and Pessin, 2013, Jung and Choi, 2014) and insulin 

resistance (McNeilly et al., 2011, Kwon and Pessin, 2013) in metabolic organs (Zierath et al., 

1997, Sabio et al., 2008, Blazquez et al., 2014, Boucher et al., 2014) that play a central role in 

the control of food intake and whole-body energy metabolism (Kim, 2016). Consumption of 

highly processed foods typical of the modern diet negatively influences metabolic health (Smith 

et al., 2011, Chen et al., 2017, Steenbergen and Colzato, 2017, Yang et al., 2018) and results in 
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larger spikes of blood glucose relative to unrefined food (Foster-Powell et al., 2002). A pattern of 

eating sugary, HF foods further perpetuates the cycle of excessive weight gain, abdominal 

adiposity, and metabolic dysregulation. Moreover, increased intake of dietary fat exacerbates 

the development of insulin resistance in peripheral organs, including the muscle, liver, and 

adipose (Zierath et al., 1997, Sabio et al., 2008, Blazquez et al., 2014, Boucher et al., 2014) and 

the brain (Clegg et al., 2011). Given that peripheral insulin resistance is correlated with central 

insulin resistance (Mielke et al., 2005) and HF feeding induces both central and peripheral 

insulin resistance (Clegg et al., 2011), the development of peripheral insulin resistance may also 

negatively impact cognitive health. 

Impaired fasting blood glucose is associated with hepatic insulin resistance and involves 

decreased basal insulin secretion and suppressed insulin-mediated glucose uptake despite 

normal plasma insulin (Meyer et al., 2006, Abdul-Ghani et al., 2007). Elevated fasting blood 

glucose is an early indication of and risk factor for metabolic syndrome, which is comorbid with 

obesity and includes abdominal adiposity, hyperlipidemia, and insulin resistance (Festa et al., 

2004). Indeed, obese individuals with elevated fasting blood glucose were more prone to 

develop metabolic syndrome (DeFina et al., 2012, Akter et al., 2017) and type 2 diabetes 

(DeFina et al., 2012). Higher fat intake also facilitates increased metabolic disturbances (i.e., 

glucose intolerance and insulin resistance) in humans (Storlien et al., 1996, Lichtenstein and 

Schwab, 2000, Vessby, 2000, Bisschop et al., 2001), and HF diet-induced insulin resistance 

appears to be greater in magnitude in males compared to females in humans (Hwang et al., 

2010, Laredo et al., 2015, Shields et al., 2016, Arcones et al., 2019, Huebschmann et al., 2019). 

Impaired glucose tolerance is highly correlated with impaired skeletal muscle insulin resistance 

and generally involves both reduced insulin release and peripheral insulin resistance (Meyer et 

al., 2006, Abdul-Ghani et al., 2007). In regards to fat quality, saturated fats are more detrimental 

than unsaturated fat in the development of insulin resistance (Vessby et al., 2001). Replacing 

saturated with monosaturated fatty dietary acids was able to improve insulin sensitivity in 
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healthy individuals. Thus, specifically reducing saturated fat intake may be critical for 

substantially improving insulin action. 

HF feeding has also been shown to impair glucose tolerance in animals and is 

associated with decreased basal and insulin-mediated glucose metabolism (Williams et al., 

2014). Male rodents are more prone to weight gain and metabolic dysregulation with HF feeding 

than females (Elias et al., 2003, Amengual-Cladera et al., 2012, Barron et al., 2013, Underwood 

and Thompson, 2016). There are 3 main diets used in animal models of diet-induced obesity 

including high-carbohydrate (HC), HF, and HCHF diets (Rodriguez-Correa et al., 2020). 

Compared with HC and HCHF diets, HF diet induced the most significant weight and fat gain, 

increases in fasting blood glucose, and degree of insulin resistance (Panchal and Brown, 2011, 

Wong et al., 2016, Moreno-Fernandez et al., 2018, Lang et al., 2019, Rodriguez-Correa et al., 

2020). A comprehensive study assessing the effects of 10%, 32%, and 45% fat diets on 

parameters including weight gain, fat composition, and insulin levels found a dose-dependent 

increase in all parameters as levels of dietary fat increased (Ghibaudi et al., 2002). Thus, it 

appears that fat intake is especially detrimental to glucose homeostasis. In selectively bred 

Sprague-Dawley diet-induced obese (DIO) and diet resistant (DR) prone rats, ~4 weeks of HF 

feeding resulted in glucose intolerance, dyslipidemia, and increased body weight and fat in DIO 

rats while the metabolic profile of DR rats was not negatively influenced (Levin et al., 1997, 

Madsen et al., 2010). 

 Sex differences in glucose homeostasis may contribute to the greater metabolic 

dysregulation from HF diet intake in males compared to females. Females have lower fasting 

blood glucose during fasting whereas men show impaired fasting glycaemia (Soeters et al., 

2007, Mauvais-Jarvis, 2018, Lagou et al., 2021). During oral glucose tolerance tests (OGTT), 

females show elevated 2 h blood glucose concentrations after the glucose challenge (Sicree et 

al., 2008). Together, results from these studies suggest that men tend to exhibit impaired fasting 

glycaemia whereas women show glucose intolerance. Women are also more resistant to 
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developing insulin resistance than men when matched for physical fitness (Frias et al., 2001). 

However, women with lower fitness than men display insulin resistance. These studies suggest 

that not only are there sex differences in the metabolic outcome of obesity, but the sexes may 

also respond to exercise as a treatment intervention differently. 

In rodents, females also appear to be more resistant against developing insulin 

resistance with long-term HF feeding (Basu et al., 2006, Medrikova et al., 2012). During OGTT 

the spike in blood glucose was lower in magnitude in females compared to males, and glucose 

levels returned to fasting levels more rapidly in females (Amengual-Cladera et al., 2012, 

Rudnicki et al., 2018). In contrast, another study has reported that females are less insulin 

sensitive and more prone to develop severe diabetes than males (Vital et al., 2006). Given the 

limited number of studies that include both sexes within the same study, it is unclear whether 

females remain more insulin sensitive with long-term HF feeding. We address this gap in 

knowledge in Chapters 3 and 4 by examining alterations in peripheral metabolism following 

chronic HF or WD preference in rats of both sexes. 

As a weight loss intervention exercise not only facilitates the maintenance of a healthy 

body weight, but also improves metabolic health (Laskowski, 2012, Wegner et al., 2014). 

Exercise was able to improve fasting blood glucose within 7 days of exercise in non-diabetic 

(Trovati et al., 1984) and type 2 diabetic patients (Boule et al., 2005). Importantly, exercise does 

not always decrease fasting blood glucose but rather regulates it around a tighter physiological 

set point. In other words, exercise can decrease or increased blood glucose levels depending 

on pre-exercise levels,( i.e., reduced in those with high fasting blood glucose and elevated in 

those with low fasting blood glucose) (Norton et al., 2012). Exercise training leads to greater 

decreases in visceral fat and insulin resistance in obese individuals compared to dietary 

interventions (Coker et al., 2009, Maesako et al., 2012, Shakil-Ur-Rehman et al., 2017). 

However, exercise alone without other lifestyle changes was unable to completely reverse 

altered glucose metabolism in pre-diabetic individuals (Jenkins and Hagberg, 2011). Thus, 



 

9 
 

lifestyle changes including both diet and exercise may be necessary to restore glucose 

homeostasis. 

The ability for exercise training to increase insulin sensitivity appears to be influenced by 

sex but not metabolic state (e.g., normal weight, diet- or genetically-induced obese, diabetic)  

(Goodyear et al., 1988, Bongbele et al., 1992, Tokuyama and Suzuki, 1998, Patterson et al., 

2008, Gollisch et al., 2009, Beaudry et al., 2015). More specifically, exercise enhances glucose 

uptake in skeletal muscle and insulin sensitivity consistently in males but not females (Richter et 

al., 1982, Goodyear et al., 1988, Bongbele et al., 1992, Tokuyama and Suzuki, 1998, Gollisch et 

al., 2009, Beaudry et al., 2015). In contrast, females appear to be less responsive to the insulin-

sensitizing and weight and fat loss effects of exercise (Tokuyama et al., 1982, Hill et al., 1989, 

Looy and Eikelboom, 1989, Donnelly et al., 2004, Kawaguchi et al., 2005, Carrera et al., 2011) 

than males. Presently, no study has characterized sex differences in the ability for exercise to 

rescue metabolic deficits from chronic HF exposure through changes in diet preference, which 

could help improve treatment outcomes for females. 

 
SEX DIFFERENCES IN COGNITIVE RISK FACTORS AND OUTCOMES 

Our modern environment is saturated with appetitive cues to eat and easy access to a 

variety of HFHS foods that stimulate hedonic eating. Poor cognitive control may be a 

vulnerability factor where individuals are unable to exert dietary self-regulation and overeat in 

the absence of physiological hunger (Smith et al., 2011), which is amplified by the presence of 

appetitive environmental cues (Hall et al., 2014, Hall et al., 2015). There appears to be a 

reciprocal influence between obesity and deficits in executive function (Sellaro and Colzato, 

2017, Yang et al., 2018); however, whether these deficits are predictors or consequences of 

excessive weight gain are still unclear. The prefrontal cortex (PFC) is a central brain region 

responsible for cognitive processes relating to executive function, such as coordinating internal, 

goal-directed behavior (Dajani and Uddin, 2015, Edwards et al., 2018). Executive functions can 

be broken down into 3 separate domains including inhibitory control, working memory, and 
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cognitive flexibility (Khan et al., 2015). Cognitive flexibility is the domain that gives us the ability 

to adjust our eating attitudes (thoughts) and behaviors (goals) to adapt to the changing 

environment and engage in homeostatic eating. 

HF feeding has been shown to induce region-specific deficits in PFC-mediated executive 

function (Kanoski et al., 2007, Stranahan et al., 2008, McNeilly et al., 2011, Aslani et al., 2015). 

This may in part be due to HF feeding-associated development of insulin resistance. Indeed, 

decreased resting state functional connectivity was shown to be inversely associated with 

insulin resistance (Musen et al., 2012). Results from studies using 2-deoxy-2[18F]fluoro-D-

glucose (FDG)-PET scans revealed that increased insulin resistance was associated the lower 

regional glucose metabolism in the prefrontal, cingulate, temporal, and insular cortices (Baker et 

al., 2011, Willette et al., 2015). This could lead to functional cognitive and behavioral changes 

associated with those regions. In addition, individuals with higher waist-to-hip ratios and 

abdominal adiposity have lower resting state PFC metabolism (Wright et al., 2016) and this 

dysregulation can occur prior to the development of insulin resistance (Volkow et al., 2009, 

Willeumier et al., 2011). Higher BMI and adiposity are also associated with lower total brain 

volume and region-specific structural changes in brain grey matter, including decreased 

hippocampal, temporal, cerebellar, orbitofrontal, and PFC volume (Debette et al., 2010, Smucny 

et al., 2012, Ursache et al., 2012, Medic et al., 2016, Wang et al., 2017a, Garcia-Garcia et al., 

2018). Importantly, these structural changes are correlated with behavioral deficits such that 

individuals with lower PFC grey matter volume perform worse on tests of executive function 

(Walther et al., 2010). Functional neuroimaging data support the structural results. Lower 

glucose metabolism in the PFC is associated with impaired performance on neuropsychological 

tests of cognitive flexibility (e.g., Symbol Digit Modalities Test, Stroop Interferences, Wisconsin 

Card Sorting Task, etc.) (Lowe et al., 2019). Likewise, rodent studies have also shown that 

lesions to the PFC impair behavioral flexibility and increase perseverative responses 

(Eichenbaum et al., 1983, Murray et al., 2015). Taken together, these results provide evidence 
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that decreased PFC activation can lead to deficits in behavioral flexibility and could potentially 

influence food choice. 

Sex differences in PFC-dependent tests of cognitive flexibility have not been extensively 

studied. To date, studies suggest a male advantage in the Iowa Gambling Task (Bolla et al., 

2004, van den Bos et al., 2013). However, this task involves components for both cognitive 

flexibility and reward sensitivity and it is unclear which aspect is contributing to the observed sex 

difference (Evans and Hampson, 2015). Results from recent studies have shown both a male 

bias for better reversal learning as well as no sex difference in tests of cognitive flexibility 

(Shields et al., 2016). A neuroimaging study using marmosets reported sex differences in the 

correlation between reversal learning and resting state functional connectivity, which may have 

contributed to the poorer reversal learning in females (LaClair et al., 2019). Similarly, rodent 

studies of behavioral flexibility have primarily been limited to males. As a consequence, whether 

sex differences in reversal learning exist is uncertain (Hamilton and Brigman, 2015). 

Nevertheless, the small number of studies including rodents of both sexes suggest no sex 

difference (Grafe et al., 2017, Goodwill et al., 2018, Westbrook et al., 2018, Chowdhury et al., 

2019) or a slight male bias (Bissonette et al., 2012). Thus, while the incidence of disordered 

eating is higher in females (Hudson et al., 2007, Flegal et al., 2010), it is uncertain whether poor 

behavioral flexibility could be a potential sex-specific vulnerability factor for non-homeostatic 

eating. 

The vast majority of rodent studies in the field of diet and cognition have focused on 

hippocampal-dependent learning and memory and have utilized male subjects (Greenwood and 

Winocur, 1996, Winocur and Greenwood, 1999, 2005, Stranahan et al., 2008, Kanoski and 

Davidson, 2010, Valladolid-Acebes et al., 2011). To date, there have been a total of 3 studies 

that utilized the DIO and DR Sprague-Dawley rat model to study diet-induced changes in 

cognitive behavior. These studies have been limited to hippocampal-dependent learning and 

memory and only included male rats (Kanoski et al., 2010, Davidson et al., 2012, Davidson et 
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al., 2013). Nonetheless, studies assessing changes in PFC-sensitive behaviors found that HF 

feeding can induce deficits in PFC-dependent tests of behavioral flexibility (Kanoski et al., 2007, 

Stranahan et al., 2008, McNeilly et al., 2011, Aslani et al., 2015). A few studies have found that 

HF feeding impaired behavioral flexibility to a greater extent in males than females (Hwang et 

al., 2010, Laredo et al., 2015, Shields et al., 2016). The decrease in behavioral flexibility was 

correlated with decreased insulin sensitivity, but not body weight or blood glucose (McNeilly et 

al., 2011). In addition, the deficits in behavioral flexibility were associated with decreased spine 

density in the PFC and can occur before the development of insulin resistance (Bocarsly et al., 

2015). Collectively, these studies suggest a bidirectional relationship between metabolic and 

cognitive function but precisely how these factors interact to influence flexible decision making 

in regards to food choice is unknown. 

Improving cognitive flexibility in obese individuals may help with breaking persistent 

unhealthy habits and food choices and promote weight loss (Carels et al., 2014, Allom et al., 

2018). One way by which cognitive flexibility can be improved is through exercise. This has 

been reliably demonstrated in both humans (Masley et al., 2009) and rodents (Brockett et al., 

2015). Exercise reverses HF feeding-related cognitive impairments (Molteni et al., 2004, 

Kanoski and Davidson, 2010, Woo et al., 2013, Gibbons et al., 2014, Noble et al., 2014, Klein et 

al., 2016) whereas dietary changes (McNeilly et al., 2011, Boitard et al., 2016, McNeilly et al., 

2016) and insulin sensitizing drugs (McNeilly et al., 2012) can only partially reverse deficits in 

behavioral flexibility. To our knowledge, no studies have directly examined sex differences in the 

interaction between diet and exercise on alterations in flexible responding. Chapter 3 will 

attempt to provide insight into this relationship by assessing if there are sex differences in the 

efficacy of exercise at rescuing HF-mediated impairments in behavioral flexibility. 

 
IMPULSIVITY AS A VULNERABILITY FACTOR FOR AND OUTCOME OF OBESITY 

Impulsivity is a multifaceted behavior that can be divided into impulsive action (i.e., the 

inability to inhibit a prepotent response) and impulsive choice (i.e., preference for smaller, 
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immediate rewards over larger, delayed rewards) (Broos et al., 2012, Weafer and de Wit, 2014). 

Impulsive action and choice are not correlated with each other in humans or rodents, and this 

behavioral dissociation (Broos et al., 2012, Weafer and de Wit, 2014) suggests that they have 

distinct neural correlates (Dalley et al., 2008, Peters and Buchel, 2011). Both aspects of 

impulsivity are strongly implicated in overeating and obesity (VanderBroek-Stice et al., 2017, 

Benard et al., 2019) and should be invested as separate constructs to elucidate the 

neurobiological mechanisms underlying the maladaptive behaviors associated with heightened 

impulsivity including compulsive overeating and binge-like eating behavior in addition to lack of 

dietary restraint (Fagundo et al., 2012, Benard et al., 2017), behaviors which are more common 

in females (Hudson et al., 2007, Flegal et al., 2010). Impulsive action has been consistently 

shown to predict binge-like overeating in humans (Meule et al., 2017) and rodents (Velazquez-

Sanchez et al., 2014) whereas this relationship is less clear for impulsive choice (Smith et al., 

2019). Conflicting reports including no association between overeating and impulsive choice 

(Moore et al., 2018) and a positive correlation between impulsivity and binge eating (Vickers et 

al., 2017) have been reported. Regardless, higher preference for smaller, immediate rewards 

was found to be associated with higher affect intensity and vulnerability for binge eating (Smith 

et al., 2019). Thus, heightened impulsivity may represent a vulnerable neurobiological 

phenotype for overeating and obesity (Dietrich et al., 2014). However, impulsivity is more 

commonly examined in the drug addiction field. Consequently, there exists a gap in knowledge 

regarding the predictive relationship between pre-clinical impulsivity and eating habits. 

A lack of inhibitory control may increase the tendency to overconsume unhealthy, 

calorie-dense foods that, in turn, lead to more impulsive behavior in a vicious cycle that 

manifests as obesity. Increased PFC activation is associated with better self-control including 

resisting the desire to eat high calorie foods (Lopez et al., 2014) and overeating (Lopez et al., 

2016, Han et al., 2018). Decreased PFC activation, however, is associated with poorer inhibitory 

control and higher BMI, both of which are key features of obesity (Lavagnino et al., 2016). In line 
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with this, obese individuals with and without comorbid binge eating disorder show deceased 

engagement of the PFC during a food specific passive viewing and response inhibition task 

(Rosch et al., 2020). Response inhibition appears to be inversely correlated with BMI at both the 

behavioral (increased impulsivity) and neural (reduced activation of frontal executive regions) 

levels (Batterink et al., 2010). Peripheral insulin resistance, however, was a better predictor of 

increased impulsive action than BMI (Eckstrand et al., 2017). In addition, obese women also 

show decreased engagement of executive control brain areas during a delay discounting task 

and made more impulsive choices than non-obese women (Stoeckel et al., 2013). Stoeckel et 

al. (2013) also report that the decreased activation in frontoparietal brain areas was associated 

with higher levels of impulsive behavior, which suggests a role of the PFC in impulsive choice 

behavior. 

PFC hypoactivation is correlated with increased attentional impulsiveness and 

decreased response inhibition, which could explain the tendency to overeat palatable foods and 

contribute to altered metabolism (Hege et al., 2015). Selective insulin resistance in the PFC is 

also associated with deficits in impulse control and overeating (Winocur and Greenwood, 2005, 

Rasmussen et al., 2010), and these cognitive deficits were correlated with visceral adiposity 

(Kullmann et al., 2015). To further support the relationship between the PFC and impulsive 

choice, lesion studies in rodents have shown that inactivation of the PFC increased preference 

for the smaller immediate reward over the larger delayed reward (Mobini et al., 2002, 

Churchwell et al., 2009). Thus, it is possible that behavioral impulsivity leads to poor dietary self-

regulation and metabolic dysregulation and may act to both promote and maintain excessive 

weight gain. 

Sex differences in impulsivity may influence eating behavior, and the evidence for sex 

differences in impulsive choice for humans and rodents is mixed. In humans, impulsive choice 

behavior is influenced by reward delivery and type (real/hypothetical and drug/food/monetary) in 

addition to hormonal status (Smith and Hantula, 2008, Cross et al., 2011, Mitchell and Potenza, 
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2015, Weinstein and Dannon, 2015) and reports on sex differences are mixed (Mischel and 

Underwood, 1974, Kirby and Marakovic, 1996, Silverman, 2003, Reynolds et al., 2006, Beck 

and Triplett, 2009). The rodent literature parallels the human literature. Studies have reported 

higher levels of impulsive choice were reported in both males (Panfil et al., 2020) and females 

(Perry et al., 2007, Weafer and de Wit, 2014, Lukkes et al., 2016), whereas some reported no 

sex difference (Perry et al., 2008a, Hammerslag et al., 2019, Sackett et al., 2019). Hormonal 

status during testing may have influenced the assessment of impulsive choice where 

progesterone has been shown to be protective (Quinones-Jenab and Jenab, 2010, Swalve et 

al., 2016, Sjoberg and Cole, 2018, Swalve et al., 2018) and estrogen facilitative (Lynch et al., 

2002, Carroll and Anker, 2010). These sex differences in impulsivity may influence the 

expression of disordered eating behavior. 

HF feeding has been shown to increase impulsivity in rodents (Winocur and Greenwood, 

2005, Robertson and Rasmussen, 2017, Steele et al., 2017). Studies examining impulsive 

choice specifically, however, have been rather limited and the results have been mixed – 

studies have reported no change (Garman et al., 2021) to increased (Steele et al., 2017) and 

decreased (Narayanaswami et al., 2013). The length of HF diet exposure was 2 weeks in 

Garman et al. (2021) and 8 weeks in Steele et al. (2017) and it is possible that changes in 

impulsive choice behavior do not become evident with shorter dietary exposure. In addition, 

Steele et al. (2017) supplemented chow with hydrogenated vegetable fat as a source of fat 

whereas Garman et al. (2021) used a 60% HF diet, and the different sources of dietary fat may 

have led to differential effects on impulsive choice. Narayanaswami et al. (2013) used DIO and 

DR Sprague-Dawley rats and found that with 8 weeks of 31.8% HF diet exposure, DIO rats 

made less impulsive choices than DR rats. All three studies utilized male rats and thus, it is 

unclear what the direction of effect would be in females. Given that females are more prone to 

develop disordered eating behavior males (Imperatori et al., 2013, Klump et al., 2013, 

Hildebrandt et al., 2014, Eneva et al., 2017), it would be of interest to determine if HF diet 
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negatively influences the cognitive control of feeding behavior. Differences in task design, length 

of HF diet exposure, and testing procedures also make it difficult to draw conclusions in regards 

to whether diet specifically increases impulsive choice behavior. Recent evidence points toward 

exercise being able to decrease impulsive choice in humans (Tate et al., 2015, Sofis et al., 

2017, Albelwi et al., 2019) and female rodents (Strickland et al., 2016). Chapter 4 attempts to 

assess whether pre-clinical impulsivity can predict future palatable diet preference and the 

efficacy of exercise at attenuating diet-induced increases in impulsive choice behavior in rats of 

both sexes. 

 
SUMMARY 

 

Given the rapidly increasing rate at which the population is developing obesity, it is 

critical to determine suitable treatment interventions to combat the global health crisis. Sex 

differences in feeding behaviors and exercise have been studied separately and extensively. 

However, how exercise interacts with diet choice to influence sex-dependent cognitive and 

metabolic outcomes has been poorly characterized. In this dissertation, I address this gap in 

knowledge by first assessing the role of sex hormones in the expression of sex-specific 

palatable diet choice patterns during acute exercise (Chapter 2; Yang & Liang, 2018). Then, I 

examined the cognitive and metabolic outcomes resulting from sex differences in palatable diet 

preference and adaptation to exercise (Chapter 3; Yang, Gao, & Liang, 2020 and Chapter 4). I 

also investigated the potential for trait impulsivity as a vulnerability factor for palatable diet 

preference and the efficacy of exercise to attenuate diet-mediated increases in impulsivity 

(Chapter 4). The knowledge gained from the collection of studies in this dissertation will further 

characterize sex differences in this field and may provide insight towards developing sex-

specific treatments to target weight loss and improve overall health.
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CHAPTER 2: ROLE OF GONADAL HORMONES IN MEDIATING SEX-SPECIFIC DIET 
CHOICE PATTERNS DURING EXERCISE1 

 
ABSTRACT 

Habitual exercise is associated with decreased preference for high fat (HF) foods and 

may be a viable treatment intervention to promote weight loss and restore energy homeostasis 

for overweight and obese individuals. Past studies using a wheel running (WR) and two-diet 

choice (chow vs. HF) paradigm found that upon simultaneous introduction of a novel HF diet 

and WR, the majority of male WR rats persistently avoid the HF diet. HF diet avoidance is more 

transient in female WR rats that not only reverse HF diet avoidance, but also eventually 

establish a preference for the HF diet. The hormonal mechanism underlying this sex difference 

in exercise-mediated changes in diet preference is unclear. Given the influential role of estrogen 

signaling in feeding behavior, we hypothesized that estradiol is required for the reversal of HF 

diet preference in female WR rats. To test this, the duration of HF diet avoidance was compared 

among males, sham-operated females, and OVX rats with hormone replacement of oil vehicle, 

estradiol benzoate (E), progesterone (P), or both (E+P). Female and OVX E+P WR rats 

reversed HF diet avoidance more rapidly and frequently than males. E+P, but not E or P, 

replaced OVX WR rats significantly reversed HF diet avoidance. OVX oil rats avoided HF diet to 

the same extent as male rats during the first half diet choice but then sharply increased HF diet 

intake to the degree of preference. This incomplete elimination of sex differences suggests that 

developmental factors or androgens may partially mediate the maintenance of running-induced 

HF diet avoidance. To examine the role of androgens, male rats were sham-operated or 

orchiectomized (GDX). Both intact and GDX male WR rats persistently avoided the HF diet. 

Taken together, these results suggest that the activational effects of ovarian hormones play a 

role in female specific running-induced changes in diet choice patterns, but the activational 

effects of androgens are not required for the expression of HF diet avoidance in males. 

 
 
 

1Data from this chapter are published in Yang, TY & Liang, NC (2018). Ovarian hormones mediate running-
induced changes in high fat diet choice patterns in female rats. Horm Behav, 100, 81-93. 
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RATIONALE 
Disordered eating behaviors, such as binge eating, is more common in females than 

males (Hudson et al., 2007, Flegal et al., 2010) and contributes to the development of obesity. 

Regular physical activity is a way to restore energy balance with non-homeostatic eating. 

However, females do not consistently reduce body weight or adiposity in response to exercise 

(Bjorntorp, 1989, Anderson et al., 2001, Paul et al., 2004, Donnelly and Smith, 2005) and often 

compensate for the increased energetic requirement with increased food intake leading to 

weight gain (Cortright et al., 1997, Carrera et al., 2011, Riou et al., 2019). Recent research 

focusing on the impact of exercise on changes in macronutrient preference and consumption 

(Beaulieu et al., 2017, Beaulieu et al., 2020b) found that chronic exercise is associated with 

decreased fat intake (Martin et al., 2019, Riou et al., 2019, Beaulieu et al., 2020a). Whether 

exercise directly mediates decreased preference for HF food is unclear because humans may 

be more mindful and consciously make healthier food choices after exercising. To this end, our 

laboratory utilized a WR and two-diet choice model to examine the relationship between 

exercise and diet preference in rats of both sexes. Male rats express complete and persistent 

HF diet avoidance whereas females reverse their avoidance. Removal of ovarian hormones 

through OVX appears to increase the persistency of HF diet avoidance to be similar to that of 

gonadally-intact males (Moody et al., 2015). 

Central or peripheral estradiol administration has been shown to suppress food intake, 

adiposity, and body weight (Wade and Gray, 1979, Asarian and Geary, 2002, Santollo et al., 

2010, Eckel, 2011). In contrast, progesterone administration alone has no effect on these 

measures (Wade and Gray, 1979, Gray and Wade, 1981, Asarian and Geary, 2006, Yu et al., 

2011). Given the lack of effect of progesterone, these results suggest that estradiol plays a 

more influential role than progesterone in feeding behavior. In orchiectomized males, high dose 

testosterone decreases food intake, adiposity, and body weight (Gray et al., 1979). This 

suppression of food intake is likely due to the aromatization of testosterone into estrogenic 
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metabolites (Nunez et al., 1980, Siegel et al., 1981) rather than testosterone action itself. Taken 

together, these studies implicate sex hormones as probable candidates underlying the 

expression of sex-specific diet choice patterns during exercise. 

Gonadal hormones play a major role in the control food intake and feeding behavior 

(Asarian and Geary, 2013, Begg and Woods, 2013). Replacement with estradiol alone is often 

sufficient to restore estrus associated feminine behavior (e.g., food intake, physical activity, 

lordosis, etc.), and OVX rats are commonly primed with estradiol or both estradiol and 

progesterone prior to behavioral tests (Sodersten and Eneroth, 1981, Olster and Blaustein, 

1988, Apostolakis et al., 1996). However, very few studies have investigated the effects of 

progesterone alone (Zucker, 1969, Frye and Walf, 2004) and do not allow us to tease apart 

whether both ovarian hormones are required for the expression of female-typical behavior.  

In the present study, we first examined whether ovarian hormones are necessary for the 

female-typical shift from HF diet avoidance to preference while wheel running. Diet choice 

patterns were compared among intact males, sham-operated females, and OVX rats with oil 

vehicle (O), estradiol benzoate (E), progesterone (P), or both (E+P) replacement. Given that 

diet choice patterns did not differ among WR gonadally-intact male and OVX rats (Moody et al., 

2015) and that estradiol is more influential in regulating food intake than progesterone (Wade 

and Gray, 1979, Geary and Asarian, 1999, Asarian and Geary, 2002, Butera, 2010, Eckel, 

2011), we hypothesized that estradiol signaling in OVX rats is required for the expression of 

female-specific diet choice patterns. The partial elimination of sex differences with OVX led us 

to question if androgens played a role in mediating the persistency of HF diet avoidance in 

males. Thus, diet choice patterns were compared between sham-operated or orchiectomized 

(GDX) males. 
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METHODS 
 
Subjects 

Subjects were 48 male (250-275g) and 100 female (150-175g) Sprague-Dawley rats 

(Envigo, Indianapolis, IN) that were ~7-8 weeks old upon arrival. Rats were individually housed 

in polyethylene tubs on a 12:12 light-dark cycle (lights on at 0200 h) with ad lib access to a 

standard chow diet (3.1 kcal/g, 58% carbohydrate, 24% protein, and 18% fat; Teklad global 

2018, Teklad Diets, Madison, WI) and tap water during habituation. After habituation, male rats 

were left undisturbed while female rats underwent either sham or bilateral OVX surgery (Idris, 

2012) for the hormone replacement component of the study. Female rats were vaginally 

lavaged daily during the middle of the light cycle (0800 h) beginning 5 days post-surgery; 

afterwards, vaginal cytology was inspected to track estrous stage and verify successful OVX 

surgery and hormone replacement. A separate set of male rats were sham-operated or 

orchiectomized (Idris, 2012) at the same time point for the androgen component of the study. 

Table 2.1. Macronutrient composition of chow and HF diet. 
 
Wheel running and two-diet choice 

Body weight, food, and water intake in addition to estrous stage and running activity was 

recorded daily at 0800 h. See Figure 2.1 for a timeline of the experiment and Table 2.1 for diet 

composition. After recovering from surgery, WR rats were transferred to running wheel cages 

with the wheel locked while Sed rats remained in their regular cages. A novel 45% HF diet (4.73 

kcal/g, 35% carbohydrate, 20% protein, and 45% fat; Research Diets D12451) was introduced 2 

h before dark onset (1200 h) to all rats 3-4 days after the acclimatization period. Running 

wheels were unlocked at the same time as the introduction of HF diet for the WR rats. The 

Macronutrient Description Unit 
Teklad 2018  
(3.1 kcal/g) 

45% HF Diet  
(4.74 kcal/g) 

Protein Total % kcal 24 20 
Carbohydrate Sucrose % kcal - 17 
 Other carbohydrates % kcal 58 18 
Fat Total % kcal 18 45 
 Saturated fats % of total fat (wt) 0.9 31.4 
 Monounsaturated fats % of total fat (wt) 1.3 35.5 
 Polyunsaturated fats % of total fat (wt) 3.4 33.1 
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position of the food hoppers was alternated daily to prevent the development of side preference 

for both Sed and WR rats. The acclimatization period for the running wheel cages was one day 

shorter for the hormone replacement than androgen component to ensure all hormone replaced 

rats would receive an injection the day before and on the day the wheels were unlocked. Daily 

voluntary wheel running activity was recorded and analyzed through the Vital View Software 

System (Starr Life Sciences, Oakmont, PA) on the computer. The WR and the two-diet choice 

procedure continued for 18 days. 

Figure 2.1. Timeline of experiment. OVX: ovariectomy, GDX: orchiectomy; Sed: sedentary, WR: 
wheel running; HF: high fat. 
 
Hormone replacement 

The dose and schedule of hormone replacement was determined based on literature 

(Asarian and Geary, 2002, 2013) demonstrating that these doses not only normalized food 

intake and body weight of OVX rats to that of gonadally-intact females, but also closely mimics 

the cyclical peaks of plasma estradiol and progesterone (al-Dahan and Thalmann, 1996) 

observed during the estrous cycle in intact female rats. Hormone replacement began 8 days 

after surgery in 4-day cycles. β-Estradiol 3-benzoate (Cat. #E8518-5G; Sigma, St. Louis, MO) 

and progesterone (Cat. #S3547-1L; Sigma, St. Louis, MO) was dissolved in sesame oil to 

achieve a concentration of 2 μg/0.1 mL and 0.5 mg/0.1 mL, respectively. OVX rats were injected 

subcutaneously (s.c.) during the middle of the light cycle once every 4 days with oil, estradiol 
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benzoate, or progesterone or an injection of estradiol benzoate and progesterone on the 1st and 

3rd day, respectively. 

 
 
Data analysis 

Raw data included daily measurements of body weight, chow and HF diet intake, and 

running activity. During the wheel running and two-diet choice period, daily chow and HF diet 

intake (kcal) was compared among Sed and WR rats. HF diet preference was calculated by 

raking daily HF diet intake (kcal) and dividing it by the rat’s total daily energy intake (kcal). A 

ratio > 0.5 indicated preference for HF diet. 

Daily body weight, HF diet preference, total energy intake, and running activity were 

analyzed separately using 3-way mixed-model ANOVAs. Between-subjects factors included 

hormone (male, female, OVX O, OVX E, OVX P, and OVX E+P) and exercise (Sed vs. WR) for 

the hormone replacement component and group (male vs. GDX) and exercise (Sed vs. WR) for 

the androgen component. The within-subjects factor was time (18 days) for both components. 

Diet choice patterns were analyzed using a 4-way mixed-model ANOVA with hormone and 

exercise as the between-subjects factors and diet (chow vs. HF) and time as the within-subjects 

factors. Post-hoc Fisher’s LSD tests were performed when significant main effects or 

interactions were identified. Data are presented as mean ± standard error of the mean (SEM). 

 
RESULTS 
Running activity 

Analysis of running activity with a mixed model ANOVA revealed that all rats increased 

running activity over time [time and hormone x time: F(17,918) = 97.053 and F(85,918) = 9.959, 

respectively, both p < 0.0001]. Differences in hormone replacement were reflected in activity 

levels [hormone F(5,54) = 30.58, p < 0.0001]. Running activity in OVX O and OVX P WR rats 

was relatively stable and similar to males (post-hoc M vs. OVX O or OVX P, all p > 0.13) but 

significantly lower than female, OVX E, and OVX E+P rats (post-hoc tests all p < 0.0001). 

Hormone replacement with estradiol benzoate restored running activity to the level of intact 
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females [post-hoc F vs. OVX E or OVX E+P, both p > 0.15]. In the androgen component, a 

mixed model ANOVA revealed that GDX males ran less than sham-operated males [hormone 

F(1,14) = 27.53, p < 0.0001] and did not show the same type of escalation in running activity 

seen in intact males starting from the 8th day of the WR period (post- hoc all p < 0.05). 

 
Hormone replacement 

Wheel running and two-diet choice. Diet choice patterns differed among Sed and WR 

rats [diet, exercise x diet, and exercise x diet x time: F(1,108) = 23.30 and 303.99, respectively, 

and F(85,1836) = 48.54, all p < 0.0004]. There was no influence of sex or hormone replacement 

in Sed rats, such that they all consumed significantly more HF than chow diet [Figure 2.2A - F; 

diet x time: F(17,1836) = 12.23, p < 0.0001; hormone x diet: F(5,108) = 0.87, p = 0.50]. 

Figure 2.2. Diet choice patterns in sedentary (Sed) rats. The dashed red vertical line denotes 
the start of the two-diet choice and WR period. (A – F) All Sed rats consumed more HF than 
chow diet. *chow vs. HF, p < 0.05 

 
There was a significant effect of hormone replacement on diet choice among WR rats 

[Figure 2.3 A-F; hormone, exercise, and hormone x exercise: F(5,108) = 23.82, 28.37, and 
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16.68, respectively, all p < 0.0001]. Compared to female and OVX groups, male WR rats 

persistently avoided HF diet through the duration of the WR and two-diet choice period 

[hormone x exercise x diet x time: F(85, 1836) = 2.15, p < 0.0001]. During the first 11 days of 

diet choice, diet choice patterns of OVX O WR rats were similar to males in which they avoided 

HF diet. By the 13th day, however, OVX O WR rats began to reverse HF diet avoidance and 

had diet choice patterns more similar to females. Male WR rats consumed significantly less HF 

diet compared to female, OVX O, and OVX E+P WR rats (post-hoc all p < 0.05). HF diet intake 

did not differ among F and all OVX WR groups (post-hoc all p > 0.10). 

Figure 2.3. Diet choice patterns among wheel running (WR) rats. The dashed red vertical line 
denotes the start of the two-diet choice and WR period. (A) Male rats persistently avoided HF 
diet throughout the experimental period. (B) OVX O rats avoided HF diet for the first half of the 
diet choice period but sharply reversed HF diet avoidance. (C) Progesterone replacement alone 
did not lead to the reversal of HF diet avoidance. (D) Intact F WR rats initially avoided HF diet 
but gradually reversed their HF diet avoidance with time. (E) OVX E WR rats increased intake of 
HF diet but did not significantly reverse their initial HF diet avoidance. (F) Replacement with 
both E + P led to the complete reversal of HF diet avoidance. *chow vs. HF, p < 0.05 
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Post-hoc comparisons 
p-value 

(Fisher’s LSD) 
Male Female 

OVX E+P 
OVX O 

p < 0.02 
p < 0.0002 
p = 0.054 

Male & 
Female 

OVX E 
OVX P 

p > 0.10 

Female OVX E+P 
OVX O 

p > 0.13 

 

Both exercise and hormone replacement had an effect on HF diet preference [Table 2.1; 

exercise and hormone x exercise: F(1,108) = 354.77 and F(5,108) = 2.42, both p < 0.05]. In the 

WR condition, HF diet preference ratio was lower in males compared to both female and OVX 

E+P rats (post-hoc both p < 0.01) but only trended towards significance when compared to OVX 

O rats (post-hoc p = 0.054). That is, M WR rats persistently avoided HF diet whereas F and O 

and E+P hormone replaced OVX WR groups reversed HF diet avoidance by the end of the 18-

day diet choice period. E and P replaced OVX WR rats expressed diet choice patterns in 

between that of male and female rats such that their HF diet preference did not differ 

significantly from that of males or females. On the last day of the experimental period, M and 

OVX P WR rats had similar HF preference ratios of 0.26 ± 0.10 and 0.23 ± 0.10, respectively. 

This was lower than the HF diet preference ratios in F (0.56 ± 0.10), OVX E (0.51 ± 0.10), OVX 

E+P (0.84 ± 0.10), and OVX O (0.73 ± 0.10) WR rats. 

Table 2.2. Fisher’s LSD post-hoc tests of HF diet preference ratio among WR rats. HF diet 
preference differed significantly between WR males that avoided HF diet and OVX E+P rats that 
reversed HF diet avoidance. OVX E and OVX P rats expressed diet choice patterns in between 
that of males and females. HF diet preference did not differ among intact females, OVX E+P, 
and OVX O rats. 
 

Total energy intake and body weight. Exercise decreased total daily energy intake 

[exercise F(1,108) = 28.37, p < 0.0001]. Furthermore, hormone replacement also significantly 

affected daily energy intake [hormone and hormone x exercise F(5,108) = 23.82 and 16.68, 

respectively, both p < 0.0001]. In the Sed condition, OVX led increased food intake in OVX O 

and OVX P rats such that their daily energy intake was comparable to males (post-hoc p > 
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0.07). M WR rats reduced energy intake to levels similar to females (post-hoc p > 0.86). OVX O 

and OVX P rats had significantly higher energy intakes than males (post-hoc p < 0.05), but only 

OVX O rats had significantly higher energy intake than females (post-hoc p < 0.01). Daily 

energy intake in OVX E and E+P rats did not significantly differ from females (post-hoc all p > 

0.23) in either the Sed or WR condition. 

Exercise suppressed body weight gain in WR rats [exercise, exercise x time, hormone x 

exercise x time, F(1,108) = 57.180, F(18,1944) = 65.842, and F(90,1944) = 4.594, all p < 

0.0001]. Estrogen replacement alone was able to suppress OVX-associated weight gain in both 

Sed and WR rats [hormone and hormone x exercise, F(5,108) = 319.53 and 30.03, respectively, 

both p < 0.02]. Body weight did not differ among F, OVX E, or OVX E+P (post-hoc tests, all p > 

0.08) or OVX O and OVX P (post-hoc p > 0.58) rats in either the Sed or WR condition. 

Additionally, OVX O and OVX P WR rats had weighed more than F, OVX E, and OVX E+P WR 

rats (post-hoc OVX E or OVX E+P vs. OVX O or OVX P, all p < 0.0001). In both the Sed and 

WR condition, male rats had the higher body weights than all the other groups (post-hoc M vs. 

all groups, all p < 0.0001). 

 
Androgen 

Wheel running and two-diet choice. A mixed model ANOVA [hormone (2) x exercise 

(2) x diet (2) x time (18)] revealed that diet choice patterns differed among Sed and WR rats 

[exercise and diet x exercise: F(1,24) =  65.53 and 314.81, respectively, both p < 0.0001] such 

that Sed rats expressed opposite diet choice patterns. More specifically, all Sed rats consumed 

significantly more HF than chow diet (Figure 2.4 A & B) where WR rats avoided HF diet (Figure 

2.4 C & D). There was no effect of androgen removal on diet choice between intact and GDX 

male either Sed and WR conditions [diet, hormone x diet, and hormone x exercise F(1,24) = 

2.48, 1.81, and 2.47 all p > 0.12]. Both sham-operated and GDX WR males avoided HF diet and 

had similar chow intake (both post-hoc p > 0.47).  
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Analysis of HF diet preference ratios with a 3-way mixed model ANOVA [hormone (2) x 

exercise (2) x time (18)] revealed the same relationship where exercise led to significantly lower 

HF diet preference. In addition, there was no difference in HF diet preference between sham-

operated and GDX WR rats [exercise F(1,24) = 357.81, p < 0.0001; hormone and hormone x 

exercise F(1,24) = 1.41 and 0.003, both p > 0.24]. 

Figure 2.4. Diet choice patterns in sham-operated (left) and GDX males (right). The dashed red 
vertical line denotes the start of the two-diet choice and WR period. (A & B) All Sed rats 
consumed more HF than chow diet. (C & D) M WR and GDX WR rats maintained HF diet 
avoidance throughout the WR and two-diet choice period. *chow vs. HF, p < 0.05 
 

Total energy intake and body weight. Sham-operated males had higher energy intake 

and body weights compared to GDX rats while Sed [hormone F(1,24) = 10.74 and 7.76, 

respectively, both p < 0.02]. Exercise suppressed total energy intake and body weight [exercise 

F(1,24) = 65.53 and 10.70, respectively, both p < 0.01] in both sham-operated and GDX males. 
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Nevertheless, total energy intake and body weight did not differ between sham-operated and 

GDX WR groups [hormone x exercise F(1,24) = 2.47 and 0.93, respectively, both p > 0.12]. 

 
DISCUSSION 

The present study aimed to investigate the role of gonadal hormones in exercise-

mediated changes in HF diet preference. In regards to the influence of ovarian hormones, we 

found that the timing and frequency of HF diet avoidance reversal differed among wheel running 

rats (Figure 2.3). The majority of male WR rats maintained persistent HF diet avoidance 

whereas female and E+P replaced OVX rats reversed HF diet avoidance and more quickly than 

the few males that eventually reversed their initial avoidance. Without hormone replacement, 

OVX rats expressed similar degrees of HF diet avoidance as males during the first half of the 

WR and two-diet choice period but sharply increased HF diet intake and preference to the level 

of intact females. Finally, estrogen or progesterone replacement alone in running OVX rats was 

not sufficient to significantly reverse HF diet avoidance, which suggests that both ovarian 

hormones are necessary for the expression of female-typical diet choice patterns. In males, 

orchiectomy did not affect the persistency of HF diet avoidance (Figure 2.4 C & D). The 

incomplete elimination of sex differences in OVX rats and lack of effect of GDX suggests that in 

addition to ovarian hormones, developmental factors contribute to the earlier and more frequent 

reversal of HF diet avoidance in female WR rats. 

The result that diet preference in orchiectomized males did not differ from sham-

operated males (Figure 2.4) is consistent with the notion that testosterone is less influential than 

estrogen (Mauvais-Jarvis et al., 2013) in regards to the neural control of food intake (Nunez et 

al., 1980). Testosterone, however, is important during development. The testosterone surge that 

occurs by postnatal day 10 masculinizes and defeminizes certain regions of the perinatal brain 

(MacLusky and Naftolin, 1981, Arnold and Gorski, 1984, McCarthy, 1994, Bakker and Baum, 

2008) and in the absence of testosterone, the central nervous system is structurally organized in 

a female fashion, which does not require ovarian hormones (Phoenix et al., 1959, Jost et al., 
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1973, Baum, 1979, MacLusky and Naftolin, 1981, Bakker et al., 2006, McCarthy, 2008, Lenz et 

al., 2012). Thus, the developmental organization of behavior during the sensitive period could 

explain why non-hormone replaced OVX rats (OVX O) eventually reversed HF diet avoidance. 

However, the activational consequences of gonadal hormone release (i.e., altered patterns of 

hormone secretion and changes in sensitivity to hormones) starting from puberty appear to 

exert a greater influence on food intake and metabolism (Bell and Zucker, 1971, Wade, 1972, 

Gustafsson and Stenberg, 1976). In line with this notion, we found that hormone replacement 

with both ovarian hormones resulted in the most complete female-typical pattern of behavior, 

which suggests that the activational consequences of ovarian hormones may play a key role in 

mediating changes in HF diet preference. This finding is similar to other types of female-specific 

behavior. For example, while estrogen alone can induce lordosis in OVX rats (Sodersten and 

Eneroth, 1981), an optimal dose of estrogen followed by progesterone results in more complete 

displays of sexual behaviors in female rats (Pfaff, 1970, Moss and McCann, 1973, Pfaff et al., 

2006). 

The efficiency of energy metabolism during different states of energy requirement 

(exercise vs sedentary) differs between male and females (Tarnopolsky et al., 1990, Tate and 

Holtz, 1998, D'Eon and Braun, 2002). Estrogen facilitates increased lipid oxidation and reduced 

carbohydrate utilization (Gorski et al., 1976, Ellis et al., 1994), and progesterone potentiates 

these effects (Matute and Kalkhoff, 1973). In contrast, testosterone favors carbohydrate 

utilization over lipid oxidation (Braun et al., 2005). Thus, differences in the efficiency of fuel 

substrate utilization where the HF diet is a more efficient fuel source for females during a state 

of increased energy demand could explain running-associated sex differences in HF diet choice 

(Hill et al., 1986, Cortright and Koves, 2000). 

Sex differences in novelty and neophobia could explain why male rats express more 

persistent HF diet avoidance throughout the two-diet choice and wheel running period 

compared to females. Male rats have longer approach latencies and appear to prefer familiar to 
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novel objects when given a choice (Russell, 1975) and will approach and consume a novel food 

more slowly than females (Modlinska et al., 2015). Although the novelty of the HF diet likely 

wears off, higher levels of neophobia in males from their first exposure may persist and promote 

the maintenance of HF diet avoidance and contribute to the sex difference in diet preference. 

The effect of novelty, however, might not be as persistent in OVX rats. Thus, they subsequently 

reversed HF diet avoidance and behaved more similarly to females for the rest of the 

experiment. In support of this, a recent study found that after 6 weeks of chronic, unpredictable 

stress, OVX rats increase latency to feed in a novelty suppressed feeding test and have similar 

profiles of anxiety-like behavior to males (Mahmoud et al., 2016). This could explain why OVX 

rats behaved similarly to males and avoided HF diet during the first 11 days of the two-diet 

choice and wheel running period. Further studies are necessary to test whether differences in 

novelty response corresponds to food neophobia and whether or not food neophobia differs 

between male, female, and OVX rats while wheel running. 

The factors contributing to the greater susceptibility for females to develop disordered 

eating behaviors and the deleterious effects of HF diet are unclear. We found that first, OVX 

partially eliminated sex differences and GDX had no effect on the persistency of exercise-

mediated HF diet avoidance and second, both ovarian hormones were necessary for the 

expression of female-typical diet choice patterns. In contrast to males, the majority of female 

rats with running wheel access failed to maintain HF diet avoidance, which could contribute to 

the higher susceptibility for developing obesity and its associated comorbid conditions in 

females (Hudson et al., 2007, Flegal et al., 2010). Moreover, females are less responsive to 

exercise as a method of weight loss (Hill et al., 1989, Donnelly et al., 2004, Caudwell et al., 

2014). Sex-dependent responses to exercise as a treatment intervention underscores the 

importance of determining which neural circuits are involved in mediating exercise-associated 

changes in palatable diet preference in both sexes. Elucidating the neurobiological mechanisms 

underlying exercise-mediated changes in diet preference in both sexes could provide novel 



 

31 
 

insight towards developing sex-specific treatments for disordered eating behaviors and lead to 

better outcomes.
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CHAPTER 3: SEX DIFFERENCES IN THE INTERACTION BETWEEN CHRONIC HIGH FAT 
FEEDING-ASSOCIATED DEFICITS IN PERIPHERAL METABOLISM AND COGNITIVE 

FUNCTION2 
 
 

ABSTRACT 
Food resources were limited prior to industrialization. In contrast, our modern 

environment provides easy access to a variety of energy dense, palatable foods and is 

saturated with food cues to eat. Maladaptive dietary choices, including overconsumption of high 

fat (HF) foods, exacerbates to the development of obesity, metabolic syndrome, and cognitive 

dysfunction. The current study assessed whether exercise-mediated changes in HF diet 

preference would lead to sex specific outcomes in metabolic and cognitive health in sedentary 

(Sed) and wheel running (WR) rats of both sexes. To this end, we extended the WR and two-

diet choice (chow vs. HF) paradigm from Chapter 2 to ~6 weeks in order to investigate the 

efficacy of exercise at reversing HF diet-induced impairment in peripheral metabolism and 

cognition, hypothesizing that exercise would be more protective against the deleterious effects 

of HF feeding in males. All WR rats avoided HF diet upon running initiation, and male rats 

maintained lower HF diet preference for a longer period than females. WR induced suppression 

of body weight and fat deposition to a greater extent in males than females. These results may 

have contributed to sex differences in glucose tolerance and insulin profile, such that 

improvements were only seen in males. Exercise enhanced learning to escape on the Barnes 

maze in WR rats of both sexes. During tests of reversal learning, only female WR rats increased 

the number of errors committed, suggesting a sex-dependent effect of exercise on behavioral 

flexibility. Taken together, our results suggest that exercise is more effective at attenuating HF-

associated metabolic deficits in males, and highlights the importance of developing sex-specific 

treatment interventions for energy homeostasis and cognitive dysfunction. 

 
 
 
 
 

2Data from this chapter are published in Yang, TY, Gao, Z, & Liang, NC (2020). Sex-dependent wheel 
running effects on high fat diet preference, metabolic outcomes, and performance on the Barnes maze in 
rats. Nutrients, 12(9), 2721. 
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RATIONALE 
The industrial revolution not only sparked a shift in food availability, but also the way 

foods are processed including higher use of refined sugars and saturated fats. This type of high-

fat and high-sugar diet has been termed the “Western diet” (WD) and is highly palatable and 

promotes overeating. Making maladaptive and nutritionally unhealthy food choices increase the 

risk of obesity, metabolic syndrome, and cognitive dysregulation, which may be further 

exacerbated by living a sedentary lifestyle. The overconsumption of HF food is associated with 

increased abdominal adiposity, weight gain, peripheral metabolic dysregulation, and cognitive 

deficits (Winocur et al., 2005, Kanoski et al., 2007, Martin et al., 2007, Cifre et al., 2018). 

Deficits in behavioral flexibility may result in the inability to appropriately adapt dietary choices to 

external environmental and internal visceral cues (Kakoschke et al., 2018, Favieri et al., 2019) 

and promote rigid diet choices in a viscous cycle that facilitates the development of obesity 

(Perpina et al., 2017, Edwards et al., 2018). 

The highly processed foods associated with the typical WD tend to have higher glycemic 

loads (Foster-Powell et al., 2002) than unrefined foods and pose a threat to metabolic health 

(Smith et al., 2011, Chen et al., 2017, Steenbergen and Colzato, 2017, Yang et al., 2018). 

Exercise appears to be more effective than diet control at improving metabolic function 

(Maesako et al., 2012). For example, exercise training-mediated weight loss led to greater 

decreases in visceral fat and hepatic insulin resistance in obese men and women compared 

with caloric restriction-mediated weight loss (Coker et al., 2009). Changes in body weight, 

adiposity, and food intake and preference in humans is variable (Blundell and King, 1999, King 

et al., 2009, Ebrahimi et al., 2013, Schubert et al., 2013, Donnelly et al., 2014, Castro et al., 

2020) and depends on whether individuals compensate for energetic demand from exercise and 

how responsive they are to positive outcomes of regular exercise (Sparks, 2017, Beaulieu et al., 

2020b). Female rodents also differ in response to exercise in regards to body weight and food 

intake (Tokuyama et al., 1982, Eckel and Moore, 2004, Carrera et al., 2011). On the other hand, 
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males consistently decrease energy intake, body weight, and adiposity (Tokuyama et al., 1982, 

Looy and Eikelboom, 1989, Kawaguchi et al., 2005, Carrera et al., 2011) with exercise training. 

Given the considerably less variability in rodents and the limited number of studies of sex 

differences in energy homeostasis (Westerterp et al., 1992, Washburn et al., 2015) in humans, 

a rat model provides a good avenue for investigating sex differences in the interplay between 

exercise and peripheral metabolic function.  

Cognitive function is negatively influenced by long-term consumption of HF diet in 

humans (Greenwood and Winocur, 2005) and rodents (Winocur and Greenwood, 2005) alike. 

The literature has focused on HF feeding-related hippocampal impairment of spatial learning 

and memory (Greenwood and Winocur, 1996, Winocur and Greenwood, 1999, 2005, Stranahan 

et al., 2008, Kanoski and Davidson, 2010, Valladolid-Acebes et al., 2011); however, HF diet can 

also alter prefrontal cortex (PFC)-mediated executive function, including behavioral flexibility 

(Kanoski et al., 2007, Stranahan et al., 2008, McNeilly et al., 2011, Aslani et al., 2015, Mekari et 

al., 2020). The few studies that examined PFC-dependent cognition found that HF feeding led to 

decreased behavioral flexibility in rats (Kanoski et al., 2007, Stranahan et al., 2008, McNeilly et 

al., 2011, Aslani et al., 2015), which was reversed by dietary (Boitard et al., 2016, McNeilly et 

al., 2016) and exercise (Woo et al., 2013), but not drug (McNeilly et al., 2012), interventions. 

Decreased behavioral flexibility was correlated with decreased insulin sensitivity, but not body 

weight or plasma glucose level (McNeilly et al., 2011). Taken together, these studies suggest 

that HF diet and insulin resistance may interact to promote the development and maintenance 

of cognitive rigidity which exercise may counteract. 

Sex differences in the metabolic and cognitive outcomes of HF feeding may differentially 

affect the cognitive control of feeding behavior in males and females. As seen in both the 

human and animal literature, the metabolic (Elias et al., 2003, Amengual-Cladera et al., 2012, 

Barron et al., 2013, Underwood and Thompson, 2016) and cognitive (Hwang et al., 2010, 

Laredo et al., 2015, Shields et al., 2016) effects of chronic HF feeding appear to be more 
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deleterious in males than females. However, the prevalence of obesity (Hudson et al., 2007, 

Flegal et al., 2010) and mild cognitive impairment (Seshadri et al., 1997, Lin et al., 2015) is 

higher in females than males. The opposite effect in regards to cognitive outcomes was seen in 

rodents such that behavioral flexibility is more negatively impacted by HF diet in males (Hwang 

et al., 2010, Laredo et al., 2015, Shields et al., 2016). While exercise has been shown to 

attenuate HF-mediated disruptions in learning and memory (Nara et al., 1997, Molteni et al., 

2004, Greenwood and Winocur, 2005, Winocur and Greenwood, 2005, Coker et al., 2009, 

Maesako et al., 2012, Gibbons et al., 2014, Noble et al., 2014, Loprinzi et al., 2019, Park et al., 

2019), these studies primarily focus on hippocampal-mediated behavior (Molteni et al., 2004, 

Noble et al., 2014, Park et al., 2019) rather than the PFC (Klein et al., 2016). Additionally, these 

studies rarely include both sexes within the same experiment so direct assessments of sex 

differences cannot be made. Thus, whether exercise is able to protect against cognitive 

dysregulation to the same extent in both male and female rats with long-term HF feeding is 

unclear. 

Studies have shown that exercise can reverse HF-induced deficits in metabolic and 

cognitive function (Molteni et al., 2004, Woo et al., 2013, Gibbons et al., 2014, Noble et al., 

2014, Klein et al., 2016). To our knowledge, no study has investigated sex differences in the 

efficacy of voluntary exercise at reversing deficits metabolic and behavioral flexibility resulting 

from chronic HF feeding. The current study seeks to address this gap in knowledge by 

extending the WR and two-diet choice used in Chapter 2 to ~6 weeks, a period of time that is 

sufficient to induce diet-induced obesity (Buettner et al., 2007), to examine whether 1) higher HF 

diet preference increases susceptibility to the negative consequences of HF diet intake and 2) 

exercise can reverse HF-associated metabolic and cognitive dysfunction with long-term 

exposure to HF diet. We hypothesized that WR females would have the worst performance on 

the Barnes maze based on the likelihood that they will reverse HF diet avoidance. We also 

predict to find a positive relationship between increased HF diet preference with peripheral 
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insulin resistance, which will be associated with poorer performance on the Barnes maze. 

Results from this study could provide insight into the development of sex-specific prevention 

and treatment options to maintaining energy homeostasis. 

 
METHODS 
Subjects 
 The subjects for this experiment included 24 male (250-275 g) and 24 female (150-175 

g) Sprague-Dawley rats (Envigo, Indianapolis, IN) that were ~7-8 weeks old upon arrival. Rats 

were group housed on a standard 12:12 light-dark cycle (lights on at 0700 h). During 

habituation, rats had ad lib access to a standard chow diet and tap water. During the 

experimental period, rats had diet choice between standard, high carbohydrate chow and a 45% 

HF diet.  

 
Wheel running and two-diet choice 

Body weight, food intake, and fluid intake was recorded daily during the dark cycle at 

0800 h. See Figure 3.1 for a timeline of the experiment. After habituation, rats became 

individually housed such that sedentary (Sed) moved into sedentary tubs and wheel running 

(WR) rats were moved into running wheel cages (13” diameter wheel; Mini Mitter, Starr Life 

Sciences, Oakmont, PA) with the wheel locked. The wheels were unlocked for the WR rats after 

a 4-day acclimation period and a novel HF diet was simultaneously introduced to both Sed and 

WR rats 2 h before dark onset (1700 h). Running activity was recorded and analyzed daily 

following daily care (VitalView, Starr Life Sciences, Oakmont, PA, USA). The wheel running and 

two-diet choice procedures continued for ~6 weeks after which the rats were sacrificed and 

retroperitoneal, mesenteric, and gonadal fat pads were dissected and weighed. 
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Figure 3.1. Timeline of experiment. Sed: sedentary, WR: wheel running; HF: high fat; OGTT: 
oral glucose tolerance test. 
 
Oral glucose tolerance test 

Two OGTTs were performed for this experiment, one at baseline (BL) and one after HF 

diet exposure (post-HF) to examine within-group effects of HF diet on glucose tolerance. 

Baseline OGTT was performed the day before the wheels were unlocked (day 0), and post-HF 

OGTT was performed the day of sacrifice (day 44), which was two days after the end of the 

Barnes maze. On the day of OGTT, food was removed 3 h after dark onset (1400 h) where rats 

consumed ~60% kcal of their usual daily diet intake. Complete overnight fasting enhances 

insulin-stimulated glucose utilization; thus, rats were only moderately fasted to allow for the 

assessment of insulin action in a more physiological context (Ayala et al., 2006, Bowe et al., 

2014). Baseline/fasting glucose was assessed at 0 min through a tail nick using a handheld 

glucometer (AlphaTRAK2, Abbott, Abbott Park, IL) after which rats were challenged with a 2 

g/kg of 20% glucose dissolved in distilled water through oral gavage. Both blood glucose 

measurements and tail blood was collected at 15, 30, 60, and 120 min from the time the rats 

were gavaged using the same tail nick during baseline sampling. Tail blood was centrifuged at 

870 × g for 15 min at 4 °C and ~25 µL of plasma was collected for each sampling time point. 

Tail blood plasma was stored at −80 °C until the samples were processed for plasma insulin 

concentrations using the Rat Ultrasensitive Insulin ELISA (ALPCO, Salem, NH) according to 

manufacturers’ protocol. 
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Barnes maze 
During the last week of the WR and two-diet choice period, all rats were trained on the 

Barnes maze starting 2.5 h after light onset (0930 h). A concealed overhead-mounted camera 

aimed directly at the center of the maze was used to film each trial, which was operated using a 

computer from the adjacent room. Five visuospatial cues were placed in the room and their 

location was held constant during training and reversal learning. For both training and reversal 

learning trials, a trial ended when the rat entered the escape box or after the allotted time had 

elapsed. The maze and escape box were cleaned using a non-alcohol-based coverage spray 

between each rat to eliminate odor cues. 

After daily care, rats were single caged in standard tubs and moved to the room adjacent 

to the testing room for at least 1 h of habituation prior to testing. There were 4 trials/day during 

training (total of 16 trials/day) with 4 different starting locations (Figure 3.2). Rats were placed 

on the edge of the maze with their nose pointed away from the center of the maze. All rats 

finished a trial at the first starting location with an inter-trial interval of at least 30 min before 

being testing began for the second starting location. In other words, all rats completed a trial 

from the same starting location before the next round of trials began. The order of the starting 

locations was the same for each training day. If a rat failed to find the escape box within the 

allotted time of 90 s, they were gently guided into the box which was then covered. Rats were 

allowed to remain in the escape box for 15 s before being returned to their home cage. 

On the fifth day of behavioral testing, rats were placed at the center of the maze facing 

away from the escape box for a probe trial to verify they learned the task. The procedures were 

the same from testing. After the probe trial, the escape box was rotated 180°, but none of the 

visuospatial cues were moved. For the 3 reversal learning trials with 30 min inter-trial intervals, 

rats were given 150 s to locate the new location of the escape box and allowed to remain in the 

box for 15 s. If a rat failed to locate the new location, they were gently guided into the escape 

box and remained there for 15 s. 
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Figure 3.2. Starting locations on the Barnes maze for training (left) and reversal learning (right) 
trials. Rats underwent 4 trials/day during training and a probe trial followed by 3 reversal 
learning trials during testing. 
 
Data analysis 
 Statistical analyses were performed using Statistica 13.3 (TIBCO, Palo Alto, CA, USA). 

Data are presented as the mean ± standard error of the mean (SEM). Post hoc Fisher’s LSD 

tests were performed when significant main effects or interactions were identified.  

Raw data from the WR and two-diet choice period included weekly body weight and 6 

weekly averages of chow and HF diet intake, daily energy intake, and running activity. These 

measures were analyzed separately using 3-way mixed model ANOVAs with sex (male vs. 

female) and exercise (Sed vs. WR) as between-subject factors and time (6 weeks) as the 

within-subject factor. Diet choice was analyzed using a 4-way mixed model ANOVA with sex 

and exercise as the between-subject factors and diet (chow vs. HF) and time as the within-

subject factors. Retroperitoneal, mesenteric, and gonadal fat pad weights were analyzed 

separated with a 2-way ANOVA with sex and exercise as the between-subject factors. 

Raw data from OGTT included blood glucose and plasma insulin measurements. 

Baseline OGTT and post-HF OGTT results were analyzed separately using a 3-way mixed 

model ANOVAs with sex and exercise as between-subject factors, and time (0, 15, 30, 60, and 
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120 min) as the within-subjects factor. Glucose and insulin area under curve (AUC) results were 

analyzed separately using a 2-way mixed model ANOVA with sex and exercise as the between-

subject factors and time (baseline vs. post-HF) as the within-subjects factor. Trunk insulin 

plasma was analyzed with a 2-way ANOVA with sex and exercise as the between-subject 

factors. Separate correlation analyses were performed to determine if there was a relationship 

between either glucose or insulin AUC during OGTT and trunk plasma insulin levels with 

average HF diet preference ratio. 

Latency to enter the escape box and errors during training and testing on the Barnes 

maze was manually scored. At least two individuals video scored the training and testing portion 

of the Barnes maze for all rats. An error was recorded each time the rat poked its nose into a 

hole other than the one leading to the escape box. Training and testing data were analyzed 

using a 3-way mixed model ANOVA with sex and exercise as the between-subject factors and 

trial (daily average) as the within-subject factor. 

 
RESULTS 
Wheel running and two-diet choice 

Diet choice patterns were similar to the results from the shorter paradigm in Chapter 2. 

Male and female Sed rats consumed more HF than chow diet and gradually decreased HF and 

increased chow intake over time (Figure 3.3 A & B). In contrast, WR rats expressed opposite 

diet choice patterns and increased HF diet intake over time [Figure 3.3 C & D; time × exercise 

and time × diet × exercise F(5,220) = 42.28 and 37.35, respectively, both p < 0.001]. With the 

extended paradigm (2 vs. 6 weeks), there were no sex differences in HF diet preference such 

that all rats reversed their initial HF diet avoidance (Figure 3.3 E & F). However, ~64% of M WR 

rats had HF diet preference ratios less than 0.5, which suggests that they preferred HF over 

chow diet for less than half of the 6 week diet choice period. Additionally, female WR rats 

reversed HF diet avoidance earlier than males (week 2 vs. 5) and had higher levels of HF diet 

preference [time × sex × exercise F(5,220) = 3.92, p < 0.05]. 
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Figure 3.3. Diet choice and HF diet preference ratios in males and female rats. The vertical and 
horizontal dashed red lines denote the start of the two-diet choice and WR period and 
preference for HF diet where any value greater than 0.5 indicates a preference for HF diet, 
respectively. (A) Sedentary male rats maintained higher intake of HF than chow diet throughout 
the experiment. *chow vs. HF, p < 0.05 (B) There was a period of 2 weeks during which female 
Sed rats did not show a preference for HF diet. *chow vs. HF, p < 0.05 (C) Male WR rats 
increased HF diet intake across time and consumed significantly more HF than chow during the 
last week of the WR and two-diet choice period. *chow vs. HF, p < 0.05 (D) Female WR rats 
sharply increased HF diet intake after which they began consuming more HF than chow diet. 
*chow vs. HF, p < 0.05. (E & F) HF diet preference went in opposite directions among Sed and 
WR rats in both sexes. * Sed vs. WR, p < 0.05.
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Running activity and energy intake 
Running activity was higher in females than males (Figure 3.4 A) and both sexes 

showed an inverted-U shaped curve in running activity such that activity peaked and 

subsequently decreased to levels similar to baseline [time × sex F(5,125) = 9.73, p < 0.001]. 

The increased energetic requirement from exercise led to sex-specific adaptations [Figure 3.4 

B; sex × exercise F(1,440 = 28.26, p < 0.001] across time [time × sex × exercise F(5,220) = 

4.97, p < 0.001]. Exercise initially suppressed energy intake in males, after which they 

increased food intake to levels similar to their Sed counterparts (post hoc p > 0.15). In contrast, 

females compensated for the additional energy demand from WR earlier than males and 

consumed more food than F Sed rats (post hoc p < 0.001). 

 

Figure 3.4. Running activity and total energy intake. (A) Female rats ran more than males, and 
both sexes showed and inverted-U trend in running activity. *Male vs. female, p < 0.05. (B) 
Female WR rats had higher energy intake than their Sed counterparts and there was no 
difference between Sed and WR males. *Sed vs. WR, p < 0.05. 
 
Body weight and adiposity 
 Exercise-associated changes in daily energy intake led to suppressed body weight gain 

in rats of both sexes [exercise F(1,44) = 29.16, p < 0.001]. However, the effect of exercise was 

greater in magnitude in males than females (Figure 3.5 A). At the end of the experiment, there 

was a 10% difference in body weight between Sed and WR males and only a 2% differences in 

females. Decreased body weight gain with exercise was reflected in visceral adiposity (Figure 
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3.5 B). Retroperitoneal and mesenteric fat was decreased in WR rats [exercise F(1,44) = 11.62 

and 10.47, respectively, both p < 0.01] in both sexes [sex x exercise F(1,44) = 1.26 and 3.68, 

respectively, both p > 0.06]. There was a trend towards a sex difference in the mesenteric fat (p 

= 0.061) and post hoc analyses suggests that the exercise effect was driven by males. Gonadal 

fat was only decreased in M WR rats, and there was no difference between female Sed and WR 

rats [sex x exercise F(1,44) = 8.16, p < 0.01; post hoc male Sed vs. WR p < 0.01 and female 

Sed vs. WR p > 0.49]. 

Figure 3.5. Body weight and fat composition. (A) Exercise led to suppressed body weight in 
both sexes, and this effect was more pronounced in males than females. *Sed vs. WR, p < 0.05. 
(B) Exercise suppressed retroperitoneal, mesenteric, and gonadal fat in males and had a limited 
effect in females with only an observable decrease in the retroperitoneal fat pad. *Sed vs. WR, p 
< 0.05. 
 
Oral glucose tolerance test (OGTT) 

During baseline conditions where rats were maintained on chow diet only, there were no 

group differences during OGTT [Figure 3.6 A; time × sex × exercise F(4,176) = 1.78, p > 0.32]. 

After 6 weeks of chronic HF feeding, fasting blood glucose levels were higher in females than 

males [Figure 3.6 B; time × sex F(4,172) = 5.26, p < 0.001; post hoc 0 min males vs. females 

103.33 vs. 116.61 mg/dL, p < 0.05]. Blood glucose returned to fasting levels by 120 min in 

females but not males (post hoc 0 min vs. 120 min female p > 0.32 and male p < 0.001). 

Analyses comparing baseline and post-HF glucose AUC during OGTT revealed that exercise 

decreased glucose AUC from baseline in males, but this effect was absent in females [Figure 
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3.6 C; time × sex × exercise F(1,43) = 6.81, p < 0.05; post hoc male WR BL vs. HF p < 0.01 and 

female WR BL vs. HF p > 0.12]. 

No differences in insulin levels during OGTT were observed at baseline [Figure 3.6 D; 

time × sex × exercise F(4,156) = 0.85, p > 0.49]. There was a trend for exercise to decrease 

plasma insulin during the post-HF OGTT [Figure 3.6 E; sex × exercise F(1,41) = 2.87, p = 0.09], 

and this effect appeared to be driven by males. In support of this, a one-way ANOVA revealed a 

group difference at 0 min where only M WR rats had lower plasma insulin levels after long-term 

HF feeding [group F(1,42) = 4.05, p < 0.05; post hoc male Sed vs. WR p < 0.01 and female Sed 

vs. WR p > 0.13]. The amount of insulin produced to clear the same amount of glucose across 

time following the glucose challenge was not affected by exercise experience [time × exercise 

F(4,164) = 1.61, p > 0.17]. Analysis of insulin AUC during OGTT revealed a sex difference in the 

ability for exercise to suppress HF feeding-related increases in insulin [Figure 3.6 F; time × sex 

× exercise effect (F(1,35) = 5.29, p < 0.05]. The increase in insulin from baseline in males (post 

hoc M Sed BL vs. HF p < 0.001) was attenuated by exercise (post hoc M WR BL vs. HF p > 

0.06). Moreover, M WR rats had lower post-HF insulin AUCs than their Sed counterparts (post 

hoc HF M Sed vs. M WR p < 0.001). In contrast, exercise did not appear mitigate HF-related 

increases in insulin in females (post hoc F Sed and F WR BL vs. HF both p < 0.01 and HF F 

Sed vs. F WR p > 0.98). 
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Figure 3.6. Blood glucose (top row) and plasma insulin (bottom row) results from an OGTT at 
baseline  (BL) and post-HF diet exposure. (A) There were no group differences in blood glucose 
at BL. (B) Blood glucose levels following an oral glucose challenge retuned to fasting levels 
faster in females than males. (C) Relative to baseline, male WR and female Sed rats showed 
improved glucose clearance post-HF diet exposure. *BL vs. HF, p < 0.05. (D) There were no 
group differences in plasma insulin at BL. (E) Exercise decreased fasting plasma insulin levels 
in males but not females after long-term HF feeding. @M Sed vs. WR, p < 0.05. (F) Male WR 
rats had lower insulin AUC than their Sed counterparts. In contrast, both Sed and WR females 
had higher insulin AUC post-HF diet compared to chow BL. *BL vs. HF, p < 0.05, @HF M Sed 
vs. WR, p < 0.05. 
 

At the end of the experiment, F WR rats had higher trunk plasma insulin levels than their 

Sed counterparts [F Sed 0.44 ± 0.06, and F WR 0.69 ± 0.06 ng/mL; sex × exercise F(1,44) = 

31.40, p < 0.001; post hoc female Sed vs. WR p < 0.05] whereas this effect was reversed in 

males [M Sed 1.04 ± 0.10, M WR 0.54 ± 0.05; post hoc male Sed vs. WR p < 0.001]. A 

regression analysis on the relationship between average HF diet preference and trunk plasma 

insulin revealed that in males, higher preference for HF diet was associated with higher plasma 

insulin [Figure 3.7 A; F(1,22) = 7.72, R = 0.51, p < 0.01]; however, this relationship was not 

observed in females [Figure 3.7 B; F(1,22) = 0.95, R = 0.01 p > 0.94]. No associations were 

found between average HF diet preference and either glucose or insulin AUC. 
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Figure 3.7. Correlation between trunk plasma insulin levels at the end of the experiment and the 
average ratios of HF diet preference. (A) There was a moderate, positive correlation between 
HF diet preference and trunk plasma insulin in males. (B) There was no relationship between 
HF diet preference and trunk plasma insulin levels in females. 
 
Barnes maze 
 During training, males were slower to located the escape box relative to females [sex 

and trial × sex F(1,43) = 66.58 and F(3,129) = 7.59, respectively, both p < 0.001]. Exercise 

training decreased latency to locate the escape box in rats of both sexes [Figure 3.8 A & C; trial 

× exercise and trial × sex × exercise F(3,129) = 4.23 and 2.00, p < 0.01 and p > 0.11, 

respectively]. Similarly, exercise reduced the number of errors made during the task 

acquisition/learning in rats of both sexes [Figure 3.8 B & D; trial x exercise and trial × sex × 

exercise F(3,129) = 3.37 and 0.65, respectively, p < 0.05 and p > 0.58]. Male rats did, however, 

make more errors on average than females during training [sex F(1,43) = 5.25, p < 0.05]. 

 Both male and female rats decreased latency [sex × exercise F(1,43) = 1.80, p > 0.18] 

and errors committed [sex × exercise F(1,43) = 1.67, p > 0.20] during the probe trial, and there 

were no effects of sex or exercise. During reversal learning, there was no evidence of sex 

differences of an effect of exercise for latency or errors [sex × exercise F(1,43) = 0.79 and 0.15, 

respectively, both p > 0.37]. There was a difference in the percent increase in errors made 
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between the probe and reversal trials. A factorial ANOVA revealed that F WR rats had a larger 

increase in errors made than their Sed counterparts [sex × exercise F(1,34) = 6.48, p < 0.05; 

female Sed vs. WR post hoc p < 0.05], but there was no difference between Sed and WR males 

(post hoc male Sed vs. WR p > 0.10). 

All rats used a non-spatial serial search strategy (i.e., a clockwise or counterclockwise 

sequential search) rather than a direct search strategy where the rats utilize visuospatial cues 

(i.e., signs in the testing room to find the escape box). Despite not using the visual cues, 

decreased latency and errors across time provides evidence that all rats learned the task. 

Sprague-Dawley rats have poor visual acuity biasing them towards using a serial search 

strategy (Gawel et al., 2019); however, visual acuity has not been shown to be correlated with 

deficits in learning and memory issues in mice tested on the Barnes maze (O'Leary et al., 2011). 

Our results for latency and errors made are also comparable to what has been reported in the 

literature (Rosenfeld and Ferguson, 2014, Gawel et al., 2019). 
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Figure 3.8. Barnes maze results for males (M, top) and females (F, bottom). (A & C) Both male 
and female rats decreased latency to locate the escape box across training days. (B & D) All 
rats made fewer errors across training days when searching for the escape box.
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DISCUSSION 
 The efficacy at which exercise can attenuate the adverse metabolic and cognitive 

outcomes of prolonged HF-feeding is unclear. To this end, we used a long-term WR and two-

diet choice model to examine the relationship between increased HF diet preference and its 

associated metabolic and cognitive outcomes, and if exercise can attenuate these negative 

effects with chronic HF feeding. We found that both male and female rats reversed HF diet 

avoidance, and this shift in diet preference occurred earlier in females than males (Figure 3.3). 

The positive effects of exercise including suppressed body weight and fat deposition (Figure 

3.5), which may have contributed to improved metabolic function, were only observed in males 

(Figure 3.6). Exercise equally improved learning and memory as evidenced by decreased 

latency and errors made to locate the escape box on the Barnes maze in rats of both sexes 

(Figure 3.8). Although the rats’ use of a spatial search strategy limited the interpretation of 

changes in behavioral flexibility, female WR rats showed some impairment and were the only 

group to increase the number of errors made from the probe to reversal learning trials when 

compared to their Sed controls. Thus, it appears that sex differences in running-induced 

changes in diet choice patterns led to sex-specific outcomes in regards to the protective effect 

of exercise on peripheral metabolism and cognition. 

Diet choice patterns during WR were similar to our short-term WR and two-diet choice 

experiment in Chapter 2 (Figure 3.3). Although all rats reversed HF diet avoidance, males 

maintained this avoidance for a longer duration than females. In females, feeding behavior 

appears to be palatability-driven rather than by physiological hunger or metabolic state (Tapia et 

al., 2019, Buczek et al., 2020). These factors may contribute to the higher incidence of binge 

eating behavior increased female susceptibility to binge eating (Hudson et al., 2007, Klump et 

al., 2013) and development of obesity (Perpina et al., 2017, Edwards et al., 2018). In addition, 

females have higher reward sensitivity than males (Lynch, 2006, Carroll and Anker, 2010). As a 

result, WR may not be a sufficient substitute for the reinforcing effects of HF diet (Spierling et 
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al., 2018). Male rats are more responsive to the naturally rewarding effects of voluntary WR 

(Belke and Wagner, 2005) such that WR can decrease drug-seeking behavior (Peterson et al., 

2014, Zhou et al., 2016). Exercise may not be able to combat the lack of dietary restraint (Day 

et al., 2012) and propensity towards palatability-driven eating in the absence of hunger via 

stimulation of the reward system in females (Buczek et al., 2020) leading them to reverse HF 

diet avoidance earlier than males. 

With exercise training, the extent of decreased HF diet preference, energy intake, body 

weight, and adiposity was greater in males than females and may have contributed to our 

finding that glucose metabolism was only improved in males. In line with this, studies have 

shown that males are also more responsive to exercise-mediated improvements in insulin 

sensitivity and glucose tolerance (Hill et al., 1989, Donnelly et al., 2004, Caudwell et al., 2014). 

One potential explanation for the limited beneficial effects of exercise in females could be that 

because females compensated for the increased energy requirement from exercise by 

increasing daily energy intake more rapidly than males (Carrera et al., 2011, Foright et al., 

2020), leading to a lower magnitude of body weight and fat loss. This suggests that without a 

concurrent loss of body weight and fat, exercise has a limited effect on improving peripheral 

metabolic function in females (Nara et al., 1997, Coker et al., 2009, Maesako et al., 2012). A 

combination of diet and exercise may be optimal to promote weight loss and improve insulin 

sensitivity for females. Although male WR rats also reversed HF diet avoidance, this reversal 

occurred later than females and despite increased HF diet intake, it appears that exercise 

training can attenuate HF-induced impairments in glucose tolerance (Vallerand et al., 1986, 

Goodyear et al., 1991, Bongbele et al., 1992, Goodyear and Kahn, 1998, Tokuyama and 

Suzuki, 1998, LaPier et al., 2001, Latour et al., 2001, Gollisch et al., 2009, Lamontagne et al., 

2013). In addition, the relationship between increased HF diet preference and insulin levels was 

only present in males (Figure 3.7). Taken together, the positive metabolic effects of exercise 

appear to be influenced by both the slower compensatory response to exercise (Beaulieu et al., 
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2017, Beaulieu et al., 2020b, Foright et al., 2020) and longer maintenance of low HF diet 

preference in males.  

Learning on the Barnes maze was improved with exercise training (Figure 3.8) 

independent of sex (Betancourt et al., 2017, Villanueva Espino et al., 2020). This is consistent 

with reports in the literature where exercise has been shown to reverse cognitive deficits 

resulting from HF feeding (Molteni et al., 2004, Kanoski and Davidson, 2010, Woo et al., 2013, 

Gibbons et al., 2014, Noble et al., 2014, Klein et al., 2016). While we found that females had 

faster escape latencies than males (i.e,. no male advantage) during training, reports on sex 

differences in learning visuospatial tasks are inconsistent (Bucci et al., 1995, Jonasson, 2005, 

O'Leary et al., 2011, Locklear and Kritzer, 2014). There was, however, evidence of sex 

differences during reversal learning such that female, but not male, WR rats increased errors 

made from the probe to reversal learning trials compared to their Sed controls. This suggests 

that female WR rats had the worst behavioral flexibility and conflicts with the literature stating 

more pronounced PFC-related cognitive dysfunction with HF feeding in males (Hwang et al., 

2010, Laredo et al., 2015, Shields et al., 2016). Importantly, all rats used a non-spatial search 

strategy, which may be more efficient and not uncommon given the low visual acuity of 

Sprague-Dawley rats (Locklear and Kritzer, 2014) compared to other commonly used strains 

such as Long-Evans and Wistar rats (Locklear and Kritzer, 2014, Sadeghian et al., 2019). Our 

interpretation and analysis of the behavioral flexibility results are thus limited and confounded by 

two factors 1) rats did not use the spatial cues to located the escape box and 2) task acquisition 

may be weaker when learning without utilizing spatial cues. Obesity typically results in mild 

cognitive impairment (Seshadri et al., 1997, Lin et al., 2015) and the Barnes maze may not be a 

sufficiently sensitive behavioral task to tap into the complex nature of cognition. Future studies 

should include a variety of behavioral tasks to tap into different facets of cognition to directly 

assess if chronic HF feeding impairs specific rather than global domains of cognitive function 
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sex dependently whereby some component-specific impairments are more influential in the 

control of feeding behavior. 

In the present study, we examined the metabolic and cognitive outcomes of sex-specific 

diet choice patterns with long-term HF feeding in Sed and WR rats. The protective effect of 

exercise at attenuating peripheral metabolic dysregulation was specific to males. However, both 

male and female rats improved performance on the Barnes maze. The lack of improvement in 

metabolic function in females did not appear to affect exercise-associated improvements in 

cognitive performance on the Barnes maze. Thus, there appears to be differential protective 

effects of aerobic exercise in terms of metabolic and cognitive health. On the whole, although 

the metabolic effects of chronic HF feeding and preference led to worse outcomes in females, 

exercise remains a suitable intervention for both sexes to protect against diet-associated 

declines in cognitive ability. 
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CHAPTER 4: ROLE OF EXERCISE IN MEDIATING ALTERATIONS IN PERIPHERAL 
METABOLISM AND IMPULSIVE CHOICE WITH CHRONIC WESTERN DIET EXPOSURE 

 
ABSTRACT 
 Higher levels of impulsivity may increase the temptation to overeat energy dense foods 

in the modern obesogenic environment and may contribute to the development of obesity. 

However, it is unclear if heightened impulsivity is a cause or outcome of consuming Western 

style diets that are high in both processed fat and sugar. The present study examined impulsive 

choice before and after Western diet (WD) exposure using our established long-term wheel 

running (WR) and two-diet choice model in rats of both sexes. We hypothesized that higher 

levels of impulsivity would be associated with higher WD preference that would further increase 

future impulsive choice behavior, which exercise would attenuate. To this end, delayed 

discounting, a measure of impulsive choice, was assessed at baseline with all rats maintained in 

sedentary housing and a control diet. Then, rats were divided into naïve, sedentary (Sed), or 

WR groups for the 5-week WR and two-diet choice period after which all rats underwent an oral 

glucose tolerance test. Subsequently, all rats were re-tested on impulsive choice followed by an 

insulin tolerance test (ITT). All Sed rats preferred WD over the control diet, and all WR rats 

reversed WD avoidance with females reversing earlier than males. Exercise-mediated 

suppression of body weight and adiposity was more evident in males that also showed 

improved glucose clearance. There was no effect of exercise on insulin sensitivity; however, 

WR rats of both sexes had a faster recovery of hypoglycemia during ITT compared to their Sed 

and naïve counterparts. No sex or group differences in impulsivity were observed at baseline, 

and all rats made more impulsive choices following WD exposure independent of diet, sex, or 

exercise. Improvements to the study design including extending the length of diet exposure, 

employing a consistent housing and weight-restriction procedure, and using a more palatable 

food reinforcer may be necessary to tease apart the relationship between diet and impulsive 

choice and whether exercise can attenuate increases in impulsivity from chronic consumption of 

high energy diets.
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RATIONALE 
Consumption of palatable food may lead to pathological changes in the brain and 

behavior that promote a cycle of overeating and weight gain. One vulnerable neurobiological 

phenotype that contributes to compulsive overeating and binge-like eating behavior is 

impulsivity (VanderBroek-Stice et al., 2017, Benard et al., 2019). Weaker inhibitory control may 

increase the tendency to overconsume unhealthy, calorie-dense foods, and make poor dietary 

choices in the modern obesogenic environment that, in turn, lead to more impulsive behavior 

(Steele et al., 2017). Unchecked, this pattern of feeding behavior may lead to the development 

of obesity, which detrimentally impacts cognitive and metabolic function. 

Impulsivity is a multifaceted behavior that can be divided into two neurally dissociable 

parts (Broos et al., 2012, Weafer and de Wit, 2014): impulsive action (i.e., poor inhibitory 

control) and impulsive choice (i.e., inability to delay short-term gratification). Impulsive action 

has been consistently shown to predict binge-like overeating in humans (Meule et al., 2017) and 

rodents (Velazquez-Sanchez et al., 2014). Contrasting reports in regards to the relationship 

between excessive overeating and impulsive choice have been found including no relationship 

(Moore et al., 2018) and binge-eating females displaying higher levels of impulsive choice 

(Vickers et al., 2017). Thus, it is unclear whether obese-prone individuals have a vulnerable 

neurobiological phenotype that lends itself to binge-like eating behavior or whether it is a 

consequence of increased palatable diet intake. 

The limited studies utilizing a delay discounting task on the effect of chronic HF feeding 

on subsequent increases in impulsive choice are mixed, ranging from no change (Garman et al., 

2021), decreased in obesity prone rats relative to obesity resistant rats (Narayanaswami et al., 

2013), and increased impulsive choice behavior when maintained on a HF diet (Steele et al., 

2017). The effect of HF diet may be sensitive to the length of palatable diet exposure and 

methodological differences in the assessment of impulsive choice. Moreover, it is unclear 

whether the HF-associated increase in impulsive choice is transient given that rats maintained 
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on either a HF or high-sugar diet made more impulsive choices while on the palatable diet but 

were no different from controls when switched back to a chow diet (Steele et al., 2017). The 

aforementioned studies only utilized male rats; therefore, it is unclear whether females would 

more consistently show increased levels of impulsive choice behavior given that they are more 

likely to engage in binge-eating behavior than male rats (Imperatori et al., 2013, Klump et al., 

2013, Hildebrandt et al., 2014, Eneva et al., 2017). 

Reports on gender differences in impulsive choice vary depending on reward type (real 

vs. hypothetical, drug vs. food) and hormones (Smith and Hantula, 2008, Cross et al., 2011, 

Mitchell and Potenza, 2015, Weinstein and Dannon, 2015) and are mixed in humans (Mischel 

and Underwood, 1974, Kirby and Marakovic, 1996, Silverman, 2003, Reynolds et al., 2006, 

Beck and Triplett, 2009). There is a lack of consensus in the literature in regards to sex 

differences in impulsive choice in rodents with studies reporting higher levels in males (Panfil et 

al., 2020), females (Perry et al., 2007, Weafer and de Wit, 2014, Lukkes et al., 2016), or no sex 

difference (Perry et al., 2008a, Hammerslag et al., 2019, Sackett et al., 2019). In contrast to 

humans in which impulsive choice is associated with hormone concentrations, a recent study 

found that female rats display higher levels of impulsive choice than males and that this effect 

was independent of estrous stage (Hernandez et al., 2020). The majority of studies on sex 

differences in impulsivity are typically in the field of drug addiction and use drug, rather than 

food, reinforcers. However, the motivational processes (e.g., trait impulsivity, physiological state, 

reward sensitivity) underlying overeating and problematic drug use may be different such that 

these maladaptive behaviors lead to different metabolic outcomes and disease states. It is 

important to characterize these sex differences in the susceptibility for impulsivity-based 

overeating in order to optimize sex-specific prevention and treatment interventions. 

Exercise promotes weight loss and improves insulin sensitivity and may thus be able to 

attenuate weight and insulin-associated increases in impulsivity. Indeed, initial evidence in 

human studies suggests that exercise can decrease impulsive choice (Tate et al., 2015, Sofis et 
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al., 2017, Albelwi et al., 2019). The one rodent study utilizing female rats reported similar 

findings (Strickland et al., 2016). However, it is unclear whether the effect of exercise on 

attenuating increases in impulsivity would be more pronounced in males based on the fact that 

males are more response to the weight and fat loss effects of exercise than females (Pitts, 

1984, Cortright et al., 1997, Anderson et al., 2001, Donnelly and Smith, 2005, Schroeder et al., 

2010). 

Whether impulsive choice can predict palatable diet preference during exercise or is an 

outcome of chronic palatable diet preference is unclear. Moreover, how additional factors such 

as sex, exercise, and metabolic function interact with impulsivity and HF feeding has not been 

examined. The hypothesis was twofold: first, we hypothesized that baseline impulsivity would 

predict future Western diet preference, and that females would display higher levels of impulsive 

choice than males in addition to increased peripheral insulin resistance and second, we 

hypothesized that exercise would attenuate metabolic and cognitive outcomes of chronic 

Western diet exposure to a greater extent in males than females. To test this hypothesis, we 

measured impulsive choice before and after chronic Western diet exposure in sedentary and 

wheel running rats that had long-term access to diet choice between a control and Western diet. 

Investigating the role of impulsivity in palatable diet preference may lead to new insights 

regarding sex differences in vulnerability to and response to pathological feeding behavior.  

 
METHODS 
 
Subjects 

The subjects in this experiment included 32 male (250 – 275 g) and 32 female (150 – 

175 g) Sprague-Dawley rats (Envigo, Indianapolis, IN) that were ~7-8 weeks old upon arrival. A 

timeline of the experiment and experimental diet composition are summarized in Figure 4.1 and 

Table 4.1. During habituation, rats were group housed in same sex pairs on a reversed 12:12 

light/dark cycle (lights on at 1930) and maintained on ab lib water and chow (3.1 kcal/g; Teklad 

global 2018, Teklad Diets, Madison, WI). Daily measurements of body weight, food intake, and 
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fluid intake occurred during the dark cycle at 0730 h. Chow was replaced with the control diet 

(3.9 kcal/g; 10% fat, 73% carbohydrate, 17% protein; D14042701, Research Diets, New 

Brunswick, NJ) before the baseline assessment of impulsive choice which lasted ~3 weeks. 

During the behavioral testing period, rats were moderately food restricted and maintained at 85-

95% of their free feeding weight. After baseline behavioral testing, rats were single caged and 

ad lib access to food was returned. Rats were divided into three groups (n = 10-11/group): a 

naïve control group maintained on the control diet and a sedentary (Sed) group with diet choice 

between the control and Western diet (WD; 4.7 kcal/g; 40% fat, 43% carbohydrate, 17% protein; 

D12079B, Research Diets, New Brunswick, NJ) that were housed in conventional cages, and a 

WR group that had access to both diet choice and WR and were housed in running wheel cages 

(13” diameter wheel; Mini Mitter, Starr Life Sciences, Oakmont, PA).  

Rats were maintained on the WR and two-diet protocol for the duration of the 

experiment. After ~5 weeks on the experimental procedures, all rats underwent an oral glucose 

tolerance test (OGTT) after which they were re-tested on impulsive action which lasted ~2 

weeks. An insulin tolerance test (ITT) was performed the day after behavioral testing concluded. 

Rats were euthanized the day following ITT. 
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Table 4.1. Nutrient composition of the low-fat control diet and Western diet. 
 
Wheel running and two-diet choice 

The wheel running and two-diet choice protocol that began after baseline assessment of 

impulsive choice was executed the same way as Chapter 3 with a few modifications. First, 

Western diet (WD) was used in place of HF diet as the palatable diet, and a control diet 

matched to the WD diet was used in place of chow diet. Second, a naïve control group for each 

sex that only had access to the control diet was added to the group design. The experimental 

protocol ran uninterrupted for ~5 weeks and was maintained for the duration of the experiment 

during OGTT, impulsive choice re-test, and ITT. During the impulsive choice re-test, rats were 

mildly food restricted and had 1 h access to both diets right before dark onset (1700 h). 

On the day of sacrifice, food and fluid was removed ~2.5-3.5 h before light onset (1600 – 

1700 h) and all rats underwent an intraperitoneal (i.p.) insulin challenge (1 U/kg Humulin R U-

100; Eli Lilly; Indianapolis, Indiana) at 1900 h. 45 min after the injection, rats were sacrificed via 

rapid decapitation and brains were collected and frozen on powered dry ice. Trunk blood 

Macronutrient Unit 
Control diet  
(3.9 kcal/g) 

Western diet  
(4.74 kcal/g) 

Protein % kcal 17 17 
Carbohydrate % kcal 73 43 
Fat % kcal 10 40 

Total  100 100 
    

Source Unit   

Casein, 80 mesh kcal (g) 780 (195) 780 (195) 
DL-Methionine kcal (g) 12 (3) 12 (3) 
Corn starch kcal (g) 2780 (695) 200 (5) 
Maltodextrin 10 kcal (g) 600 (150) 400 (100) 
Sucrose kcal (g) 0 (0) 1364 (341) 
Cellulose BW200 kcal (g) 0 (50) 0 (50) 
Milk fat, anhydrous kcal (g) 383 (42.5) 1800 (200) 
Corn oil kcal (g) 90 (10) 90 (10) 
Ethoxyquin kcal (g) 0 (0.04) 0 (0.04) 
Mineral mix S10001 kcal (g) 0 (35) 0 (35) 
Calcium carbonate kcal (g) 0 (4) 0 (4) 
Vitamin mix V10001 kcal (g) 40 (10) 40 (10) 
Choline bitartrate kcal (g) 0 (2) 0 (2) 
Cholesterol kcal (g) 0 (0) 0 (1.5) 

Total  4685 (1196.59) 4686 (1001.54) 
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plasma was collected for assessment of plasma insulin levels, and carcasses were saved for 

post-mortem dissection of the retroperitoneal, mesenteric, and gonadal fat pads. 

Figure 4.1. Timeline of experiment. Sed: sedentary, WR: wheel running; OGTT: oral glucose 
tolerance test; ITT: insulin tolerance test; SAC: sacrifice 
 
Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) 

After ~5 weeks of WR and two-diet choice, all rats underwent an OGTT. The procedures 

for OGTT were identical to that of Chapter 3.  

 After the re-test of impulsive choice, all rats underwent an ITT the day before sacrifice. 

Food was removed 3.5 h before light onset (1600 h) and baseline (0 min) blood glucose 

assessment began at 2000 h through a tail nick using an AlphaTRAK2 handheld glucometer. 

Then, rats were challenged with an i.p. injection of 0.56 U/kg Humulin R U-100 (Eli Lilly; 

Indianapolis, Indiana). Blood glucose was assessed 15, 30, and 90 min following the insulin 

challenge using the same tail nick from baseline. 

 
Impulsive choice 
 Impulsive choice (Foscue et al., 2012, Hammerslag et al., 2019) was assessed at 

baseline and re-tested following WD exposure. After 5 days of food restriction, rats were given 

~10 BioServ pellets (3.6 kcal/g; Bio-serv, #F0021; Frenchtown, NJ) that would later serve as 

reinforcers in their home cage. Rats underwent one day of magazine training where they were 

placed in the operant chamber with pellet delivery occurring at variable time intervals ranging 

from 60 – 120 s at 5 s intervals (i.e., 60, 65, 70… or 110, 115, 120 s) under a variable time (VT) 

90 s schedule of delivery averaging to 90 s. This was done for acclimate the rat to the operant 
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box and make the food trough more salient. During the 45 min session, all levers were 

retracted, and the cue and house lights were not illuminated. 

 Lever assignments were counterbalanced, such that half of the males and females had 

the left lever assigned as the smaller sooner lever (1 pellet) and the right lever assigned as the 

larger later lever (3 pellets) whereas the other halves of each sex had the reverse assignments. 

These lever assignments were maintained constant throughout all sessions and through both 

baseline and post-WD assessment of impulsive choice.  

After magazine training, rats underwent lever press training consisting of 45 trials per 

session. The first 2 sessions of lever press training also included autoshaping where pellets 

were delivered following a VT90 schedule in addition to when the rat pressed the lever to 

promote task acquisition. A session ended after 45 min had elapsed or after 45 trials, whichever 

occurred first. Training days for the smaller sooner and larger later lever were alternated daily 

and all rats were trained starting with the smaller sooner lever. Importantly, there was no delay 

associated with the larger later lever during lever press training and pellet delivered occurred 1 s 

after the lever press. During lever press training, only one lever was extended at a time and only 

the cue light above the active/extended lever was illuminated. Once a rat pressed the lever, the 

cue light above it extinguished, the lever retracted, and the number of pellets associated with 

that lever was delivered. After pellet delivery, the house light was illuminated signaling the 

intertrial interval (ITI) that lasted a total of 20 s after which it extinguished. Lever press training 

ended when rats achieved a total of 45 trials in 2 consecutive days. 

During lever press training, handshaping occurred in the afternoon the same day if a rat 

earned less than 10 pellets on any day during lever press training. These sessions were 

identical to lever press training sessions except that crushed pellet bait was placed on the active 

lever every ~10 min and rats were also reinforced by the experimenter for successive 

approximations of the lever press behavior whereby a pellet was placed on the active lever for 

the rat to consume. 
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 Two forced choice sessions consisting of 25 trials per session were conducted to ensure 

rats would press both levers and associate one with a delay. A trial began with free choice 

during which both levers were extended and the cue light above each lever was illuminated. 

After a lever press occurred, the cue lights above both levers extinguished and both levers 

retracted. If a rat chose to press the smaller sooner lever, 1 pellet was delivered after 1 s and if 

a rat chose to press the larger later lever, 3 pellets were delivered after 5 s. After pellet delivery 

and the associated delay, the house light illuminated to signal the ITI, which lasted for 20 s after 

which it extinguished. Then, the lever the rat did not press before was extended and the cue 

light above it was illuminated. Rats were required to press the previously not chosen lever 

during the forced choice portion of that trial. The event sequence following the lever press was 

the same as the free choice portion of the trial. After the forced choice portion, a new trial 

started with both levers extended and the cue light about each lever illuminated where rats once 

again had free choice. 

 Rats then underwent pre-training. A session ended after 45 min had elapsed or after 45 

trials, whichever occurred first. Sessions began with both levers extended and the cue light 

above each lever illuminated. After a lever press, both levers retracted and the cue lights above 

the levers extinguished and the number of pellets associated with that lever was delivered after 

1 s regardless of whether the rat chose the smaller sooner or larger later lever. The house light 

was illuminated for 20 s to signal the ITI following pellet delivery. Following the ITI, the house 

light extinguished and a new trial began with both levers extended and the cue light above each 

lever illuminated. Pre-training ended after a rat achieved a total of 45 trials in 2 consecutive 

days. 

 Then, all rats underwent discrimination training where sessions were identical to that of 

pre-training except omission errors were introduced. A session ended after 45 trials and there 

was no session time limit. An omission error occurred if a rat does not make a response during 

the choice phase during which both levers are extended. If no lever press occurred after 60 s, 
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then there was no pellet delivery and the trial moved directly into the ITI where the house light 

was illuminated for 20 s and extinguished before a new trial. Discrimination training ended after 

a rat selected the larger later lever ≥ 80% of the time in 3 consecutive days. 

 During the 5 testing sessions, the sessions were identical to that of discrimination 

training except a delay period was introduced for the larger later lever and increased each day 

from 5, 15, 30, 50, to 75 s (Figure 4.2). All rats proceeded to the next delay phase the following 

day regardless of performance. The delay period for the smaller sooner lever was maintained at 

1 s throughout testing. A session ended after 45 trials and there was no session time limit. 
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Figure 4.2. Workflow for assessment of impulsive choice. A trial begins with the choice phase 
where rats choose between the smaller sooner lever (1 pellet delivered after 1 s) or the larger 
later lever (3 pellets delivered after 5/15/30/50/75 s) after which the trial moves into the ITI. No 
response during the choice phase results in an omission error where the trial moves directly into 
the ITI. Sessions end after 45 trials and there is no session time limit. Choosing the smaller 
sooner lever more frequently suggests increased impulsive choice. ITI: intertrial interval
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Statistical analysis 
 Statistical analyses were performed using Statistica 13.3 (TIBCO, Palo Alto, CA, USA). 

Data are presented as the mean ± standard error of the mean (SEM). Post hoc Fisher’s LSD 

and Tukey’s HSD tests were performed when significant main effects or interactions were 

identified. 

Raw data during the uninterrupted WR and two-diet choice portion of the experiment 

included weekly body weight and weekly averages of total energy intake, and running activity. 

Separate 3-way mixed model ANOVAs with sex (male vs. female) and exercise (Sed vs. WR vs. 

naïve) as between-subject factors and time (5 weeks) as the within-subject factor was used to 

analyze body weight and total energy intake. Running activity was analyzed using a 2-way 

mixed model ANOVA with sex as the between-subject measure and time as the within-subject 

measure. 

Diet choice patterns in Sed and WR rats were analyzed using a 4-way mixed model 

ANOVA with sex and exercise as the between-subject factors and diet (control diet vs. WD) and 

time as the within-subject factors. WD preference ratios were calculated by dividing daily intake 

of WD (kcal) by total daily energy intake (kcal) and average weekly WD preference was 

analyzed using a 3-way mixed model ANOVA with sex and exercise as the between-subject 

factors and time as the within-subject factor. Retroperitoneal, mesenteric, and gonadal fat pads 

were normalized to body weight and analyzed separately using 2-way factorial ANOVAs with 

sex and exercise as the between-subject factors. 

The raw data from OGTT and ITT from each sex were analyzed separately. Plasma 

glucose and insulin concentrations from OGTT were analyzed using a 2-way mixed model 

ANOVAs with exercise as the between-subject factor and time (0, 15, 30, 60, 120 min) as the 

within-subject factor. Glucose and insulin area under curve (AUC) results from OGTT were 

analyzed separately using 2-way ANOVAs with sex and exercise as the between-subject 

factors. Plasma glucose data from ITT was analyzed to assess insulin sensitivity using a 2-way 
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mixed model ANOVAs with exercise as the between-subject factor and time (0, 15, and 30 min) 

as the within-subject factor. The first 30 min of ITT involves glucose translocation and uptake 

into the muscle and adipose thereby decreasing blood glucose levels and is a measure of 

insulin resistance (Durham and Truett, 2006, Ajala et al., 2012). After the nadir of blood glucose 

that occurs ~30min, the counter-regulatory response to hypoglycemia becomes initiated to bring 

glucose levels back to baseline. The counter-regulatory response involves the activation of the 

sympathetic nervous system and release of counter-regulatory hormones including epinephrine, 

corticosterone, and glucagon, which promote hepatic glycogenolysis to promote glucose release 

(Durham and Truett, 2006, Ajala et al., 2012). Thus, the blood glucose concentration 90min 

(Durham and Truett, 2006, Ajala et al., 2012) after the insulin challenge in ITT was used to 

assess deficits in the counter-regulatory response using a 2-way factorial ANOVA with sex and 

exercise as the between-subject factors. 

 A larger later preference ratio was calculated by taking the larger later lever presses and 

dividing it by total number of level presses and used as an index of impulsive choice behavior. 

Data from baseline was analyzed using a 1-way ANOVA with sex as the between-subject factor 

and delay (5, 15, 30. 50, 75s) as the within-subject factor. Re-test data was analyzed similarly 

with the addition of exercise as a between-subject factor. Then, to assess changes in impulsive 

choice behavior, a 4-way mixed model ANOVA was performed with the additional within-subject 

factor of time (baseline vs. post-WD).  

To assess changes in the rate of discounting, the preference ratio for the larger later 

lever from the 5 days of impulsive choice testing were fit to a non-linear exponential function: 

𝐿𝐿 𝑝𝑟𝑒𝑓. 𝑟𝑎𝑡𝑖𝑜 = 𝑒−𝑘𝐷 where D is the delay to the reward and k (the slope) serves as an index of 

the rate of delay discounting and reward sensitivity (Odum, 2011, Ucha et al., 2019). A larger k-

value indicates a steeper slope/decreased preference for the larger later lever and suggests 

increased impulsive choice behavior (Odum, 2011). The k-parameter or slope at baseline and 

post-WD exposure was first analyzed separately using a 1-way or 2-way ANOVA, respectively. 
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Impulsive choice behavior from baseline and post-WD exposure was compared using a 3-way 

mixed model ANOVA. 

 
RESULTS 
 
Wheel running and two-diet choice 
 All Sed rats consumed significantly more WD than control diet [diet x exercise F(1,39) = 

38.18, and diet x exercise x time F(4,156) = 6638.00, both p < 0.001; Figure 4.3A & B]. Diet 

choice patterns differed among male and female rats [diet x sex x exercise F(1,39) = 4.42, p < 

0.05] and male WR rats maintained lower preference for WD diet than females across time [diet 

x sex x exercise x time F(4,156) = 4.92, p < 0.001; Figure 4.3C & D]. In addition, male WR rats 

reversed their initial WD avoidance at week 4 (post hoc WD vs. control diet weeks 1 – 3 all p < 

0.05 and week 4 p > 0.99), 1 week later than female rats (post hoc WD vs. control diet weeks 1 

and 2 both p < 0.05 and week 3 p > 0.99). In addition, male WR rats never consumed more WD 

than control diet whereas female WR rats consumed more WD than control diet during the last 2 

weeks of WR and two-diet choice (post hoc WD vs. control diet weeks 4 and 5 both p < 0.05). 

During impulsivity re-test where rats were food restricted, however, all rats consumed 

significantly more WD than control diet [diet F(1,39) = 134.09, p < 0.001] independent of sex or 

exercise [diet x sex x exercise F(1,39) = 0.10, p > 0.75]. 
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Figure 4.3. Diet choice patterns among sedentary and wheel running rats. (A & B) All Sed rats 
consumed more WD than control diet. *: control diet vs. WD, p < 0.05 (C) Male WR rats 
reversed their initial avoidance of WD after 4 weeks of two-diet choice. *: control diet vs. WD (D) 
After 3 weeks of two-diet choice, female WR rats sharply reversed their initial avoidance and 
started consuming significantly more WD than control diet. *: control diet vs. WD, p < 0.05; Sed: 
sedentary; WR: wheel running; WD: Western diet; BL: baseline 
 

Similar effects were seen in regards to WD preference where exercise led to lower WD 

preference overall [exercise F(1,39) = 54.99 and sex x exercise x time F(4,156) = 7.79, both p < 

0.001]. However, WR males maintained lower WD preference compared to their Sed 

counterparts for the entire 5 weeks (all p < 0.001; Figure 4.4A) whereas WR females were only 

able to maintained a decreased preference for WD for the first 3 weeks (post hoc all p < 0.01; 

Figure 4.4B) of the WR and two-diet choice period. All rats preferred WD diet during impulsivity 
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re-test, and there was no effect of sex or exercise on WD preference [sex and exercise F(1,39) 

= 1.40 and 3.83, respectively, both p > 0.05]. 

Figure 4.4. Western diet preference. (A) Male WR rats maintained low WD preference 
throughout the two-diet choice period and only established a preference for WD during the 
impulsivity re-test while under a food restriction regimen. *: Sed vs. WR, p < 0.05 (B) Female 
WR rats only maintained lower preference for WD for 3 weeks after which their WD preference 
did not differ their Sed counterparts. Sed: sedentary; WR: wheel running; *: Sed vs. WR, p < 
0.05 
 
Running activity and energy intake 
 Running activity was higher in females than males [sex F(1,20) = 27.44, p < 0.001]. This 

sex difference in WR activity was maintained during the impulsive choice re-test during which 

rats were moderately food restricted (Figure 4.5A). Both male and female WR rats had lower 

energy intake across time [exercise F(2,58) = 29.82, p < 0.001 and exercise x time F(8,232) = 

97.18, p < 0.001]. There was also a sex difference in regards to how male and female rats 

compensated for the increased energetic requirement of exercise [sex x exercise F(2,58) = 

15.41, p < 0.001]. Exercise led to an initial suppression of energy intake in males after which 

their intake recovered to the level of their naïve controls (post hoc p > 0.68) but still lower than 

their Sed counterparts (post hoc p < 0.05; Figure 4.5B). In contrast, female WR rats increased 

their energy intake to higher than both the naïve and Sed groups (post hoc both p < 0.05; Figure 



 

69 
 

4.5C). In addition, the introduction of WD led to higher energy intake in rats of both sexes (post 

hoc both p < 0.001). 

Figure 4.5. Wheel running and total energy intake. (A) Female rats had high levels of running 
wheel activity compared to males. *Male vs. female, p < 0.05 (B) Male running rats did not 
consume more food intake than the naïve and Sed rats to reflect their increased energy 
expenditure until the 5th week of the running + two-diet choice regimen. (C) Female rats 
compensated for the increased energy demand from exercise more rapidly than males. 
 
Body weight and adiposity 
 Body weight gain was suppressed in WR rats of both sexes [exercise F(2,58) = 31.16, p 

< 0.001] relative to their Sed counterparts (Figure 4.6A). The sex difference in body weight (sex 

F(1,58) = 1123.88, p < 0.001] may have blocked the sex x exercise effect [F(2,58) = 2.50, p > 

0.09]; thus, the sexes were analyzed separately to assess group differences. In males, WR rats 

weighed significantly less than both the Sed and naïve groups [exercise F(2, 29) = 22.51, p < 

0.001; post hoc WR vs. Sed or naïve, both p < 0.001 and Sed vs. naïve p > 0.05]. In contrast, 

female WR rats had lower body weights only when compared to their Sed counterparts but not 

naïve controls [F(2,29) = 9.67, p < 0.001; post hoc WR vs. Sed p < 0.001 and WR vs. naïve p > 

0.13]. 

 There were no sex differences in the composition of the retroperitoneal or mesenteric fat 

pads [sex F(1,58) = 2.06 and 2.97, respectively, both p > 0.09 and sex x exercise F(2,58) = 1.31 

and 2.16, respectively, both p > 0.12; Figure 4.6B]. However, given that there was a sex 

difference in body weight, the sexes were analyzed separately in a 1-way ANOVA to assess the 

effect of exercise within each sex [F(2,58) = 29.49 and 2.76, respectively, both p < 0.05]. Due to 
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sex differences in gonadal fat composition, the sexes were also analyzed separately for this fat 

pad. Exercise decreased retroperitoneal adiposity in male WR rats relative to both their Sed and 

naïve counterparts [F(2,29) = 22.12, p < 0.001; post hoc M WR vs. Sed and naïve, all p < 

0.001]. The effect of exercise was more limited in the mesenteric fat pad [F(2,29) = 8.56, p < 

0.01; post hoc M WR vs. Sed p < 0.01 and M WR vs. naïve p > 0.08]. In females, exercise 

reduced retroperitoneal fat composition relative to WD-preferring Sed rats but not their naïve 

controls [F(2,29) = 12.13, p < 0.001; post hoc F WR vs. Sed p < 0.001 and F WR vs. naïve p > 

0.59]. There was no effect of exercise in the mesenteric fat pad [F(2,29) = 0.18, p > 0.83]. 

Exercise reduced gonadal fat in both male and female rats [F(2,29) = 13.11 and 5.00, both p < 

0.05]. In both sexes, WR was able to attenuate WD-associated gonadal fat deposition (WR vs. 

Sed post hoc both p < 0.05). 

Figure 4.6. Body weight and adiposity. (A) Exercise suppressed body weight gain in rats of both 
sexes. *: Sed vs. WR, p < 0.05; @: Naïve vs. WR, p < 0.05 (B) Male rats show reduced fat 
deposition in the retroperitoneal, mesenteric, and gonadal fat pads whereas there was no effect 
of exercise in females for the mesenteric fat pad and only suppressed adiposity in the 
retroperitoneal and gonadal fat pads. *: Sed vs. WR, p < 0.05; #: Naïve vs. Sed, p < 0.05
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Oral glucose tolerance test 
 Throughout the blood sampling period of OGTT, male WR rats had lower blood glucose 

than both Sed and naïve groups [exercise F(2,29) = 3.48, p < 0.05 and exercise x time F(8,116) 

= 2.71, p < 0.01; Figure 4.7A] at baseline (post hoc 0 min M WR vs. Sed or naïve both p < 0.05) 

and end of OGTT (post hoc 120 min M WR vs. Sed or naïve both p < 0.05). The effect of 

exercise did not reach statistical significance in females [exercise F(2,29) = 2.79, p > 0.07; 

Figure 4.7B]. There was a sharp increase in plasma glucose 15 min following the oral glucose 

challenge in female WR rats [exercise x time F(8,116) = 2.30, p < 0.05] when compared to their 

naïve controls (post hoc p < 0.001). 

 Analysis of glucose AUC revealed that males cleared the glucose load faster than 

females [sex F(1,58) = 12.95, p < 0.001; Figure 4.7C]. In males, exercise led to improved 

clearance compared with the Sed group [sex x exercise F(2,58) = 3.42, p < 0.05; post hoc M 

WR vs. Sed p < 0.05]. In females, exercise led to improved clearance compared to their naïve 

control (post hoc F WR vs. naïve p < 0.05). 

 Male rats had higher plasma insulin than females during OGTT [sex F(1,55) = 21.64, p < 

0.001]. There was a sex x exercise interaction [F(2,55) = 6.44, p < 0.01; Figure 4.7D] such that 

M WR rats had lower insulin compared with their Sed and naïve groups (post hoc both p < 0.01) 

whereas there was no effect of exercise in females (post hoc F WR vs. Sed or naïve both p > 

0.44; Figure 4.7E). 

 Analysis of insulin AUC revealed that male rats produced more insulin to clear the 

glucose load than females [sex F(1,55) = 21.12, p < 0.001; Figure 4.7F]. There was a sex 

difference in the effect of exercise [sex x exercise F(2,66) = 5.33, p < 0.01] such that in males, 

exercise reduced the amount of insulin measured during OGTT compared to both Sed and 

naïve males (post hoc both p < 0.01) whereas this effect was absent in females (post hoc both p 

> 0.99). 
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Figure 4.7. Results of the oral glucose tolerance test. (A & B) Exercise resulted in decreased 
blood glucose in males but not females. *: Sed vs. WR, p < 0.05, @: Naïve vs. WR, p < 0.05 (C) 
Male WR rats had lower glucose AUC than rats without access to exercise. In contrast, female 
WR rats had higher glucose AUC compared to their naïve controls. *: Sed vs. WR, p < 0.05, @: 
Naïve vs. WR, p < 0.05 (D & E) Plasma insulin concentrations during OGTT was decreased in 
male WR rats relative to their Sed and naïve counterparts at baseline, 15, and 120 min. In 
contrast, female WR rats were not different from their naïve controls but did have lower insulin 
than their Sed counterparts at 15 and 120 min. *: Sed vs. WR, p < 0.05, @: Naïve vs. WR, p < 
0.05, #: Naïve vs. Sed, p < 0.05 (F) Exercise decreased the amount of insulin required to clear 
the same glucose load in males but not females. *: Sed vs. WR, p < 0.05, @: Naïve vs. WR, p < 
0.05 
 
Insulin tolerance test 
 To assess insulin sensitivity in the periphery, blood glucose data from the first 30 min 

following the insulin challenge was analyzed. Females had lower blood glucose during ITT than 

males [sex F(1,55) = 13.05, p < 0.001]. Exercise increased plasma glucose in male WR rats 

compared to both the Sed and naïve groups [sex x exercise F(2,55) = 6.03, p < 0.01; post hoc 

both p < 0.01; Figure 4.8A] whereas there was no effect of exercise in females (F WR vs. Sed 

or naïve both p > 0.61; Figure 4.8B). AUC of blood glucose during the first 30 min did not reveal 

any effects [sex x exercise F(2,51) = 0.57, p > 0.57; Figure 4.8C]. 
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The counter-regulatory response was assessed using the 90 min timepoint, and results 

revealed a main effect of exercise [F(1,51) = 5.82, p < 0.01] such that male and female WR rats 

of both sexes had higher blood glucose than their Sed and naïve counterparts [sex x exercise 

F(1,51) = 0.35, p > 0.70]. 

Figure 4.8. Results of the insulin tolerance test. (A & B) All rats significantly reduced blood 
glucose levels during the first 30 min after the insulin injection. At 90 min post-injection, 
however, male and female WR rats had higher blood glucose levels. *: Sed vs. WR, p < 0.05, 
@: Naïve vs. WR, p < 0.05 (C) Analysis of glucose AUC during the first 30 min following the 
insulin challenge did not reveal sex differences or an effect of exercise. 
 
Impulsive choice 

There were no sex differences at baseline [sex F(1,62) = 0.69, p > 0.40 and sex x delay 

F(4,246) = 1.03, p > 0.39; Figure 4.9]. All rats decreased preference for the larger later lever 

across testing days [delay F(4,248) = 240.37, p < 0.001]. During the post-WD re-test, there was 

no effect of exercise or sex x exercise interaction [F(2,58) = 0.37 and 1.07, respectively, both p 

< 0.35]. Mirroring their baseline behavior, all rats decreased preference for the larger later lever 

with increased delay [F(4,232) = 186.07, p < 0.001]. When impulsive choice behavior was 

compared between baseline and post-WD exposure, there was no effect of exercise or sex x 

exercise interaction [F(2,58) = 0.11 and 0.42, respectively, both p > 0.66]. All rats had 

decreased preference for the larger later lever during the re-test [time F(1,58) = 130.73, p < 

0.001 and time x sex x exercise F(2,58) = 0.85, p < 0.43]. 

Analysis of the slope revealed no sex differences at baseline [F(1,60) = 0.03, p > 0.86] 

or re-test [F(1,56) = 1.14, p > 0.29] in terms of the rate of discounting. There was an increase in 
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impulsive choice behavior during the re-test from baseline for all rats [time F(1,54) = 9.42, p < 

0.01 and time x sex x exercise F(2,540) = 0.09, p > 0.91]. However, there was no effect of 

exercise [F(1,54) = 0.13, p > 0.87] or sex x exercise [F(2,54) = 0.47, p > 0.62]. 

Figure 4.9. Assessment of impulsive choice before and after Western Diet exposure. (A) All 
male rats showed higher levels of impulsive choice behavior during the impulsivity re-test. Male 
WR rats maintained preference for the larger reward whereas male Sed and naïve rats had 
decreased preference at the 30s delay. (B) All female rats showed a faster decrease in 
preference for the large reward during the post-WD re-test relative to baseline. Female WR rats 
appeared to decrease preference for the large reward more quickly than their Sed and naïve 
counterparts as the delay interval increased. BL: baseline, WD: western diet 

 
Regression analyses with sex and exercise as covariates did not reveal any predictive 

ability of average baseline impulsivity [F(1,38) = 0.64, p > 0.42] or rate of discounting [F(1,38) = 

0.09, p > 0.76] on future average WD preference. In addition, there was no relationship between 

the rate of discounting post-WD exposure with average WD preference [F(1,37) = 0.72, p > 

0.40]. 

 
DISCUSSION 

The present study assessed if baseline levels of impulsivity could predict future western 

diet preference and whether preference for WD would lead to increased impulsivity, which 

exercise may attenuate, in rats of both sexes. Diet choice patterns among Sed and WR rats 

(Figure 4.3) were consistent with results of chapter 3 that used HF diet as the palatable diet 
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(Yang et al., 2020). Exercise suppressed weight gain and visceral adiposity to a greater extent 

in males than females. Results from an OGTT show that WD exposure decreased glucose 

clearance in rats of both sexes (Figure 4.7A & B) and was attenuated by exercise in males but 

not females. There were no changes in insulin sensitivity following long-term WD exposure; 

however, exercise improved the counter-regulatory response to hypoglycemia in WR rats of 

both sexes during the ITT (Figure 4.8A & B). At baseline, there were no sex differences in 

impulsive choice. During the re-test, all rats displayed higher levels of impulsivity regardless of 

diet, sex, or exercise. More specifically, WD did not lead to increased impulsivity and post-WD 

impulsivity was not associated with WD preference during the two-diet choice and WR period. 

Taken together, these results suggest that exercise is more beneficial in males, and that the 

extent to which WD influences impulsive choice is limited.   

 Female WR rats sharply reversed their initial avoidance for WD and compensated for the 

increased energy requirement of exercise earlier and more rapidly than males. Faster 

adaptation to exercise may have led to a more rapid development of fat preference. Indeed, 

studies have reported that individuals who compensate for exercise (less weight loss than 

expected) increased liking and wanting for HF food (Finlayson et al., 2011, Martin et al., 2019). 

The shift to preferring WD occurred ~1 week later compared to our previous study using HF diet 

in female rats (Yang et al., 2020). The delayed shift may be partially mediated by diet 

palatability, such that the WD diet is 5% lower in fat than the 45% HF diet making the HF diet 

the more palatable diet (Benton, 2005). Studies utilizing both HF diet and WD found that without 

diet choice, rats maintained on HF diet had higher caloric intake of HF diet than WD (Wilson et 

al., 2007, Kosari et al., 2012). Following the shift in diet preference, females started to consume 

more WD than the control diet. Unlike males, exercise had a limited effect at attenuated WD-

related weight gain, adiposity, and glucose intolerance in females (Pitts, 1984, Cortright et al., 

1997, Anderson et al., 2001, Donnelly and Smith, 2005, Schroeder et al., 2010). Furthermore, 

not only was glucose clearance not improved in female WR rats, but they also had slower 
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glucose clearance than their naïve controls (Figure 4.7C). These findings suggest that exercise 

is more protective against the deleterious metabolic effects of WD feeding in males than 

females. 

Chronic WD feeding did not induce insulin resistance as assessed through ITT. This is in 

contrast with the majority of studies that find a consistent effect of increased insulin resistance 

following WD feeding (Moreno-Fernandez et al., 2018, Kopp, 2019). Rats were maintained on 

an ab lib feeding schedule with two-diet choice for 5 weeks. The length of WD exposure leading 

to deleterious metabolic effects appears to be variable, ranging from 30 d (Prada et al., 2005) to 

10 weeks (Derkach et al., 2017). Moreover, there is some evidence that the fat content may 

play a more influential role in the development of insulin resistance, such that HF but not high-

fat high-sugar fed mice developed insulin resistance (Omar et al., 2012). In the present study, 

the assessment of insulin sensitivity occurred after the impulsivity re-test. Food restriction during 

behavioral testing may have improved peripheral metabolism and blocked our ability to detect 

changes in insulin sensitivity. Short-term dietary restriction has been shown to not only alter 

body composition, but also improve glucose tolerance and insulin sensitivity (Escriva et al., 

2007, Matyi et al., 2018). Extending the length of WD exposure and performing ITT during ab lib 

feeding would provide a better assessment as to whether WD negatively impacts peripheral 

metabolic function that would be attenuated by exercise. 

Wheel running improved the counter-regulatory response to hypoglycemia in both male 

and female rats (Figure 4.8A & B). This may be due to increased awareness of hypoglycemia 

(McNeilly et al., 2017, Farrell et al., 2020) from previous exercise experience, such that exercise 

induces a counter-regulatory response to hypoglycemia in a similar manner as an insulin 

challenge (Galassetti et al., 2006, Lee et al., 2020). It would be worthwhile to determine if 

exercise (Marliss and Vranic, 2002) could serve as a less invasive method (Gaisano et al., 

2012) to improve the counter-regulatory response and reduce future risk of hypoglycemia, 

especially for patients with type 1 diabetes. 
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There were no sex differences in impulsive choice at baseline (Perry et al., 2008a, 

Hammerslag et al., 2019, Sackett et al., 2019) and western diet exposure did not lead to 

increased impulsive choice in rats of either sex. This is in contrast with previous studies using 

male rats that report increased impulsivity following 8 weeks of a fat supplemented chow diet 

(Steele et al., 2017, Steele et al., 2019) but in agreement with a study that found no change 

after 2 weeks of 60% HF diet exposure (Garman et al., 2021). One potential explanation is 

methodological differences such that our delay discounting task involved increasing the delay 

component for the large reward (Garman et al., 2021) whereas the laboratory that reported an 

effect of HF diet increased the delay component for the small reward (Steele et al., 2017, Steele 

et al., 2019). Another possible reason for the lack of diet-induced increases in impulsivity may 

be that the dietary effect is only present in rats that were highly impulsive prior to chronic WD 

feeding. Evidence from a study using cocaine injections found that increased impulsive choice 

was only present in rats pre-categorized as being highly impulsive (Cho et al., 2018a). In 

addition to sources of dietary fat, the way impulsive choice is tested may tap into different 

factors including sensitivity to temporal delay and reward magnitude (Hamilton et al., 2015, 

Peterson et al., 2015) and may contribute to the lack of consensus in the literature in regards to 

the effect of diet-induced changes in impulsivity. 

The length of WD exposure prior to behavioral testing may be a critical factor when 

assessing changes in impulsivity. Longer exposure to the energy dense diet leads to increased 

weight gain and adiposity (Steele et al., 2017, Steele et al., 2019), which may further promote 

increases in impulsive choice behavior. In line with this, BMI was found to be positively 

correlated with impulsive choice (Meyre et al., 2019). Another study found opposite results such 

that there was no association between BMI and impulsivity; however; results suggested a 

bidirectional effect of western diet and impulsivity before the development of obesity (Lumley et 

al., 2016, Steele et al., 2019). Although results are mixed, BMI is not an accurate reflection of fat 

composition and evidence suggests a positive relationship between body fat and impulsivity 
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(Rasmussen et al., 2010). To motivate task performance, rats were moderately food restricted 

during behavioral testing in the present study and may have lost some body fat, which may 

have influenced their levels of impulsivity. Moreover, the lack of ad lib access to WD during 

behavioral testing may have also influenced the rats’ impulsive choice behavior. It would be of 

interest to assess impulsive choice while rats are maintained on an ad lib feeding schedule of 

the palatable diet. Presently, it remains unclear whether body weight gain, adiposity, or dietary 

fat content is more influential in mediating changes in impulsivity. Future studies including diets 

with differing fat composition ranging from low to high would help elucidate the relative 

importance of fat in mediating diet-induced increases in impulsivity. 

Regardless of diet, sex, or exercise, all rats were more impulsive during the re-test. A 

potential explanation is that motivation to work for the dustless precision pellet was reduced 

following WD exposure. Indeed, studies have shown that following exposure to a high fat or a 

high fat high sugar diet lead to decreased motivation and sensitivity to the reward magnitude (la 

Fleur et al., 2007, Steele et al., 2019). It is unclear whether a more palatable reward such as a 

sucrose pellet would increase motivation and allow for a better assessment of impulsive choice. 

A progressive ratio test assessing breakpoint would provide more insight into changes in 

motivation for the food reward and should be included in future studies. In addition, the change 

in rearing conditions from pair housing at baseline to individual housing during the re-test may 

have may have led to increased impulsive choice behavior during the re-test (Figure 4.9). 

Previous research is mixed with some studies suggesting that the social isolation stress 

decreases (Hellemans et al., 2005, Liu et al., 2017) impulsive choice whereas others found 

increased (Perry et al., 2008b, Kirkpatrick et al., 2013, Kirkpatrick et al., 2014, Wang et al., 

2017b) impulsivity or no effect (Baarendse et al., 2013). The studies that found increased 

impulsive choice ranged from variable delays for the larger lever within the a test session based 

on task performance (e.g., increased delay when the larger lever was selected) (Perry et al., 

2008b), intermixing fixed, forced, and free choice trials within a test session (Kirkpatrick et al., 
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2014), and increasing the reward magnitude for the larger lever across test sessions (Kirkpatrick 

et al., 2014, Wang et al., 2017b) with delays. Studies with similar task designs to the present 

study with no delay for the small reward delivery and consistent reward magnitude for both the 

smaller and larger levers have found opposite results with decreased (Hellemans et al., 2005, 

Liu et al., 2017) or no change (Baarendse et al., 2013) in impulsive choice following social 

isolation. In contrast, we found increased impulsive choice behavior. However, changes in 

impulsive choice following social isolation may not be evident until a challenge (e.g., drug) is 

made (Liu et al., 2017) and the rats in the present study experienced long-term WD exposure. 

These inconsistent results may result from differences in task design (increasing delay interval 

vs. reward magnitude) and rearing conditions (isolated vs. socially or novelty enriched) 

(Peterson et al., 2015) and requires further investigation.  

Hunger tends to increase impulsive choice for food when assessed using delay 

discounting paradigms in humans (Raynor and Epstein, 2003, Wang and Dvorak, 2010, Wang 

et al., 2018, Skrynka and Vincent, 2019) and rodents (Prince et al., 2020). Food restriction 

during impulsive choice testing led to body weights ~90-95% (postnatal day ~80) of their pre-

test body weights during baseline and ~97-103% (postnatal day ~140) during the re-test. 

Although we found that rats were more impulsive during the re-test, this contrasting result from 

the known literature may result from 1) rats were still growing (Snider et al., 2016) during the 

baseline impulsivity assessment and may be more sensitive to the effects of food restriction; 2) 

rats were closer to their pre-test body weights during the re-test leading to decreased motivation 

to lever press for the food reinforcer (Wayner and Rondeau, 1976); and 3) rats were previously 

exposed to the reinforcer and tend to decrease responding for the same reinforcer types with 

habitual exposure (Epstein et al., 2008, McSweeney and Murphy, 2009). These factors may 

have influenced motivation to perform the task and could have blocked our ability to detect WD-

induced changes in impulsive choice behavior. Future studies should consider using a different 

reinforcer for each round of testing.  
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There was a slight difference in feeding conditions in that during baseline, rats only had 

access to the control diet and an appropriate amount was left in the home cage to maintain rats 

at ~90% of their free feeding weight whereas during the re-test, rats had access to two diets and 

both hoppers were left in the home cage for ~1 h. A recent study found no difference in delay 

discounting in regards to the method of food restriction (amount vs. temporal) when weights 

were restricted to a similar extent (Tapp et al., 2020); however, body weights during the re-test 

suggest less weight-restriction and may have influenced impulsive choice behavior. Together, 

changes in housing conditions and feedings schedules between baseline and re-test impulsivity 

may have blocked our ability to detect subtle diet and exercise-mediated changes in impulsive 

choice. For consistency, future studies should aim for similar pre-test free-feeding weights if 

performing more than one assessment of impulsivity using consistent feeding schedules. 

 The present study investigated the relationships between exercise, palatable diet 

preference, and peripheral metabolic function with impulsivity. There were sex-specific 

outcomes of exercise on peripheral metabolic function, such that exercise had a higher efficacy 

at preventing WD-mediated weight gain, adiposity, and glucose intolerance in males. Although 

there were no significant signs of insulin resistance, exercise improved the counter-regulatory 

response to hypoglycemia in both sexes and could be a potential treatment for patients with 

type 1 diabetes who have become habituated to recurring hypoglycemia (Conn et al., 2008, 

Yardley and Sigal, 2015). Given that no significant effect of impulsive choice was found, 

changes in the experimental design including extending the length of diet exposure, including 

diets varying in fat composition, and testing impulsivity without food restriction, may reveal more 

nuanced effects of western diet on impulsive choice. It is of importance to determine if there is a 

relationship between impulsivity and palatable food intake as it could offer insight into whether 

heightened impulsivity is a vulnerable phenotype to overeating and significant weight gain. 
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CHAPTER 5: GENERAL DISCUSSION 
 
Epidemiological studies have shown that the prevalence of obesity (Hudson et al., 2007, 

Flegal et al., 2010) is higher in women than men; however, the adverse metabolic and cognitive 

outcomes of obesity are more prevalent and severe in males (Smith et al., 2011, Kautzky-Willer 

et al., 2016, Li et al., 2017, Ogurtsova et al., 2017, Espeland et al., 2018). As a method to 

restore energy balance, exercise has a greater efficacy at promoting body weight and fat loss 

and recusing metabolic deficits in males than females (Hill et al., 1989, Donnelly et al., 2004, 

Caudwell et al., 2014). Collectively, these studies suggest that sex differences in eating 

behavior and the subsequent cognitive and metabolic outcomes may be mediated by different 

underlying mechanisms. Despite the fact that sex-specific feeding behavior may differentially 

confer heightened vulnerability for obesity and its comorbid health outcomes, most research 

focuses on males. Thus, sex differences in the development of and treatment for excessive 

weight gain have not been well characterized. The goal of this dissertation was to address this 

gap in knowledge by examining how sex differences in the interaction between diet preference 

and exercise interact and lead to sex-specific behavioral adaptations and outcomes. The 

findings are summarized below in Figure 5.1. 
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 Measure Male Female  

D
ie

t Diet choice 
Maintained HF diet 
avoidance 

Reversed HF diet avoidance M < F 

Sex hormones Not required Required  
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Body weight and adiposity Suppressed Slightly suppressed M > F 

Oral glucose tolerance test 
Improved glucose tolerance 
and insulin sensitivity 

No change M > F 

Insulin tolerance test 
Improved counter-regulatory 
response 

Improved counter-regulatory 
response 

M = F 

C
o

g
n

it
iv

e
 

o
u

tc
o

m
e

s
 Spatial learning and 

memory 
Improved learning Improved learning M = F 

Behavioral flexibility No change Potential deficits M > F 

Impulsive choice No change No change M = F 

Figure 5.1. Summary of the findings from the studies in this dissertation. The interaction 
between exercise and diet led to sex-specific diet choice patterns and in turn, both metabolic 
and cognitive outcomes. Although exercise improved metabolic health to a greater extent in 
males, it still had some efficacy for females. Some sex differences in cognitive function were 
observed, but exercise appeared to have a positive effect in rats of both sexes. 
 

Work in this dissertation highlights the complexity of energy balance and feeding 

behavior and how exercise interacts with both factors to influence cognitive and metabolic 

outcomes. In three empirical studies, I used a WR and two-diet choice rat model to first assess 

the role of gonadal hormones in the expression of sex-specific diet choice patterns during acute 

exercise (Chapter 2). Then, I examined sex differences in long-term palatable diet preference 

and the cognitive and metabolic consequences of chronic palatable diet preference (Chapters 3 

& 4) as well as trait cognitive vulnerability for palatable diet preference (Chapter 4). Each of 

these studies contributes to the overall aim of this dissertation by investigating whether sex 

differences in response to the interaction between diet and exercise lead to sex-specific 

cognitive and metabolic adaptations. 

In Chapter 2, I provide evidence that acute exercise mediates changes in HF diet 

preference in rats of both sexes. More specifically, male WR rats maintained HF diet avoidance 

whereas females initiated but eventually reversed HF diet avoidance. OVX did not completely 

eliminate sex differences, which suggests that both activational and organizational effects of sex 

hormones are involved in the expression of sex-typical diet choice patterns during exercise. 
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Indeed, the post-pubertal masculinized females behave similarly to intact males and have lower 

levels of palatable food intake and binge eating behavior compared to control females (Klump et 

al., 2017, Culbert et al., 2018). Hormone replacement with both estrogen and progesterone was 

required for the expression of female typical diet choice patterns and add to the sparse literature 

on the discrete effects of estrogen and progesterone separately (Sodersten and Eneroth, 1981, 

Olster and Blaustein, 1988, Apostolakis et al., 1996). In line with research showing a more 

influential role of estrogen than testosterone in feeding behavior (Nunez et al., 1980, Asarian 

and Geary, 2013, Begg and Woods, 2013), removal of male sex hormones did not alter diet 

choice patterns in males. Together, the results from our study suggest female, but not male, sex 

hormones are required for the expression of sex-typical diet choice patterns during exercise.  

Chapter 3 extended the acute paradigm used in Chapter 2 and showed that with long-

term WR and two-diet choice, all rats reversed HF diet avoidance. Importantly, the reversal of 

HF diet avoidance occurred earlier and more rapidly in females. The finding that exercise 

suppressed fat preference and intake in all WR rats supports recent findings that exercise 

decreases fat preference in humans (Finlayson et al., 2011, Martin et al., 2019, Riou et al., 

2019, Beaulieu et al., 2020a). Female rats compensated for the additional energy requirement 

from exercise and more readily established a preference for HF diet than males. In line with this, 

humans who compensate for exercise do not reduce fat preference (Finlayson et al., 2011, 

Sparks, 2017, Beaulieu et al., 2020b). In Chapter 4, I replaced the HF with a WD and used a 

control diet as the high carbohydrate diet and replicated the diet choice results from Chapter 3.  

The studies in this dissertation focused on outcomes of long-term palatable diet 

preference rather than the underlying neurobiological mechanisms. Given its role in controlling 

food intake, the gut-brain axis is a good candidate future research into the underlying 

mechanisms of how diet and exercise interact to mediate energy homeostasis. Altered secretion 

of anorexigenic gut peptides including glucagon-like peptide 1 (GLP-1) and reduced oral taste 

threshold and gastrointestinal sensitivity to fat have been observed in obese individuals (Stewart 
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et al., 2011, Lean and Malkova, 2016, Dirksen et al., 2019). Increased palatable diet intake in 

WR rats may have blunted postprandial GLP-1 secretion and altered fat intake/preference. 

Additionally, HF diet reduces energy intake to a lesser extent in obese relative to lean subjects, 

and obese subjects tended to have greater energy intake after a HF meal (Brennan et al., 

2012). A decreased response to the satiating effects of fat (Little et al., 2007) may partially 

explain why all WR rats reversed HF diet avoidance with long-term exposure. Exercise 

increases GLP-1 secretion, which may contribute to enhanced satiety (Martins et al., 2010, 

Sumithran et al., 2011, Schubert et al., 2014), and GLP-1 decreases preference for sweet and 

fatty foods (Kadouh et al., 2020). Together, these studies suggest that GLP-1 could potentially 

be influencing diet preference during exercise. Future research could investigate how chronic fat 

intake and exercise interact to affect GLP-1 release and whether that leads to a diminished 

response to the satiating effects of fat and promote overeating.  

The metabolic results from Chapter 2 – 4 are consistent with previous studies reporting 

greater efficacy for exercise to improve whole body composition and peripheral metabolism in 

males (Perreault et al., 2008). Females more readily adapted to the increased energy 

requirement of exercise than males (Tokuyama et al., 1982, Looy and Eikelboom, 1989, 

Kawaguchi et al., 2005, Carrera et al., 2011) and this may have led to a decrease in efficacy for 

exercise to suppress weight gain and adiposity in females compared to males (Bjorntorp, 1989, 

Anderson et al., 2001, Paul et al., 2004, Donnelly and Smith, 2005). In line with this, a 

combination of diet and exercise appears to be the most effective at promoting weight loss than 

either method alone (Coker et al., 2009, Donnelly et al., 2009, Maesako et al., 2012). These 

results point toward the need to develop sex-specific methods to target body weight regulation 

and energy balance. 

Exercise may facilitate weight loss through the release of myokines, such as interleukin-

6 (IL-6) and irisin, which mediate muscle-organ crosstalk to the brain (Pedersen and Febbraio, 

2012, Pedersen, 2019). Enhanced IL-6 release from adipose tissue accompanies the chronic, 
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low-grade inflammation associated with obesity and the consumption of HF diet (Hotamisligil, 

2006). In contrast, muscle-derived IL-6 release during exercise appears to play more of a role in 

metabolism than the inflammatory response (Pedersen, 2019) and is central to exercise-

induced fat loss (Wedell-Neergaard et al., 2019). Central, but not peripheral, infusion of IL-6 

suppresses feeding and improves glucose tolerance and is associated with suppressed weight 

gain and adiposity (Timper et al., 2017). Sex differences in IL-6 release are unclear but depend 

on the duration and intensity of exercise (Pedersen et al., 2001), and we report sex differences 

in running activity with females displaying higher activity levels than males. Moreover, GLP-1 

release during exercise is occurs through an IL-6-dependent manner, and both GLP-1 and IL-6 

have been implicated in mediating insulin action (Ellingsgaard et al., 2011, Ellingsgaard et al., 

2020). The greater improvement in body composition and overall metabolic profile in male WR 

rats may be mediated by sex differences in muscle release of IL-6 and central IL-6 signaling 

during exercise that future studies could explore.  

In Chapters 3 and 4, we found that male WR rats show improved glucose tolerance and 

insulin sensitivity relative to their Sed counterparts whereas this effect was absent in females 

(Vallerand et al., 1986, Goodyear et al., 1991, Bongbele et al., 1992, Goodyear and Kahn, 1998, 

Tokuyama and Suzuki, 1998, LaPier et al., 2001, Latour et al., 2001, Gollisch et al., 2009, 

Lamontagne et al., 2013). The female rats in our studies may not have sufficiently reduced body 

weight and adiposity to influence insulin signaling (Perreault et al., 2008). To date, this is the 

first study to investigate the effects of exercise and diet in regards to changes in peripheral 

function in rats of both sexes and adds novel insight to the field. One potential mechanism that 

could mediate improved insulin sensitivity is exercised-induced muscle-derived irisin release. As 

a myokine, irisin improves metabolism by increasing glucose uptake and browning of adipose 

tissue (Rabiee et al., 2020). It also influences energy balance by increasing central anorexigenic 

peptide expression (Natalicchio et al., 2020) and reducing food intake (Ferrante et al., 2016). It 



 

86 
 

would be worthwhile to assess how diet and exercise influence irisin action to mediate changes 

in whole-body metabolism in future studies. 

The crosstalk between the gut-brain axis and gut microbiome may also influence the 

metabolic outcomes of HF feeding. Indeed, administration of a GLP-1 agonist led to changes in 

the gut microbiota and was associated with improved glucose and lipid metabolism in addition to 

weight loss (Zhao et al., 2018, Madsen et al., 2019). Dietary macronutrient sources and intake 

can modify the composition and function of gut microbiota (Madsen et al., 2017), and it appears 

that HF feeding rather than obesity drives changes in these properties (Xiao et al., 2017). The 

different diet choice patterns among male and female rats may have led to obesogenic gut 

microbiomes (Ridaura et al., 2013) and influenced body composition and metabolic fitness 

(Collins et al., 2016). For example, the association between gut microbiota composition and 

visceral fat mass was stronger than nutrient intake (Le Roy et al., 2019). Developing a greater 

understanding of host, gut microbiota, and environmental interactions may provide a novel 

avenue to treat the obese phenotype. 

We did not find a significant effect of palatable diet exposure on impairing behavioral 

flexibility (Chapter 3) or enhancing impulsive choice (Chapter 4) despite extensive literature in 

human studies showing a robust association between deficits in PFC-mediated executive 

function, including cognitive flexibility, and impulsivity with overeating and obesity (Dietrich et al., 

2014, Sellaro and Colzato, 2017, Yang et al., 2018, Smith et al., 2019). Although we do not 

report robust diet effects, our results inform improvements to general methodology and task 

design to tap into the nuanced nature of PFC-mediated cognition, which is relatively 

understudied (Greenwood and Winocur, 1996, Winocur and Greenwood, 1999, 2005, 

Stranahan et al., 2008, Kanoski and Davidson, 2010, Valladolid-Acebes et al., 2011). Future 

work is necessary to investigate whether increasing the length of diet exposure or fat content 

would lead to more evident impairment of PFC-sensitive behaviors. 
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No studies have investigated sex differences in the interaction between exercise and 

diet preference on behavioral flexibility or impulsive choice. In Chapter 3, we found that all WR 

rats improved learning faster than their Sed counterparts on the Barnes maze (Murray et al., 

2009, Gibbons et al., 2014). Female WR rats increased errors made from the probe to reversal 

learning trial, suggesting some evidence of behavioral inflexibility (Kanoski et al., 2007, 

Stranahan et al., 2008, McNeilly et al., 2011, Aslani et al., 2015). Our results add to the 

literature characterizing sex differences in the effect of HF diet exposure on PFC-sensitive 

behavior. Female rats in our study consumed more HF diet than males, and HF feeding is 

associated with decreased circulating irisin levels and secretion leading to muscle insulin 

resistance (Yang et al., 2015). Moreover, irisin levels are negatively associated with cognitive 

flexibility in obese individuals (Fagundo et al., 2016), and may have altered executive function in 

female WR rats. Future work could look into the neuroprotective role irisin, which is co-localized 

with the gut peptide neuropeptide Y (NPY) in the paraventricular nucleus of the hypothalamus 

(Ferrante et al., 2016), plays in the brain via the MAPK pathway (Rabiee et al., 2020) and how it 

influences feeding behavior, insulin signaling , and cognition. 

There was no evidence for baseline impulsivity at predicting future WD preference and 

or any effect of sex, diet, or exercise on increasing impulsive choice behavior after chronic WD 

feeding (Chapter 4). This is the first study that has included rats of both sexes in the 

assessment of exercise and diet-related changes in impulsive choice. Our results lend support 

to the one study that reports no change in impulsive choice and adds the finding of no change in 

impulsive choice (Garman et al., 2021) and is in contrast to other reports of increased (Steele et 

al., 2017) and decreased (Narayanaswami et al., 2013) impulsive choice. Thus, our results 

provide novel insight into the ability, or lack thereof, for impulsive choice to predict future 

palatable diet preference and suggest that impulsive choice behavior may be relatively stable 

against dietary challenges. Future studies are required to determine whether extending the 

duration of palatable diet exposure would lead to increases in impulsive choice that exercise 
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would rescue. In addition, increased preference for a smaller, immediate reward is associated 

with decreased dopamine D2/3 receptor availability in the nucleus accumbens core (Barlow et 

al., 2018) as well as diet-induced obese rats that engage in compulsive-like feeding behavior 

(Johnson and Kenny, 2010, van de Giessen et al., 2013). Exercise increases striatal D2/3 

receptor expression and can attenuate methamphetamine-induced decreases in receptor 

availability (Vuckovic et al., 2010, Cho et al., 2018b). Determining whether exercise can 

attenuate HF-mediated neural adaptations in D2/3 receptor expression and if it is associated with 

maladaptive behavioral and cognitive outcomes would provide another avenue to treat 

overeating and weight gain. 

In conclusion, the research in this dissertation suggests a role of sex hormones in 

mediating sex-specific exercise-mediated diet choice patterns that lead to divergent metabolic 

outcomes and potentially nuanced changes in cognitive functions. Exercise appears to be 

sufficient to reverse adverse diet-mediated effects on metabolism in males; however, females 

may need concurrent weight loss with changes in dietary and exercise habits to show 

improvements in peripheral metabolism. Although there does not appear to be a sex difference 

in the ability for exercise to enhance cognition, it is a multi-faceted construct and whether 

exercise has the same efficacy at improving cognition function in all domains is unclear. More 

work needs to be done to determine if cognitive flexibility or trait impulsivity confer increased 

vulnerability for developing and maintaining disordered feeding behavior. Sex differences in the 

cognitive control of feeding behavior could underlie the gender disparity of obesity and 

disordered eating, both of which are more prevalent in females. Results from studies in this 

dissertation suggest that treatment interventions for restoring energy balance, such as exercise, 

need to be tailored to each sex in order to address the sex-specific metabolic and cognitive 

dysregulation resulting from long-term palatable diet intake and sedentary behaviors.
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