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ABSTRACT 

EFFECTS OF INTERACTING STRESSORS ON MOOD: MODULATION BY 

KETAMINE 

Brett Melanson        Advisor: 

University of Guelph, 2021       Dr. Francesco Leri 

 

Introduction. There is evidence in support of a link between metabolic and mood 

disorders. Impaired glucose metabolism may play a role in the development of core 

depressive symptoms like lowered mood and anhedonia, possibly by interacting with 

other stressors to enhance their effects on the hypothalamic-pituitary-adrenal axis and 

the immune system. As well, recent evidence indicates that the N-methyl-D-aspartate 

(NMDA) glutamate receptor antagonist ketamine alleviates core symptoms of 

depression, even in those who do not respond to conventional antidepressant 

medications. Hence, the current dissertation explored the impact of interacting stressors 

on depressive-like behaviour and physiological responses, and possible modulation by 

ketamine. Methods. A series of studies were performed in male Sprague-Dawley rats to 

determine whether ketamine could modulate the impact of interacting hypoglycemic (2-

deoxy-D-glucose; 2-DG) and psychophysical (forced swimming stress; FSS) stressors 

on animal correlates of depressive-like behaviour and biological reactivity of the HPA 

axis and immune system. In addition, this thesis investigated whether ketamine and 

conditioning factors (i.e., drug-environment interactions) possibly linked to ketamine’s 

effects could play a role in the antidepressant-like profile of this drug. Results. It was 

found that: 1) hypoglycemic stress accelerated the depressive-like behavioural 

response to repeated psychophysical stress, induced a state of consummatory 

anhedonia, and amplified biological reactivity of the HPA axis and immune system to 

acute swim stress well after exposure to the combined stressors; 2) ketamine reversed 

the impact of interacting hypoglycemic and psychophysical stressors on depressive-like 

behaviour and physiology, and produced an anti-immobility effect that occurred well 

after exposure to the drug; and 3) exposure to a context paired with ketamine, but not 

the common antidepressant medications bupropion or escitalopram, reduced immobility 

during FSS, which is typically interpreted as an antidepressant-like response in rodents. 

Conclusion. The work presented in this dissertation provides novel insight about the 

interaction between different stressor types on depressive-like behaviours and 

physiological responses, as well as biological and conditioning factors that may play a 

role in the antidepressant action of ketamine. Importantly, the animal work reported in 

this thesis emphasizes the importance of considering dietary factors in the development 

of depressive illness, and provides key information by which the antidepressant 

response to a single infusion of ketamine may be enhanced following repeated 

administration of the drug during treatment.    
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Overview of the Research Topic 

Major Depressive Disorder (MDD) is a highly prevalent neuropsychiatric disorder 

characterized by core symptoms of persistent low mood and deficits in reward 

processing, otherwise referred to as anhedonia (Heshmati & Russo, 2015; Kaye & 

Ross, 2017). Stress is thought to contribute to the development of depression 

symptoms, possibly by negatively impacting central mechanisms involved in reward 

processing and mood regulation (Cabib & Puglisi-Allegra, 1996; Der-Avakian et al., 

2014; Heshmati & Russo, 2015; Olausson et al., 2013) as well as through dysregulated 

activity of the hypothalamic-pituitary-adrenal (HPA) stress axis (Vinkers et al., 2021), 

and elevated markers of inflammation in the blood (Cristiano A. Köhler et al., 2018). 

Impairments in glucose metabolism may underly the behavioural and physiological 

changes observed in depression (Detka et al., 2015; C.-T. Li et al., 2015; Lustman & 

Clouse, 2005), as metabolic stress induced by hypoglycemia negatively impacts mood 

(Gold et al., 1995; Horman et al., 2018), increases HPA axis output (Horman et al., 

2018; Razavi Nematollahi et al., 2009), and elevates markers of inflammation in the 

blood (Dréau et al., 2000; Drummond et al., 2018; Razavi Nematollahi et al., 2009). 

Antidepressant drugs like selective serotonin reuptake inhibitors (SSRI) and 

norepinephrine-dopamine reuptake inhibitors (NDRI) are commonly used to treat 

depression, although nearly 50% of depressed patients do not respond to these 

clinically approved medications (Gartlehner et al., 2011; Tran et al., 2021; Trivedi et al., 

2006). There is evidence, however, that the N-methyl-D-aspartate (NMDA) glutamate 

receptor antagonist ketamine produces rapid and long-lasting antidepressant effects 

(Berman et al., 2000), even in individuals who do not respond to traditional 
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antidepressant medications (Phillips et al., 2019). While the mechanisms by which 

ketamine exerts these antidepressant effects remains to be elucidated, there is reason 

to believe that the immune system (Gao et al., 2016; Tan et al., 2017), energy 

metabolism (Weckmann et al., 2017), the HPA axis (Wegman-Points et al., 2020), 

monoaminergic transmission (du Jardin et al., 2016; Y. Li et al., 2015), drug-

environment interactions (Krimmel et al., 2019), and of course, glutamatergic 

transmission (Podkowa et al., 2016), may all play a critical role in these effects.  

The aim of this dissertation was to test the overarching hypothesis that 

psychopharmacological factors can modulate the impact of stressors on depressive-like 

behaviour and physiology. Therefore, three research objectives were developed to 

investigate this. The first objective was to explore the interaction between metabolic and 

psychophysical stressors, as previous studies have shown that different stressor types 

can interact to enhance each other’s effects on behaviour (Chapter 2) and physiology 

(Chapter 3; Deak et al. 2005; Remus et al. 2015). Hence, male Sprague-Dawley rats 

were exposed to daily injections of the glucose anti-metabolic agent, 2-deoxy-D-glucose 

(2-DG), which blocks intracellular glycolysis and induces impaired glucose metabolism 

in cells (Xi et al., 2014). Shortly after injections of 2-DG, rats were exposed to a 10-

minute session of forced swimming stress (FSS), which is a behavioural test of 

antidepressant drug efficacy (Slattery & Cryan, 2012) and depressive-like behaviour in 

rodents (Cryan et al., 2005). This protocol was carried out for five consecutive days. 

Progressive behavioural immobility was recorded and used as an index of a depressive-

like response to 2-DG-induced hypoglycemia (Cryan et al., 2005), while saccharin 

preference was used as an index of anhedonia (M. J. Park et al., 2012). Moreover, 
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survival blood was collected to determine markers of HPA axis activation 

(corticosterone; CORT) and inflammation (the pro-inflammatory cytokine TNF-α; Miles 

et al. 1997) via enzyme-linked immunosorbent assay (ELISA). One week following 

exposure to the combined hypoglycemic and psychophysical stressors, saccharin 

preference was assessed via two-bottle choice test, and a drug-free Test Swim was 

conducted shortly after to determine whether these interacting stressors caused any 

lasting changes in behavioural immobility. Furthermore, blood was collected before and 

after the Test Swim to determine any lasting changes in the CORT and TNF-α 

responses to acute stress. The results of these experiments determined that impaired 

glucose metabolism induced by 2-DG enhanced the CORT response to a single session 

of FSS and accelerated the immobility response to multiple sessions of FSS. Moreover, 

exposure to combined 2-DG and FSS reduced saccharin preference and amplified the 

CORT and TNF-α responses to the drug-free Test Swim one week after termination of 

the combined stressors.  

As previous studies have shown that ketamine blocks the effects of various 

stressors on behaviour and physiology in rodents (E. I. Chang et al., 2016; Perrine et 

al., 2014), and that drugs similar to ketamine (i.e., NMDA receptor antagonists) can 

block the negative effects of hypoglycemia in the brain (Tasker et al., 1992; Wieloch, 

1985), the second objective was to determine whether ketamine could be used to 

modulate the interaction between metabolic and psychophysical stressors on 

depressive-like behaviours (Chapter 2) and physiology (Chapter 3). Therefore, in a 

similar design as the first objective, rats were pre-treated with ketamine and 

subsequently exposed to combined 2-DG and FSS for five consecutive days. One week 
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later, rats were exposed to a saccharin preference test and a drug-free Test Swim to 

determine whether ketamine pre-treatment had any lasting effects on these behaviours. 

Blood was sampled at multiple time points as described in objective one and serum was 

analyzed for changes in CORT and TNF-α. The results of these experiments 

determined that pre-treatment with ketamine blocked the immobility response and 

restored deficits in saccharin preference induced by combined 2-DG and FSS. 

Moreover, ketamine produced an anti-immobility effect that occurred one week after 

exposure to the drug and normalized the CORT and TNF-α responses to the drug-free 

Test Swim in rats exposed to 2-DG. 

Lastly, as evidence suggests that a contextual conditioned stimulus paired with 

ketamine can produce an anti-immobility effect in the Forced Swim Test (Krimmel et al. 

2019), the third objective was to determine whether the antidepressant effect of this 

drug involves drug-environment interactions (i.e., conditioning factors), in which a 

stimulus paired with the effects of a psychoactive drug acquires the ability to influence 

behaviour (Wolter et al. 2019). Moreover, it was determined whether a contextual 

conditioned stimulus paired with the SSRI escitalopram or the NDRI bupropion could 

also produce a conditioned anti-immobility effect, and whether the anti-immobility effect 

of the ketamine-paired context was influenced by conditioned motor responses. Hence, 

male Sprague-Dawley rats were injected with vehicle and placed in a vehicle-paired 

context (denoted as CS-), and were injected with saline, ketamine, escitalopram, or 

bupropion and placed in a drug-paired context (denoted as CS+) for a total of 5 pairings 

each in the CS- and CS+ over 10 alternating days. One week after the final conditioning 

session, rats were exposed to three daily 10-minute sessions of FSS. On the second 
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and third day, rats were exposed to the CS- and CS+ prior to swimming, respectively, to 

explore the effects of the CS+/- on immobility responses. Horizontal locomotion was 

recorded in the CS- and CS+ prior to swimming to assess possible conditioned 

locomotor effects, and place conditioning was used in a separate experiment to 

determine whether the ketamine-paired CS+ evoked conditioned approach/avoidance 

responses. The results of these experiments determined that a context paired with 

ketamine, but not escitalopram or bupropion, reduced immobility during FSS, and that 

this anti-immobility effect was not simply a result of conditioned motor responses. 

Overall, these findings in rats expands our understanding of how different 

stressor types may interact to accelerate the effects of stress on depression symptoms 

and identifies biological mechanisms by which ketamine may exert its antidepressant 

effects. Finally, the current work also established that conditioning factors unique to a 

ketamine-paired stimulus may be a mechanism by which repeated ketamine 

administration enhances the antidepressant response to a single ketamine infusion in 

people, and further introduces the possibility that a ketamine-paired environment may 

enhance the therapeutic effect of non-psychopharmacological approaches employed for 

depression treatment, such as behavioural therapy. 
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: General Introduction 

1.1 Major Depressive Disorder  

1.1.1 What is depression?  

Major Depressive Disorder (MDD), otherwise referred to as depression, is a highly 

prevalent neuropsychiatric disorder characterized by core symptoms of persistent low 

mood and a loss of interest or pleasure, commonly referred to as anhedonia (Treadway 

& Zald, 2013; J. B. W. Williams & Kobak, 2008). In North America, the Diagnostic and 

Statistical Manual for Mental Disorders, 5th edition (DSM-5) indicates that a clinical 

diagnosis of MDD requires at least one of these core symptoms to be present in 

addition to any four of the following secondary symptoms within the same two-week 

period: feelings of guilt and/or low self-worth, disturbances in sleep or appetite, feelings 

of lethargy, an inability to concentrate, significant changes in weight (excluding changes 

due to diet or physical activity), and suicidal ideation, planning and/or attempt (American 

Psychiatric Association, 2013; G. Y. Lim et al., 2018; Lu et al., 2014). As depression is 

often chronic and recurrent (Lok et al., 2012), it can significantly impair an individual’s 

quality of life (Trivedi et al., 2010) and can interfere with one’s occupation and 

employment (Stewart et al., 2003), which may in of itself potentiate aspects of the 

disorder through increased psychological distress (Bordea et al., 1999; Sheldon Cohen 

et al., 2007; L. Yang et al., 2015).  

In addition to its impact on personal and work life, depression significantly 

contributes to the global burden of disease, with earlier studies estimating its annual 

cost to be $53 billion, specifically within the USA (P. S. Wang et al., 2003). Furthermore, 

in the USA, the 2001 National Comorbidity Survey estimated a lifetime prevalence for 
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depression of 16.2% (Kessler et al., 2003), while 12-month prevalence rates were 

estimated at 8.2% and 8.7% for Canada and USA, respectively (Vasiliadis et al., 2007). 

Taken together, it is evident that depression is a highly debilitating and prevalent 

disorder that imposes significant financial burden on society and greatly impacts an 

individual’s quality of life. The following sections will provide an overview of 1) core 

symptoms and physiological characteristics of depression; 2) some important factors 

that are implicated in the development of the disorder; 3) antidepressant drug therapies 

that are used to treat depression; and finally, 4) the research aims of the current 

dissertation. 

1.1.1.1 Lowered mood 

Lowered mood has been defined as “continued or unvarying sadness, misery, or 

despondency” as well as feelings of hopelessness, helplessness, and sadness, 

according to the Montgomery-Asberg Depression Rating Scale (Montgomery and 

Asberg 1979) and the Hamilton Depression Rating Scale (Hamilton 1960), respectively. 

These are standardized psychometric tests frequently used in clinical studies to 

measure the severity of depression symptoms in humans (Ibrahim et al., 2018; S. Park 

et al., 2020; Pavlova et al., 2018; Wilkinson et al., 2017). The core symptom of sadness 

(i.e., lowered mood) is highly debilitating and significantly impacts multiple areas of daily 

living, such as: employment, home management, social and private activities, and 

interpersonal relationships (Culpepper et al., 2015; Fried & Nesse, 2014).  

At the pre-clinical level, studies in rodents have attempted to uncover 

pathophysiological mechanisms of depressed mood by assessing changes in 

behavioural responses following exposure to stress and/or antidepressant drugs. One 
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behavioural test commonly used in rodents is the forced swimming test (FST), designed 

by Porsolt in 1978 (Porsolt et al., 1978), which was originally used to assess the 

antidepressant efficacy of drugs (Slattery & Cryan, 2012). In the FST, rodents are 

exposed to a cylinder filled with tap water to a level that both prevents the animal from 

escaping and from standing on the tank floor. This forces the animal to engage in active 

or passive escape behaviours like swimming and climbing, or immobility, respectively 

(Slattery & Cryan, 2012). Initially, rats will engage in active escape behaviours as they 

are first exposed to the inescapable water stress. But over time, and with repeated 

exposure to the stressor, rats typically adopt a passive behavioural state in the water—

referred to as immobility—where a rodent will only make movements that are sufficient 

to keep its nose above the water’s surface (Cryan et al., 2005; Slattery & Cryan, 2012). 

The standard FST consists of two parts: a 15-minute pre-test followed by a 5-minute 

test session performed 24 hours later. Normally, the level of immobility exhibited by a 

rat increases from the pre-test to the test session. And importantly, administration of 

antidepressant medications can prevent this increase in immobility, which is commonly 

interpreted as an antidepressant-like effect in rodents (Cryan et al., 2005; Porsolt et al., 

1978; Slattery & Cryan, 2012). Notably, prior to assessment of immobility in the FST, an 

open field test is often conducted to assess locomotor activity to rule out false-positive 

effects of drugs that stimulate motor activation. As such, locomotor activity is generally 

unaffected by common antidepressant medications, but is increased by 

psychostimulants like caffeine and cocaine (both of which decrease immobility but are 

not considered antidepressant drugs; Cryan et al., 2002, 2005). 



 
 

4 
 

The increased immobility observed on the test session was initially coined 

“behavioural despair” as it was thought to reflect a state of lowered mood and/or 

hopelessness in the rodent (Porsolt et al., 1978). However, many researchers have 

criticized this interpretation, arguing that this increased immobility is more indicative of a 

“learned immobile response” to the repeated stress (Molendijk & de Kloet, 2015; A. P. 

West, 1990). While learned responses cannot be entirely ruled out, there are some 

studies that lend support against this argument. For example, it was shown that rats 

exposed to either one 15-minute swim session or 5 consecutive 3-minute swim 

sessions exhibited similar immobility levels when assessed during a 5-minute test 

session, 24 hours later (O’Neill & Valentino, 1982). Furthermore, rodents exposed to 

chronic (Overstreet et al., 2004) and acute (Borsini et al., 1989) administration of 

antidepressant medications display lower immobility levels compared to control during a 

single FST session, which suggests that the pre-test session may not be necessary to 

detect the antidepressant-like effects of drugs. Lastly, it was found that chronically 

stressed rodents displayed higher immobility levels compared to non-stressed rodents 

when exposed to a single FST session, indicating a direct impact of stress on floating 

behaviour in the FST (Kitamura et al., 2002; Marks et al., 2009). This is particularly 

interesting as stress is thought to play a critical role in the development of depression 

(Dou et al., 2014; J. C. O’Connor et al., 2009; M. J. Park et al., 2012; Rincón-Cortés & 

Grace, 2017), possibly due to the negative impact of stress on mood states (Dixon & 

Overall, 2016; Felsten, 2004; Frison & Eggermont, 2015). These findings have likely 

contributed to the interpretation that increased immobility following stress exposure 

reflects a depressive-like behavioural response (Iijima et al., 2010; McGowan et al., 
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2018; Olausson et al., 2013), especially because antidepressant medications tend to 

reverse stress-induced increases in immobility (Consoli et al., 2005; Perrine et al., 

2014). In any case, the FST is a highly useful behavioural test of antidepressant drug 

efficacy, and is still commonly used today in the pursuit of novel antidepressant 

compounds (Chaki et al., 2004; Falcon et al., 2015; Mague et al., 2003; Slattery et al., 

2005), and to investigate the neurobiology of passive behavioural responses to stress 

(Hawley et al., 2010; Hubertus Himmerich et al., 2013; Jing et al., 2015; Taghzouti et 

al., 1999; Warden et al., 2012). 

1.1.1.2 Anhedonia 

Anhedonia was first identified as a psychopathological symptom in the early 19th 

century by Johnathan Haslam, which he defined as the ‘neglect of objects and pursuits 

that were formerly sources of delight and instruction’ (Der-Avakian & Markou, 2012; 

Haslam, 1809). Over a century and a half later, Klein proposed a definition of anhedonia 

specific to depression that was later condensed to ‘a loss of interest or pleasure in usual 

activities’ (Klein, 1974). Today, anhedonia is still defined by the general loss of interest 

or pleasure in normally enjoyable activities and surroundings, and is considered to be 

another core symptom of depression (C. C. Bell, 1994; Daniels et al., 2019; Krishnan & 

Nestler, 2008). In accordance with this definition, several psychometric tests have been 

developed to try and quantify hedonic function in humans by assessing an individual’s 

response to naturally rewarding stimuli and/or activities or hobbies. Specifically, the 

Snaith-Hamilton Pleasure Scale (Snaith et al., 1995) and Fawcett Clark Pleasure Scale 

(Fawcett et al., 1983) both assess hedonic function simply by measuring consummatory 

pleasure, whereas the Dimensional Anhedonia Rating Scale (Rizvi et al., 2015) 
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assesses consummatory pleasure in addition to other hedonic domains like sensory 

experiences as well as interest and motivation for hobbies and social activities. Other 

scales like the Temporal Experience of Pleasure Scale (Gard et al., 2006) and the 

Behavioral Activation System and Behavioral Inhibition System scales (Carver and 

White, 1994) measure differences in anticipatory and consummatory pleasure, and 

hedonic functioning as it relates to personality traits, respectively.  

At the pre-clinical level, hedonic function is often studied by objectively measuring 

rodent behaviours like anticipation and/or motivational effort for food reward (Vichaya et 

al. 2019), intracranial self-stimulation of reward-related brain regions (Der-Avakian et 

al., 2014; Olds & Milner, 1954), time spent sniffing female urine (Malkesman et al., 

2010), learning of reward-related contextual cues (Papp et al., 1991), and consumption 

of naturally rewarding stimuli (Papp et al., 1991; P. Willner et al., 1987; Wisłowska-

Stanek et al., 2019). Despite the number of tests available to investigate anhedonia in 

rodents, Der-Avakian and Markou (2012) indicate in their review that tests of sucrose 

and saccharin preference are the most commonly employed measure of hedonic 

function in rodents, and are used to assess consummatory pleasure (Willner et al. 1992; 

Bison et al. 2009). Typically referred to as the sucrose/saccharin preference test (SPT), 

the SPT takes advantage of a rat’s natural preference for a sweetened solution (Papp et 

al., 1991), and has been used to assess hedonic function in rodents for several years 

(Aricioğlu et al., 2020; Qi et al., 2006; Timberlake et al., 2019; Yirmiya, 1996). Notably, 

while some have considered deficits in the SPT as impaired hedonic function, a major 

concern with this test is that reduced preference for sucrose solution does not explicitly 

reflect a state of anhedonia given the complexity of this symptom in humans. This is 
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because anhedonia involves subjective qualities like desire, motivation, and “liking,” 

which can only be inferred in rodents (Rizvi et al., 2016). Similarly, others have argued 

that reductions in sucrose/saccharin preference may not fully reflect a depressive-like 

state because while some depressed people may exhibit reduced food intake, there is 

also evidence of binge eating and significant gains in body weight as well (Berthoud et 

al., 2011; Preiss et al., 2013).  

Despite these concerns, the SPT is still commonly used to assess the impact of 

stress on consummatory pleasure given the test’s high sensitivity to a variety of 

stressors (Ayensu et al., 1995; Harkin et al., 2002; Shimamoto et al., 2011). More 

specifically, exposure to stress typically reduces preference for sucrose and/or 

saccharin-flavoured water—which is a result commonly interpreted as an anhedonic-like 

response in rodents (Papp et al., 1991; Paul Willner, 1997). Importantly, several studies 

have demonstrated that antidepressant drugs can reverse deficits in sucrose and 

saccharin preference induced by stress (Harkin et al., 2002; Tan et al., 2017; P. Willner 

et al., 1987; Yitian Yang et al., 2020), which provides further support for utility of the 

SPT as a measure of stress-induced deficits in consummatory pleasure and/or hedonic 

function within the context of depression (Paul Willner et al., 1992).  

1.2 Biological factors in depression 

Stressful life events are thought to precipitate depressive symptoms (Davis et al., 

2017; Hammen, 2005; Richter-Levin & Xu, 2018), possibly by changing the physiology 

of the stress response (H. M. Burke et al., 2005; Pariante, 2004; Richter-Levin & Xu, 

2018) and the immune system (Cristiano A. Köhler et al., 2018; Maes, 2008; A. H. Miller 

et al., 2009; D. West & Maes, 1999). The following sections will provide an overview of 
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the stress response and components of the immune system that are thought to play a 

role in depression. 

1.2.1 Stress and the hypothalamic-pituitary-adrenal (HPA) axis  

Hans Selye first proposed the idea of a “General Adaptation Syndrome” when he 

observed a ‘non-specific bodily response’ in rats following exposure to a variety of 

nocuous agents such as surgical injury, cold temperatures, spinal shock, excessive 

exercise, and intoxicating drugs (e.g., epinephrine, atropine, morphine, etc.; Selye 

1936). This syndrome was divided into three stages, with each stage accompanied by 

distinct physical and physiological changes like the size of internal organs, release of 

hormonal compounds, fluctuations in body temperature, flushing of the skin, and 

increased salivation, among others (Selye, 1936). Interestingly, Selye noticed that if rats 

were exposed to these nocuous agents for longer periods, even if exposure occurred at 

lower drug doses or with less intense injury, the appearance and functionality of the 

rodent’s organs had seemingly returned to normal. Prolonging exposure to these agents 

even longer (1 to 3 months) resulted in a reappearance of these physical and 

physiological changes, which Selye termed a period of ‘exhaustion’ (Selye 1936). After 

pursuing a line of research that focused on the responses associated with this 

syndrome, Selye eventually defined this general adaptation syndrome as “stress,” and 

defined “stressors” as stimuli in the environment that induce the physical and 

physiological responses associated with stress (Selye, 1950). 

The term stressor is still commonly used today in stress research to define 

internal or external challenges (Chrousos et al. 2009) or real and predicted threats 

(Herman et al., 2003) to the homeostatic mechanisms of an organism. Furthermore, and 



 
 

9 
 

as first demonstrated by Selye in 1963, many studies have continued to reveal the 

broad range of behavioural and physiological responses (reviewed by Schneiderman et 

al. 2005) associated with the ‘stress response,’ which have been deemed necessary to 

promote the survival of an organism (Herman et al., 2016). Importantly, there two 

primary neuroendocrine systems, elegantly described by Belda et al. (2015), that are 

activated following stressor exposure in mammals: the sympathetic-adrenal-medullary 

(SAM) system and the hypothalamic-pituitary-adrenal (HPA) axis. When activated, the 

SAM system triggers various physiological responses that prepare an organism to 

confront a stressor, such as increased heart rate, elevated blood pressure, accelerated 

breakdown of liver glycogen, and the release of catecholamine hormones 

(norepinephrine from sympathetic nerve terminals, and both norepinephrine and 

epinephrine from the adrenal medulla; Belda et al. 2015). These physiological changes 

have been shown occur within 5 mins of stress exposure (Pacak et al., 1995) and are 

highly involved in coordinating the “fight-or-flight” response which enables an organism 

to actively or passively respond to a challenge at hand (Belda et al., 2015). 

As further described by Belda and colleagues, activation of the HPA axis begins 

with stimulation of parvocellular neurons in the paraventricular nucleus of the 

hypothalamus (PVN). Once stimulated, the PVN releases corticotropin-releasing 

hormone (CRH), arginine vasopressin (AVP), and other factors into portal circulation 

within the median eminence, which is an anatomical bridge between the neural and 

peripheral endocrine systems (Yin & Gore, 2010). CRH binds to corticotropin-releasing 

hormone 1 (CRH1) and CRH2 receptors located on corticotrope cells in the anterior 

pituitary (Menke, 2019), which stimulates the release of adrenocorticotropic hormone 
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(ACTH) into systemic blood circulation. ACTH travels through the circulatory system to 

reach the zona fasciculata of the adrenal cortex, which is the peripheral layer of the 

adrenal gland located superior to the kidneys. The zona fasciculata is the general 

endpoint of the HPA axis and is where glucocorticoid stress hormones, such as 

corticosterone in rodents and cortisol in humans (CORT) is released into the circulating 

blood (Belda et al., 2015). Blood levels of CORT typically peak around 15-30 mins 

following onset of an acute stressor but are also known to exhibit a delayed peak in 

response when exposure to a stressor exceeds 30 mins in duration (Belda et al., 2015).  

One of the primary functions of stress-induced CORT release is to suppress HPA 

axis activity through mechanisms of negative feedback (Herman et al., 2016; Jacobson 

& Sapolsky, 1991; McKlveen et al., 2013). More specifically, once released from the 

adrenal cortex, CORT travels through the circulatory system and eventually reaches 

and binds to mineralocorticoid and glucocorticoid receptors (MR and GR, respectively) 

in various regions of the brain implicated in the stress response such as the 

hippocampus, medial prefrontal cortex, and the PVN, as well as the anterior pituitary 

gland (Belda et al., 2015; Herman et al., 2016; Myers et al., 2012). Because CORT has 

a significantly higher binding affinity for MRs (up to ten-fold in comparison to GRs; 

Lupien et al. 2007), and activation of the HPA axis increases CORT output, MRs 

generally become saturated quite rapidly under times of stress, in contrast to the 

estimated 70% of GRs that become occupied (Lupien et al., 2007). It is likely that these 

saturation kinetics, in part, have led researchers to believe that MRs may play a role in 

the initial stages of the stress response, whereas GRs may primarily be responsible for 

negative feedback mechanisms in the recovery stage following stress exposure (Joëls 
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et al., 2008). Nevertheless, suppression of the HPA axis is primarily achieved by CORT 

binding to receptors in the PVN and anterior pituitary, which attenuates the release of 

CRH and ACTH, respectively, thereby reducing ACTH-stimulated release of CORT from 

the adrenal cortex (Herman et al., 2016; Joëls et al., 2008; Rothe et al., 2020).  

Activation of the HPA axis in response to a brief stressor is meant to promote the 

survival of an organism and is typically associated with a gradual increase and timely 

decrease of CORT levels in the blood (Rothe et al., 2020). In contrast, long-term 

elevations in circulating CORT induced by chronic or repeated stress prevent the HPA 

axis from fully recovering at the physiological level. This is known to alter functionality of 

GRs (Rothe et al., 2020) and cause glucocorticoid resistance, which is characterized by 

an impairment in the ability of CORT to induce negative feedback mechanisms (Quax et 

al., 2013). In turn, glucocorticoid resistance significantly disrupts HPA axis reactivity 

(Dhabhar & McEwen, 1997; Myers et al., 2012; Pariante, 2017), and is typically 

reflected by a hyperreactive and/or prolonged stress-induced CORT response to 

stressors (Rothe et al., 2020; Zunszain et al., 2011). Because long-term elevations of 

CORT have been shown to negatively impact physiological processes which coordinate 

homeostasis like the regulation of inflammation (G. E. Miller et al., 2002; Silverman & 

Sternberg, 2012), glucose metabolism (Kuo et al., 2015), and hippocampal 

neurogenesis (Mayer et al., 2006) as well as cognitive processes like learning and 

memory (Conboy & Sandi, 2010; Jing et al., 2015; Shors, 2004) and emotion (Kerr et 

al., 2020; Van Eck et al., 1996), chronic and/or repeated stress is suggested to 

contribute to the development of various medical conditions (Cohen et al., 2012; 

Machado et al., 2014; Marin et al., 2011; Starkman et al., 2001; Whitworth et al., 2000, 
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2005), including depression (Feder et al., 2009; Marin et al., 2011; Mizoguchi et al., 

2003; Van Eck et al., 1996).  

1.2.2 Stress, the HPA axis, and depression 

A history of exposure to frequent psychological, psychosocial, and/or dietary 

stressors as well as childhood trauma, and maternal separation are all suggested to be 

critical factors underlying depressive illness (Bao et al., 2008; Berk et al., 2013; Slavich 

& Irwin, 2014; Swaab et al., 2005). As such, it is reasonable to conceive that the HPA 

axis may, in some way, play an important role in the development of depressive 

symptoms. In support, reports estimate that up to 80% of individuals diagnosed with 

depression exhibit HPA axis hyperactivity, characterized by elevated blood levels of 

CORT and/or ACTH (Stetler & Miller, 2011). Moreover, there is evidence that the CORT 

response to acute stress is amplified in depressed men, while depressed women 

typically display a blunted CORT response (H. M. Burke et al., 2005; Zorn et al., 2017), 

suggesting a possible sex-specific dichotomy in dysregulated HPA axis activity in 

depression. Nevertheless, administration of antidepressant medications have been 

shown to normalize HPA axis function in depressed individuals (Bao et al., 2008; H 

Himmerich et al., 2005; Nikkheslat et al., 2020), further supporting the role of 

dysregulated HPA axis activity in the pathophysiology of the disorder. 

A meta-analysis conducted in 2005 also found that CORT levels in people living 

with depression remained significantly higher during the recovery period after exposure 

to an acute stressor (H. M. Burke et al., 2005), suggesting that impaired negative 

feedback of the HPA axis may be a critical pathophysiological mechanism involved in 

depression (Holsboer, 2013; Pariante, 2004). This idea is further supported by 
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pharmacological studies that have reported impairments in negative feedback on the 

HPA axis following administration of dexamethasone (Bernard J. Carroll et al., 1981; 

Juruena et al., 2006)—a synthetic glucocorticoid that suppresses HPA axis output (B. J. 

Carroll et al., 1968; Menke, 2019)—and, in studies combining dexamethasone with 

CRH stimulation. In both of these pharmacological tests, it was found that depressed 

individuals displayed higher levels of ACTH and CORT in comparison to non-depressed 

controls (Holsboer, 2013). As studies continue to identify dysregulated HPA reactivity in 

depressed individuals (Lok et al., 2012; Zorn et al., 2017), there is no question as to 

why many researchers firmly believe that stress plays a prominent role in the 

precipitation of depression symptoms. Accordingly, some researchers have even 

proposed that treatment options should be developed that specifically target 

components of the HPA axis, such as antagonists of GRs and CRH (Menke, 2019). 

Many types of stressors that negatively impact mood in humans have also been 

shown to cause depressive-like behavioural changes in rodents. Accordingly, many 

researchers have examined the impact of these stressors on rodent behaviour and 

physiology in attempts to uncover potential neurobiological mechanisms which may 

underly the link between stress and depression. Specifically, exposure to various types 

of laboratory stressors including psychological stress (Kerr et al., 2020; J. Wang & 

Patten, 2001; L. Yang et al., 2015), social stress (Boesch et al., 2014; J. J. W. Liu et al., 

2017; T. Takahashi et al., 2005), chronic stress (G. E. Miller et al., 2002; Moriguchi 

Jeckel et al., 2009), immune stress (Handke et al., 2020; Lasselin et al., 2017), and 

metabolic stress (Gold et al., 1995; McCrimmon et al., 1999; Strachan et al., 2000) have 

been shown to increase immobility in the FST (Aricioğlu et al., 2020; Becker et al., 
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2008; Bowers et al., 2008; Der-Avakian et al., 2014; Dou et al., 2014; M. J. Park et al., 

2012; Tonelli et al., 2008) and/or reduce sucrose (Bekris et al., 2005; Remus et al., 

2015; Rygula et al., 2008) or saccharin (Harkin et al., 2002; M. J. Park et al., 2012; 

Yirmiya, 1996) preference in both rats and mice.  

A link between the HPA axis and depressive-like behaviours has been 

demonstrated through various pharmacological studies as well. For example, Iijima et 

al. (2010) found that injecting rats with exogenous CORT for 21 days increased 

immobility in the FST—an effect that is blocked when rats were pre-treated with a GR 

antagonist (Ago et al., 2008). Moreover, the latter study found that chronic, but not 

acute CORT injections increased FST immobility (Ago et al., 2008), further suggesting a 

role of repeated, but not acute stress exposure in the development of depression. Other 

studies have tested the effects of repeated ACTH administration and have produced 

conflicting results (Calvez et al., 2011; Kitagawa et al., 2009; Kitamura et al., 2002, 

2008; Tokita et al., 2012; A. J. Walker et al., 2013). Interestingly, however, these studies 

did find that repeated ACTH and CORT injections reliably blocked the anti-immobility 

effect of some clinically approved antidepressant drugs in the FST (Iijima et al., 2010; 

Kitamura et al., 2008; A. J. Walker et al., 2013), which has been proposed as a 

neurobiological mechanism underlying treatment non-response in some depressed 

individuals (Gaynes et al., 2020; Souery et al., 2006). Finally, there is evidence that 

CRH-releasing neurons in the hypothalamus can directly impact mood, as it was shown 

that optogenetic activation of these neurons induces an aversive state in rats as 

measured by conditioned place aversion (CPA). This finding was interpreted to suggest 

that CRH-releasing neurons in the PVN mediate the positive and negative emotional 
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responses to stimuli (J. Kim et al., 2019), and further implicates the role of the HPA axis 

in mood disorders like depression.  

1.2.3 Cytokines and inflammation in depression  

Cytokines are signaling proteins of the immune system that are primarily known 

for their roles in orchestrating the pro- and anti-inflammatory responses to pathogens 

(Henry et al., 2008; D. R. Murray & Freeman, 2003). However, there is evidence that 

cytokines are also involved in a variety of other biological processes such as energy 

metabolism (Antuna-Puente et al., 2008; Ghanemi and St-Amand, 2018), synaptic 

plasticity (Stellwagen, 2005; Santello and Volterra, 2012), and the stress response 

(Dunn, 2006; Turnbull & Rivier, 1995). Cytokines are released by a variety of cells in the 

body, including but not limited to macrophages (Duque and Descoteaux, 2014), 

adipocytes (Antuna-Puente et al., 2008), and myocytes (Pedersen, 2007). When 

cytokines are released, they circulate and bind to their respective receptors expressed 

on the surface of various tissues throughout the body. Under certain conditions, such as 

infection, cytokine activity increases and is maintained through a process known as cell-

mediated immune (CMI) activation of inflammation (Miller et al., 2009). T-lymphocytes 

(T-cells) are at the forefront of CMI activation and orchestrate the release of both pro- 

and anti-inflammatory cytokines, such as interleukin (IL)-6, IL-1ß, IL-17 and tumor 

necrosis factor (TNF)-α as well as IL-10 and IL-2, respectively (Miller et al., 2002, 2009).  

 Since the late 20th century, the “inflammatory hypothesis of depression” has 

gained increasing interest as one potential mechanism underlying the pathophysiology 

of MDD (Maes, 1995). Increasing support for this hypothesis ensued following a number 

of reports which together indicated that roughly 40-70% of patients diagnosed with 
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systemic illness like Hepatitis C, progressively developed symptoms of depression while 

undergoing long-term therapy with the cytokine-inducer interferon-α (Kovacs et al., 

2016). In clinical studies, a number of patients diagnosed with MDD display elevated 

blood levels of the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α. Moreover, 

elevated levels of c-reactive protein, an immune molecule which increases in the blood 

as part of the acute inflammatory response, has also been reported in many depressed 

individuals (Howren et al., 2009; Dowlati et al., 2010). Importantly, not all people who 

become depressed exhibit increased inflammation, which has presented a significant 

challenge in understanding the link between the immune system and depression 

(Pariante, 2017). To this end, it may be that “inflammatory cytokine-associated 

depression” presents a specific subtype of depressive disorder (Lotrich, 2015), and that 

this specific subtype could provide insight about potential neuroimmunological 

mechanisms that underly treatment resistance as this phenomenon is often observed in 

people with inflammatory depression (Strawbridge et al., 2015, 2017; A. J. Walker et al., 

2015).  

At the pre-clinical level, studies in rodents have repeatedly demonstrated that 

various stressor types known to induce depressive-like behaviours in rodents can also 

stimulate inflammation. For instance, rats exposed to repeated immobilization stress, a 

rodent psychological stressor (Lovelock and Deak, 2017), display an exacerbated pro-

inflammatory response to the cytokine-inducer lipopolysaccharide (LPS; Laukova et al., 

2018). Similarly, acute exposure to psychophysical stress induced by forced swimming 

increased serum concentrations of the pro-inflammatory cytokines IL-6 and TNF-α 

(Himmerich et al., 2013). Repeated exposure to FSS for five days increased IL-1β in the 
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PVN, which was accompanied by an increase in serum CORT and c-FOS expression (a 

marker of neuronal activation) in the prefrontal cortex of rats (Lovelock and Deak, 

2017). It was also found that repeated exposure to water avoidance stress, a putative 

psychological stressor (Kristenssson et al., 2006), increased IL-1β in serum and central 

levels of IL-1β, IL-6 and TNF-α. Studies have also demonstrated that antidepressant 

drugs which mitigate depressive-like behaviours in rodents also normalize the 

inflammatory response to stressors (Clarke et al., 2017; Lu et al., 2017; Tan et al., 

2017), further substantiating the role of inflammation in the pathophysiology of 

depression. Finally, direct evidence for inflammatory depression comes from studies 

that have induced depressive-like behaviours (increased FST immobility and/or reduced 

saccharin preference) by administering the pro-inflammatory cytokines interferon-α 

(Fischer et al., 2015) and TNF-α (Clarke et al., 2017; Y. N. Liu et al., 2015; Jason C. 

O’Connor et al., 2009) as well as the immune stimulant LPS (Pan et al., 2013; Suento et 

al., 2021; Yirmiya, 1996). Similarly, other studies have found that administration of 

cytokine blockers which reduce TNF-α activity, like infliximab (Y. N. Liu et al., 2015) or 

etanercept (Bayramgürler et al., 2013; Krügel et al., 2013), can mitigate depressive-like 

behaviours induced by stress. Taken together, these findings support the hypothesis 

that depression involves dysregulated immune system activity and suggests a potential 

biological mechanism underlying the development of depressive symptoms. 

1.3 Dietary factors in depression 

In just over a decade, numerous studies have reported an inverse relationship 

between diet quality and psychiatric disorders (Akbaraly et al., 2009; Jacka et al., 2010, 

2011; Kuczmarski et al., 2010; Nanri et al., 2010; Sánchez-Villegas et al., 2009, 2012). 
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The ‘Western’ dietary pattern is typically composed of highly processed, refined foods 

and drinks that are energy-rich (i.e., high-fat, high-sugar) and deficient in essential 

nutrients like vitamins and minerals that are considered necessary for optimal biological 

function (Cordain et al., 2005; T. S. S. Rao et al., 2008). Importantly, the sale of food 

and drink associated with Western dietary patterns have been rapidly increasing around 

the world (Moodie et al., 2013), and as reviewed by Lang et al. (2015), several 

longitudinal studies have demonstrated that lifestyles composed of Western dietary 

patterns are associated with an increased risk of depression. Hence, the following 

sections will provide an overview of the impact of fat and sugar on affective disorders, 

with an emphasis on the latter due to the central theme of impaired glucose metabolism 

in subsequent chapters of this dissertation. 

1.3.1 The role of high-fat diets in depression 

There is significant evidence in support of a link between obesity and depression 

across all age groups and sex (Luppino et al., 2010; Milaneschi et al., 2019; W. W. Rao 

et al., 2020; Stunkard et al., 2003). This has given rise to the idea that fats—particularly 

those typically associated with poor medical outcomes like trans- and saturated fat 

(González-Becerra et al., 2019; Islam et al., 2019; Willett, 2012)—may precipitate 

depressive symptomology (D. Li, Liang, et al., 2020; D. Li, Zheng, et al., 2020), whereas 

‘good’ fats like omega-3 polyunsaturated fatty acids (PUFA) may provide benefits to 

mental health (Horman et al., 2020; Sublette et al., 2011; Thesing et al., 2018; A. leila 

Williams et al., 2006). Interestingly, while a meta-analysis in 2014 provided early 

support for the clinical efficacy of omega-3 PUFAs in treating depression (Grosso et al., 

2014), a large review published only a year later indicated that a large number of clinical 
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trials found no evidence in support of this relationship, and that many studies supporting 

the effects of omega-3 PUFAs on depressed mood may have been a result of 

publication bias (Wani et al., 2015). Importantly, the latter findings do not rule out the 

impact of high-fat diets on the development of depression; rather, they may simply 

reflect the complexity of depression as it relates to dietary factors and may even 

emphasize the idea that solely isolating dietary patterns may not be a sufficient 

approach when attempting to treat depressed mood.  

At the pre-clinical level, various studies have shown that diets high in trans and 

saturated fats directly impact on depressive-like behaviour and physiology. For 

example, rodents fed a high-fat diet (HFD) tend to display increased immobility in the 

FST as well as physiological abnormalities like increased weight gain and glucose 

intolerance (Boldarine et al., 2019); changes in cholesterol ratio and abnormal 

expression of genes associated with de novo lipid biosynthesis (H. Yu et al., 2021); and, 

decreased expression of hippocampal GRs and reduced neuronal proteins responsible 

for synaptic plasticity (Arcego et al., 2018). Importantly, it was found that transitioning 

mice from a HFD to a diet composed of nutrients and low levels of saturated and trans 

fats was sufficient to reverse the behavioural and metabolic abnormalities induced by a 

HFD (Braga et al., 2021). Moreover, it was shown that enriching diets with omega-3 

PUFAs can reverse depressive-like behaviours induced by stress (Bove et al., 2018; 

Mimi Tang et al., 2015), reduce markers of inflammation in the blood, including the pro-

inflammatory cytokines TNF-α and IL-6 (Yali Wei et al., 2021), and produce changes in 

fatty acid composition within brain regions implicated in mood disorders (Horman et al., 

2020). Taken together, it is quite evident that saturated and trans fats play an important 
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role in depression, and that omega-3 PUFAs may have some merit in restoring the 

behavioural and physiological deficits observed in depression, particularly in people with 

a history of poor dietary habits and higher body mass index. 

1.3.2 Glucose metabolism and depression 

Neurons in the adult brain exhibit the highest energy demand (Howarth et al. 

2012), and because glucose is the primary source of energy utilized by the brain 

(Schönfeld & Reiser, 2013), it is highly important for glucose levels in the blood to 

remain tightly regulated within homeostatic ranges (Tirone & Brunicardi, 2001). 

Although the brain accounts for about 2% of total body weight in a human, early studies 

estimate that the brain consumes about 20% of total glucose-derived energy, making it 

the primary consumer of glucose in the body (Erbslöh et al., 1958). Circulating glucose 

can enter a cell through various glucose transporters, namely glucose transporter 

(GLUT)-1 through GLUT-5 (Tirone & Brunicardi, 2001). On the one hand, GLUT-1 is the 

primary transporter of glucose across the blood-brain barrier (Thorens, 1996) and 

becomes saturated quite rapidly when glucose levels in the blood are low, which is 

thought to protect the brain from dramatic fluctuations in blood glucose levels (Maher et 

al., 1994). On the other hand, GLUT-4 is the primary transporter found in myocytes and 

adipocytes and are one of main transporters involved in the maintenance of glucose 

homeostasis (Bryant et al., 2002; Elmendorf, 2002). Importantly, GLUT-4 is not normally 

located on the cell surface and is instead stored in intracellular vesicles. Activation of 

GLUT-4 is achieved by a small peptide hormone called insulin (Bimbaum, 1992; 

Stephens & Pilch, 1995), which binds to insulin receptors on the cell surface and 

initiates a series of intracellular cascades that ultimately result in the translocation of 
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GLUT-4 into the cell membrane (Bimbaum, 1992; Elmendorf, 2002; Thorens, 1996). In 

circumstances when ambient glucose levels increase, insulin is released by pancreatic 

β-cells to stimulate the uptake of glucose into myocytes and adipocytes, thereby 

maintaining glucose within homeostatic ranges (Coore & Randle, 1964; Lin & Haist, 

1969; Röder et al., 2016) 

One way by which cells (including neurons) utilize glucose for energy is through 

glycolysis (R. A. Harris, 2013). Glycolysis is a cascade of biochemical reactions which 

catabolize glucose into its constituents to form adenosine triphosphate (ATP; Harris 

2013)—the primary energy source in the cell (Casem, 2016). As Dienel (2012) mentions 

in their review, ATP is critically important for neuronal energetics, maintenance, and 

function. And together with glucose, ATP is also important in the production and 

metabolism of the main excitatory neurotransmitter glutamate (Pellerin & Magistretti, 

1994), which emphasizes the importance of glucose in the maintenance of optimal brain 

function. Importantly, Fox and colleagues noticed that under conditions where the brain 

becomes highly active, glucose uptake significantly increases and glycolysis 

predominates as the primary source of bioenergetics (Fox et al., 1988). These findings 

are especially important when considering the concept of stress, which is highly 

constraining on the brain and demands a significant number of cognitive resources (Felt 

et al., 2021; Lupien et al., 2007; Marin et al., 2011). What’s more, stress is known to 

increase the rate by which glucose is transported to the brain (Kuo et al., 2015), which 

likely reflects the increased brain activity observed under stressful circumstances (S. L. 

Lim et al., 2020; Sinha et al., 2016; Uselman et al., 2020). 
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There is evidence that changes in the level of blood glucose can negatively 

impact mood, which may contribute to the onset of depression symptoms. 

Hypoglycemia is the biological state of low glucose concentration and/or availability 

(Labib, 2014) and is typically associated with changes in mood (McCrimmon et al., 

1999), cognition (Strachan et al., 2000), and behaviour (Bischoff et al., 1992). 

Interestingly, Gold and colleagues reported that non-diabetic humans exposed to 

experimentally induced hypoglycemia tend to exhibit deficits in hedonic tone and 

feelings of ‘tense arousal,’ which dissipated when blood glucose levels returned to 

normal values (Gold et al., 1995). A similar study found that acute hypoglycemia 

induced changes in mood-state which were associated with negative appraisal of life 

situations and ‘tense tiredness’ without altering traits associated with participants’ 

personality (McCrimmon et al., 1999). Finally, Strachan and colleagues observed that a 

severe hypoglycemic episode in diabetic individuals was associated with prolonged 

elevations in depressed mood and anxiety in comparison to diabetic individuals who did 

not experience such an episode (Strachan et al., 2000). Together with studies 

supporting a link between mood disorders and impaired glucose metabolism (C.-T. Li et 

al., 2015; Pashaki et al., 2019), these findings suggest that hypoglycemia may be a 

contributor to negative emotional states often observed in depression.  

At the pre-clinical level, hypoglycemia can be induced experimentally in rodents 

by administering the glycolytic inhibitor, 2-deoxy-D-glucose (2-DG). 2-DG is readily 

taken up by the cell and abruptly inhibits glycolysis, leading to cellular hypoglycemia, 

endoplasmic reticulum (ER) stress, and reductions in cellular ATP (Takahashi et al., 

1997; Yu and Kim, 2010; Xi et al., 2011). Administration of 2-DG has been shown to 
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cause behavioural changes such as reduced locomotor activity as well as conditioned 

taste (Dibattista, 1988) and place (Horman et al., 2018) avoidance. Moreover, 2-DG has 

also been shown to stimulate CORT (Chevrier, Hammiche, & Brudieux, 1982) as well as 

pro-inflammatory cytokines such as those observed in depression (IL-6, IL-1β, and TNF-

α; Dréau et al. 2000).   

2-DG may stimulate the stress response and the immune system by activating 

the sympathetic nervous system (Scheurink and Ritter, 1993; Ritter et al., 1998), but 

may also do so by inducing the unfolded protein response (UPR; Kishi et al., 2010). The 

UPR is a mechanism within the cell that responds to misfolded proteins in the cytosol 

(Kishi et al., 2010) and is thought to increase glucose production during hypoglycemia 

(Gonzales et al., 2008). 2-DG has been shown to induce the UPR by disrupting N-linked 

glycosylation, which is a process where oligosaccharides (i.e., sugar chains formed 

from polymers of glucose) are added to the amide group of an asparagine residue 

within a growing polypeptide in order to facilitate protein folding (Aebi, 2013). If the 

addition of glucose to oligosaccharides is disrupted, misfolded polypeptides which lack 

their necessary oligosaccharide chains begin to accumulate within the cell. This can 

activate the UPR and cause ER stress (Kurtoglu, Maher, et al., 2007; Xi et al., 2014), 

which is associated with altered reactivity of the HPA axis via changes in glucocorticoid 

receptor activity (Penney et al., 2017). Central activation of the UPR by compounds like 

tunicamycin have been shown to induce depressive-like behaviours like increased 

escape latency during an active avoidance task, increased float time in the FST, and 

decreased sucrose preference (Timberlake et al., 2019). Furthermore, behavioural 

deficits induced by UPR activation were associated with physiological correlates of 
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depression like decreased weight gain and elevated pro-inflammatory cytokines, 

including TNF-α, IL-6, and IL-1β (Timberlake et al., 2019). Taken together, while the 

exact mechanisms by which 2-DG exerts its effects on behaviour and physiology remain 

limited, this drug still provides great utility for exploring the effects of cellular 

hypoglycemia as it relates to behavioural and physiological correlates of depression in 

rodents. Moreover, these studies emphasize the importance of glycemic control in mood 

and motivation, and further suggest that hypoglycemia may contribute to the 

development of depression by interfering with an organism’s ability to adequately 

respond to stressful stimuli in the environment (see 1.5 Stressor Interactions). 

1.4 Conditioned factors in depression 

As described by Heller (2020), the brain is an associative learning organ—it allows 

an organism to make predictions based on what it has learned about a given context 

and to engage in behaviours that are most likely to promote survival in that context. 

While associative learning, or the pairing of a stimulus with an outcome (Pavlov, 2010), 

is thought to be evolutionarily adaptive (Nesse, 1999; Nesse & Ellsworth, 2009), 

‘pathological’ thought patterns may arise if an individual begins to perceive ambiguous 

stimuli as threatening or dangerous, which can lead to maladaptive behavioural and 

cognitive tendencies. Importantly, cognitive deficits like maladaptive information 

processing and inaccurate beliefs are thought to play a key role development of 

depression (A. T. Beck, 1967; Aaron T. Beck, 2008; DeRubeis et al., 2008), and may be 

a result of impaired associative learning (Harmer et al., 2018; Olausson et al., 2013; 

Pryce et al., 2011; Vrieze et al., 2013). As such, cognitive therapy was developed as a 

treatment approach which aims to correct maladaptive and inaccurate thought patterns 
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exhibited by depressed individuals (A. J. Rush & Beck, 1978). At the pre-clinical level, 

researchers have attempted to understand the role of psychological factors in 

depression via associative learning tasks, which are based on the principles of classical 

conditioning originally defined by Ivan Pavlov around the start of the 20th century. As 

conditioned factors in depression present yet another central theme to this dissertation, 

the following sections will provide an overview of classical conditioning as well as 

studies which support the role of associative learning in depression. 

1.4.1 Classical conditioning 

Classical conditioning—otherwise known as Pavlovian conditioning (Lattal & 

Lattal, 2012)—involves the formation of a learned association between a generally 

neutral stimulus and a naturally rewarding or aversive stimulus (unconditioned stimulus; 

UCS). In the early experiments by Pavlov between 1897 and 1927, he described that 

the presentation of food (a UCS) to dogs would naturally cause them to salivate 

(unconditioned response; UCR). Interestingly, Pavlov noticed that if he rang a bell (a 

neutral stimulus) prior to the presentation of food, and did this multiple times, the ringing 

of the bell alone would come to elicit salivation from the dogs. In this context, Pavlov 

had conditioned the dogs to understand that a ringing bell meant subsequent food 

presentation. Thus, the bell acquired appetitive properties of the food and had become 

the conditioned stimulus (CS), and the salivation elicited from the ringing bell had 

become the conditioned response (CR; Pavlov 2010). In other words, the bell predicted 

the presentation of food and would essentially prime the dog’s salivation response in the 

anticipation of the rewarding stimulus. In this sense, classical conditioning mainly 

focuses on a CS that is presented prior to behaviour, as a means to change that 
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behaviour (Ploog, 2012). Overall, the original study by Pavlov laid the groundwork for 

decades of research into the principles of learning and memory through mechanisms 

associated with classical conditioning.  

1.4.2 Pavlovian conditioned factors in depressive-like behaviours 

In 1967, Overmier and Seligman found that if animals were repeatedly exposed 

to a traumatic stressor (i.e., shock) with a route of escape, they would eventually learn 

to escape the stressor without hesitation. However, when they exposed animals to 

repeated shocks without an opportunity for escape, they would exhibit no signs of 

avoidance of the stressful stimulus. Importantly, this lack of avoidance continued to 

occur even when escape was later possible, which laid the foundation for the concept of 

learned helplessness (LH; Overmier and Seligman 1967). Since their discovery, LH has 

repeatedly been used to model depression in rodents as it induces passive behavioural 

states reflective of those observed in depressed humans (Daniels et al., 2019), and is 

sensitive to antidepressant treatments (Pryce et al., 2011; Ramaker & Dulawa, 2017; 

Shirayama et al., 2004; Shirayama & Hashimoto, 2017). Despite its continued use, 

some issues have been raised in concern of its utility to model depression in rodents. 

For instance, acute antidepressant drug treatment is effective in LH, whereas chronic 

treatment is typically required to improve depressive symptoms in people (Planchez et 

al., 2019; Ramaker & Dulawa, 2017). As well, significant variability in the induction of 

behavioural deficits in the LH paradigm can limit the paradigm’s reliability and 

practicality in the assessment of antidepressant drug efficacy (Ramaker & Dulawa, 

2017); however, Hao and colleagues have argued in favour of LH, suggesting the model 

has good face and predictive validity (Hao et al., 2019). Importantly, LH tends to 
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produce short-term behavioural deficits which is not concurrent with the behavioural 

syndrome observed in humans in which depressive symptoms tend to be chronic 

(Weiss & Kilts, 1998). Lastly, there is evidence that rats can “artefactually” avoid shock 

by repositioning themselves within the testing apparatus, which could possibly interfere 

with endpoints of escape latency and escape attempts in this task (Porsolt, 2000). 

Regardless of these criticisms, LH still remains as one of the most commonly used 

behavioural assays to assess neurobiological and psychopharmacological mechanisms 

underlying associative learning, which can certainly provide insight about potential links 

between the principles of classical conditioning and depression. 

Another pre-clinical paradigm commonly used to assess associative learning is 

place conditioning. As described by Rossi and Reid (1976), place conditioning is based 

on the hypothesis that a rodent would approach a context where it had experienced a 

positive emotional state and would avoid a context where it had experienced a negative 

emotional state (Rossi & Reid, 1976). With repeated pairings, it is assumed that the 

rodent forms a learned association between the affective state elicited by an UCS (i.e., 

a drug) and a CS in which the rodent experienced this affective state (i.e., the context; 

Cunningham et al. 2006). As a result, it is thought that the CS elicits similar 

psychological effects as the UCS would itself (Cunningham et al., 2006), which provides 

a unique approach to examine the impact of drugs and their paired contexts on affective 

states and behavioural patterns in rodents. For example, while hypoglycemia has been 

shown to negatively impact mood in humans (Gold et al., 1995), it was found that rats 

will avoid a context previously paired with injections of the hypoglycemic drug 2-DG 

(Horman et al., 2018). Similarly, while rats readily consume saccharin-flavoured water 
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(Smith et al., 1980; Xenakis & Sclafani, 1981; Yamamoto & Kutscher, 1980), it was 

shown that pairing the presentation of this sweet solution with injections of 2-DG caused 

rats to avoid the naturally rewarding stimulus (Dibattista, 1988), which suggests that 

conditioned avoidance responses induced by hypoglycemia may be a result of its 

effects on hedonic processing.  

Interestingly, although much research has focused on the role of associative 

learning in the cause of depressive-like behavioural responses, other pre-clinical studies 

have provided evidence that associative learning may even be involved in the 

therapeutic effects of novel antidepressant compounds like ketamine (Krimmel et al., 

2019). This suggests that drug-environment interactions may be a potential mechanism 

by which this drug produces its therapeutic effects in humans (Matveychuk et al., 2020; 

Phillips et al., 2019). Nevertheless, these studies emphasize the importance of 

conditioned factors in affective states and suggest that principles of Pavlovian 

conditioning may be an important factor to consider in depressive symptomology as well 

as antidepressant drug effects. 

1.5 Stressor interactions 

The idea that different types of environmental challenges can activate the HPA 

axis may give the impression that all stressors affect an organism equally. However, 

there is mounting evidence to suggest that different types of stressors exist, and that 

some of these stressor types differ based on the neurocircuitry by which they activate 

the HPA axis (Herman & Cullinan, 1997). This is a critical factor to consider in stress 

research and may even be an important factor to consider in the relationship between 

stress and depression. Accordingly, given the often multimodal nature of stressors in 
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the environment (i.e., multiple stressors interacting simultaneously; Lovelock and Deak 

2017), a central theme of the current dissertation focused on the interaction between 

different stressor types on indices of depressive-like behaviour and physiology. The 

following sections will provide an overview of evidence in support of stressor-dependent 

neurocircuitry, early models of chronic stress (and why they may have overlooked the 

concept of stressor interactions), and some of the more recent evidence which 

demonstrates the impact of interacting stressors on behaviour and physiology. 

1.5.1 Stressor-dependent activation of the HPA axis 

In an extensive review of the literature, Herman and Cullinan (1997) highlighted 

important findings which indicated that different stressor types tend to stimulate the HPA 

axis through distinct neural mechanisms. More specifically, stressors which act more 

directly on homeostatic mechanisms (systemic stressors; Herman and Cullinan, 1997), 

such as hypoxia (Bruener et al., 1961) and hypoglycemia (Scortegagna et al., 2003), 

tend to stimulate the HPA axis via neural afferents projecting from brainstem nuclei to 

the paraventricular nucleus of the hypothalamus (Herman & Cullinan, 1997). In contrast, 

stressors that require appraisal of a threatening situation (originally termed processive 

stressors; Herman and Cullinan, 1997) typically stimulate the HPA axis via projections 

originating in forebrain limbic structures. Taken together, these findings emphasize the 

importance of stressor type on HPA axis activation and suggest that if multiple stressor 

types are presented either simultaneously or in rapid succession, it is possible that the 

typical responses to either stressor alone would be altered, or even dysregulated.  
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1.5.2 Chronic mild stress and the importance of stressor interactions 

At the pre-clinical level, the chronic mild stress (CMS) paradigm was developed 

to understand the effects of chronic stress on depressive-like behaviour, and the ability 

of antidepressant drugs to reverse these effects (P. Willner et al., 1987; Paul Willner, 

2017). Originally, the design of the model was based on previous research by Katz and 

colleagues, who demonstrated that intermittent (every 2-3 days) exposure to various 

types of stressors like unpredictable foot shock, cold swim stress, or prolonged food and 

water deprivation over the course of 3 weeks produced deficits in saccharin preference, 

which were reversed by antidepressant drugs (Katz, 1982). The stressors used in the 

CMS procedure developed by Willner and colleagues were much ‘milder’ in comparison 

to the ones used by Katz due to animal welfare concerns (Paul Willner, 2017), but 

nevertheless still resemble the types of stressors used in Katz’ original study (Paul 

Willner, 2017). In this CMS procedure, rodents were exposed to multiple types of 

stressors like food and water deprivation, continuous lighting, tilted home cage, grouped 

housing, wet bedding, and cold ambient temperatures over the course of 5 weeks (P. 

Willner et al., 1987).  

One of the key findings reported by Willner (1987) was that chronic exposure to 

the various stressors reduced consumption of sucrose-sweetened water, which was 

thought to reflect a state of consummatory anhedonia (P. Willner et al., 1987). However, 

subsequent studies challenged this perspective, suggesting that sucrose consumption 

was relative to changes in body weight of the animals, and that reduced consumption 

was thus a result of lowered caloric demand and was not reflective of an anhedonic-like 

state in rodents (Forbes et al., 1996; Matthews et al., 1995). This critique was refuted by 
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later studies that reported CMS-induced deficits in sucrose consumption regardless of 

body weight changes, and even when changes in body weight were accounted for 

(Papp et al., 2016, 2017; Paul Willner, 1997; Paul Willner et al., 1996). Moreover, 

studies using intracranial self-stimulation and place conditioning have demonstrated that 

exposure to CMS increased reward thresholds and disrupted acquisition of place 

preference for natural and drug reinforcers (Papp et al., 1991, 1992), which suggests a 

direct impact of the CMS procedure on central mechanisms involved in reward 

processing. Thus, while some studies have challenged the utility of CMS, others have 

certainly provided support for its use to study the relationship between stress and 

reward deficits as they relate to depression at the pre-clinical level. 

While Willner and colleagues as well as subsequent studies employing the CMS 

paradigm have historically focused on presenting stressors in an unpredictable manner, 

it is important to note that many of these stressors were also presented simultaneously 

in order to maintain a ‘chronically stressed state’ in the rodent (Haile et al., 2001; P. 

Willner et al., 1987). Given the evidence highlighting stressor-dependent activation of 

the HPA axis, this simultaneous presentation of multiple stressors introduces the 

possibility that stressor interactions may play a key role in the effects of CMS exposure, 

and emphasizes the potential importance of understanding these interactions when 

interpreting behavioural endpoints following CMS. To that end, Remus and colleagues 

demonstrated that food and water deprivation immediately following CMS enhanced the 

negative impact of the chronic stress paradigm on sucrose preference, suggesting that 

CMS interacted with metabolic stress to amplify anhedonic-like responses in rodents 

(Remus et al., 2015). The idea that stressor interactions may well be influencing the 
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effects of CMS is also supported by a study conducted by Deak and Lovelock in 2017. 

In their study, they exposed rats to restraint stress followed by forced swimming, with 

the idea that repeated exposure to this sequence of stressors should enable the rodent 

to predict the occurrence of the second stressor, and perhaps accelerate habituation of 

the HPA axis response—a phenomenon which typically occurs following repeated 

exposure to restraint (D. F. Lovelock & Deak, 2017; Dennis F. Lovelock & Deak, 2018) 

as well as forced swimming (Dal-Zotto et al., 2000; D. F. Lovelock & Deak, 2017). 

Instead, they found that sequential exposure to the two stressors attenuated the typical 

habituation of the HPA axis which occurred following repeated exposure to either 

stressor in isolation (D. F. Lovelock & Deak, 2017). Similarly, Deak and colleagues 

demonstrated that even a single session of restraint stress combined with 

psychophysical stress induced by an orbital shaker amplified the CORT and pro-

inflammatory responses typically observed following exposure to restraint alone (Deak 

et al., 2005). Taken together, these findings suggest that predictability may not solely 

influence the effects observed following CMS, and further emphasize that the interaction 

between different stressor types—a concept often overlooked in CMS procedures—is 

an important factor to consider, especially when investigating the effects of stress on 

behavioural and physiological correlates of depression in rodents.  

1.6 Treatment for MDD 

Typically, depression is treated with medications that target monoaminergic 

systems in the brain and/or with psychotherapy (i.e., cognitive-behavioural therapy; 

Corbett 2018). There is also evidence which supports the use of electroconvulsive 

therapy (Versiani et al., 2011) and deep brain stimulation (Kennedy et al., 2011; 
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Schlaepfer et al., 2008, 2013) for the treatment of severe depression. Finally, clinical 

studies have shown that vagal nerve stimulation (Bajbouj et al., 2010), transcranial 

magnetic stimulation (Fregni et al., 2006; Gershon et al., 2003; O’Reardon et al., 2007; 

Pascual-Leone et al., 1996), and transcranial direct current stimulation (Boggio et al., 

2008; Valiengo et al., 2013) also produce antidepressant effects in humans, although 

these methods still require regulatory approval. In Canada, antidepressant medications 

are recommended as a first-line treatment option for depression (Tran et al., 2021).  

1.6.1 First-generation antidepressants 

According to Hillhouse and Porter (2015) in their brief history of antidepressant 

drugs, monoamine oxidase inhibitors (MAOI) and tricyclic antidepressants (TCA) were 

the first two medications used to treat depression in the late 1950s and early 1960s—

these drugs are now commonly referred to as the first-generation antidepressants (E. 

O’Connor et al., 2009). Many reviews have discussed the history of first-generation 

antidepressants, and have all highlighted their serendipitous nature of discovery 

(Hillhouse & Porter, 2015; López-Muñoz et al., 2007; Pletscher, 1991). More 

specifically, the MAOI iproniazid was a drug originally synthesized to improve the 

tuberculostatic effects of its parent compound, isoniazid (Herbert Fox & Gibas, 1953). 

But interestingly, treatment with iproniazid was accompanied by unusual side effects 

like psychomotor stimulation, increased appetite, insomnia, libido changes, and 

euphoric-like behavioural changes (Ayd, 1957; Kamman et al., 1953). Loomer et al. 

(1957) took interest in some of the side effects of iproniazid and investigated their utility 

in the treatment of depressive illness. In this clinical trial, Loomer and colleagues found 
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that chronic administration of iproniazid relieved approximately 70% of patients from 

their depressed state.  

As summarized by Pletscher (1991), these findings established the first 

antidepressant drug for depression, but due to serious side effects of iproniazid 

treatment that progressively appeared after market approval (e.g., hypertension and 

excessive sweating, among others), it was rapidly removed from shelves and 

discontinued (Pletscher, 1991). Not too long after the antidepressant properties of 

iproniazid were discovered, the drug G-22355 (imipramine)—initially formulated as an 

antipsychotic for schizophrenia—was also found to improve mood, socialization, and 

feelings of fatigue in schizophrenic patients (Kuhn, 1958). Additionally, Kuhn also 

reported no serious side effects in the 500 patients administered imipramine, marking a 

drastic improvement over the negative effects associated with MAOI administration 

(Kuhn, 1958). Shortly thereafter, imipramine was approved as the first TCA drug for the 

treatment of depression by the United States Food and Drug Administration (USFDA) in 

1959 (USFDA, 2009).  

1.6.2 The monoamine hypothesis and second-generation antidepressants 

The “monoamine hypothesis of depression” posits that the central depletion of 

monoamine neurotransmitters like serotonin (5-HT) and norepinephrine (NE) underly 

the symptomology of depressive illness (van Praag, 1978). As van Praag described in 

1980, the generation of this hypothesis was based on findings which demonstrated that: 

both iproniazid and imipramine produced antidepressant effects at the behavioural level; 

both drugs increase monoaminergic activity in the nervous system; and, depletion of 

central monoamines by reserpine blocks the antidepressant effects of iproniazid and 
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imipramine (van Praag, 1980). Accordingly, antidepressant drugs that followed the 

discovery of iproniazid and imipramine were developed with the intention to selectively 

increase monoaminergic activity in the brain, and are commonly referred to as second-

generation antidepressants (E. O’Connor et al., 2009). The following subsections will 

provide a brief overview of two commonly prescribed second-generation antidepressant 

drugs that have been developed to differentially target monoamines in the brain. 

1.6.2.1 Selective serotonin reuptake inhibitors and escitalopram 

Selective serotonin reuptake inhibitors (SSRI) are antidepressant drugs that 

selectively target serotonin transporters (SERT; Hyttel 1994), which are protein 

complexes located on presynaptic membranes and cell somas of serotonergic neurons 

(Blakely, 1993; J. P. Feighner & Boyer, 1996; Stahl, 1997). The SERT functions to 

regulate synaptic 5-HT levels by actively transporting 5-HT from the synaptic cleft and 

into the presynaptic neuron (Blakely, 1993). Importantly, SSRIs bind to an allosteric site 

on the SERT (F. Chen et al., 2005; K. E. Murray et al., 2016), which inhibits its ability to 

move 5-HT back into the presynaptic neuron (John P. Feighner, 1990; Nutt et al., 1999). 

Ultimately, this allows 5-HT to accumulate in the synaptic space (Blakely, 1993; Stahl, 

1998), which is a mechanism proposed to underly the mood elevating effects of these 

drugs in depressed patients (Nutt et al., 1999). 

Escitalopram (ESC) is the S-enantiomer of its parent compound R,S-citalopram 

(W. J. Burke, 2002). Citalopram is a well-tolerated SSRI that is used to treat depression 

and is considered to have an efficacious profile similar to that of other SSRIs (Keller, 

2000). In 1992, Hyttel and colleagues discovered that the pharmacological effect of R,S-

citalopram was a direct result of its S-enantiomer. Specifically, the S-enantiomer 
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displayed potent inhibitory actions on 5-HT uptake in vitro without affecting uptake of 

other monoamines like NE and dopamine (DA; Hyttel et al. 1992). Moreover, in these 

set of experiments, it was shown that S-citalopram had weak affinity for dopaminergic, 

serotonergic, adrenergic, histaminergic, and cholinergic receptors, demonstrating that 

this enantiomer exhibited high selectivity for 5-HT reuptake mechanisms (i.e., SERT), 

but not for mechanisms involved in neurotransmission (Hyttel et al., 1992). As reviewed 

by Sánchez (2006), subsequent studies found that the R-enantiomer of citalopram can 

directly antagonize the inhibitory effect of S-citalopram on 5-HT reuptake, further 

removing the role of the R-enantiomer from the pharmacological effects of citalopram. 

Finally, reports indicate that ESC is more cost-effective and exhibits greater clinical 

efficacy over citalopram (Fantino et al., 2007; Lançon et al., 2007), and is the most 

potent inhibitor of 5-HT uptake in comparison to several other SSRIs tested (Owens et 

al., 2001). Thus, it is understandable as to why ESC has become one of the top five 

antidepressant medications prescribed for depression in the United States (out of 11 

studied; Luo et al. 2020). 

1.6.2.2  Bupropion: a norepinephrine-dopamine reuptake inhibitor 

Early reports that proposed the use of bupropion (BUP) as an antidepressant 

medication suggested that this drug had a better tolerability and safer side effect profile 

than standard treatments at the time (i.e., MAOIs and TCAs), and that its antidepressant 

properties may be occurring through distinct, novel mechanisms compared to other 

treatments (Soroko & Maxwell, 1983). More specifically, as demonstrated in a series of 

studies published in the same year, Ferris et al. (1983) concluded that BUP likely did 

not exert its antidepressant effects by inhibiting monoamine oxidase (i.e., as do MAOIs) 
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or by influencing biogenic amine (5-HT, NE, and DA) release from nerve terminals. 

Moreover, while their evidence indicated a weak inhibitory effect on DA reuptake at 

nerve endings, they found that DA turnover was reduced in the brain when animals 

were administered BUP, suggesting that this neurotransmitter was likely involved in the 

CNS effects of this drug (Ferris et al., 1983). Shortly thereafter, BUP was approved by 

the USFDA with indications for use in adult depression and has since been approved for 

seasonal affective disorder and smoking cessation as well (Huecker et al., 2021).  

Since its discovery and approval, studies have mainly attributed BUP’s 

mechanism of action to its inhibitory effects on DA and NE uptake in neuronal 

synaptosomes (Ascher et al., 1995; Ferris & Cooper, 1993; Stahl et al., 2004), while 

others suggest that BUP also antagonizes subtypes of nicotinic acetylcholine receptors 

as well (Fryer & Lukas, 1999). Importantly, the therapeutic effect of BUP, as described 

in a review by Fava et al. (2005), may involve 3 of its primary metabolites: 

hydroxybupropion, threohydrobupropion, and erythrohydrobupropion. Together with 

BUP, these metabolites appear to bind DA and NE transporter proteins in human cells 

in vitro, preventing the uptake of these neurotransmitters (Fava et al., 2005). 

Accordingly, the elucidation of its actions at the DA and NE transporters has led several 

researchers to refer to BUP as a norepinephrine-dopamine reuptake inhibitor (Jolly et 

al., 2020; Marok et al., 2021; Sathe et al., 2021). Today, BUP is normally prescribed as 

a second-line treatment option for depression, and is often used as a follow-up 

treatment to first-line medications like ESC (Tran et al., 2021). 



 
 

38 
 

1.6.3 Treatment-resistant depression and the need to improve treatment efficacy 

Despite the number of treatments available for depression, treatment efficacy 

remains suboptimal. Specifically, clinically approved antidepressant medications, 

including ESC and BUP, tend to require anywhere from 2 to 12 weeks of daily 

administration to produce therapeutic effects—of which only 50% of the maximal 

therapeutic effect is achieved after 4 weeks, and only 70% is achieved after 12 weeks 

(Cheng et al., 2020). Moreover, reports estimate that only 47% of depressed patients 

actually respond to first-line antidepressant therapy (Trivedi et al., 2006), whereas 22-

40% of responders go on to achieve complete remission (Gartlehner et al., 2011). When 

second-line antidepressants like BUP are administered following non-response to 

SSRIs, remission rates continue to remain low, with approximately 25% of individuals 

demonstrating remission (J. A. Rush et al., 2006). Thus, it is evident that clinically 

approved antidepressant medications exhibit suboptimal therapeutic efficacy.  

The low response rates to current antidepressants are likely due to a limited 

understanding of the disorder’s pathophysiology (Murrough et al., 2013). In fact, it is 

now evident that depression is a heterogenous disorder with more than 60 clusters of 

symptoms, which suggests that several distinct subtypes of depression may exist 

(Culpepper et al., 2015), and that each these subtypes may be individually mediated by 

different mechanisms in the brain. As an example, the significantly large population of 

depressed patients who do not respond to monoaminergic antidepressants have led 

researchers and clinicians to identify a subtype of depression often referred to as 

‘treatment-resistant depression’ (Gaynes et al., 2020; Souery et al., 2006). Taken 

together, it is possible that certain pathophysiological mechanisms that underly 
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depression subtypes which respond to medications like ESC and BUP are distinct from 

the mechanisms underlying other depression subtypes, such as treatment-resistant 

depression. In this sense, it is likely that different depression subtypes may require 

personalized treatment plans which target specific pathophysiology and symptoms 

associated with their condition. 

1.7 The glutamate hypothesis of depression and ketamine 

Depression research has historically focused on monoaminergic systems in the 

brain for several decades (described in Section 1.6). Thus, it is understandable as to 

why the discovery of antidepressant effects induced by the glutamatergic antagonist 

ketamine (Berman et al., 2000) has garnered substantial research interest in recent 

years. This shift from the role of monoamines to glutamate in depression has also 

provided significant inspiration towards the development of the current research 

program. As such, the following sections will provide an overview of the glutamate 

hypothesis of depression, the antidepressant effects of ketamine and its origins, and a 

brief review of some proposed mechanisms that are thought to underly ketamine’s 

antidepressant actions.  

1.7.1 Glutamate hypothesis of depression 

Glutamate is an amino acid neurotransmitter and plays a major role in mediating 

fast excitatory neurotransmission in the brain (Orrego & Villanueva, 1993). Glutamate 

primarily binds to four types of ionotropic receptors at the post-synaptic membrane: N-

methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepro-pionic acid 

(AMPA), kainite, and δ receptors (Traynelis et al., 2010). NMDA and AMPA receptors 

have received the most attention out of these ionotropic receptors and are highly 
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implicated in neural mechanisms thought to underly learning and memory (Sumi & 

Harada, 2020), such as synaptic plasticity. Plasticity is the ability of neurons to alter and 

update their synaptic connections in response to environmental stimuli, which allows the 

brain to adapt and influence subsequent responses to similar and/or related stimuli later 

on (Duman et al., 2016; Holtmaat & Svoboda, 2009; Kessels & Malinow, 2009; 

Yoshihara et al., 2009). It is estimated that nearly 80% of neurons in the neocortex 

serve an excitatory function, and that these excitatory neurons form 85% of all synapses 

within this brain structure (Douglas & Martin, 2007). Hence, it is understandable as to 

why the brain has been conceived largely as a ‘glutamatergic excitatory machine’ that is 

simply regulated by other neural compounds like inhibitory amino acid neurotransmitters 

(i.e., ɣ-aminobutyric acid; GABA) and neuromodulators (i.e., monoamines; Sanacora et 

al. 2012). 

In 1990, Trullas and Skolnick proposed a glutamate hypothesis of depression 

based on evidence suggesting that the NMDA subtype of glutamate receptors may play 

a role in the pathophysiology of the disorder (Trullas & Skolnick, 1990). Specifically, 

their hypothesis was based on two important factors: that NMDA receptors were 

deemed critical in neural processes which influenced synaptic plasticity, like the 

induction of long-term potentiation (LTP; Collingridge et al. 1983; Harris et al. 1984); 

and that, stressors which have been shown to cause depressive-like behaviours in 

rodents (Leshner et al., 1979; Petty & Sherman, 1979; Shanks & Anisman, 1989) also 

impaired the induction of LTP (Shors et al., 1989). Hence, Trullas and Skolnick tested 

their hypothesis by injecting separate groups of mice with drugs that targeted NMDA 

receptors (i.e., MK-801; Song et al. 2018), and subsequently exposed them to the FST 
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to measure their antidepressant efficacy. They found that NMDA receptor antagonists 

reduced immobility in the FST as well as the tail suspension test, which is another pre-

clinical behavioural test of antidepressant drug efficacy (Trullas & Skolnick, 1990). This 

study was one of the first to establish the idea that NMDA receptor antagonists may 

provide benefit in affective disorders, and was the first study to provide support for a 

role of glutamate and its receptors in the pathophysiology of depression. 

1.7.2 The antidepressant effect of ketamine 

In the early 2000s, Berman and colleagues tested the hypothesis that NMDA 

glutamate receptors may be a mechanism by which antidepressant drugs exert their 

therapeutic effects in depressed patients (Berman et al., 2000). To do this, they 

administered a single intravenous infusion of the NMDA receptor antagonist ketamine to 

depressed individuals and measured their symptoms up to 72 hours post-treatment. 

Impressively, they found that ketamine had significantly reduced symptoms of 

depression at least 72 hours post-treatment in comparison to a placebo group, 

suggesting that modulation of NMDA receptor activity may have antidepressant 

properties (Berman et al., 2000). Earlier studies have suggested a potential role of the 

NMDA receptor in depression by demonstrating that chronic, but not acute, 

administration of conventional antidepressant medications alter NMDA receptor 

functionality (Skolnick et al., 1996). The finding that ketamine produces rapid 

antidepressant effects lasting several days after a single infusion (Berman et al., 2000) 

suggests that immediate actions at the NMDA receptor may play a prominent role in 

treating depression, and sets this compound apart from conventional antidepressant 

medications which typically require several weeks to achieve therapeutic effects 
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(Waugh & Goa, 2003; Young et al., 2009). At the same time, this may also indicate a 

possible overlapping mechanism by which different classes of antidepressant 

medications exert their therapeutic effects (Abdallah et al., 2018; Skolnick et al., 1996).  

In more recent years, stereoisomers of racemic ketamine have also been shown 

to produce antidepressant effects as well. Specifically, esketamine (the S enantiomer) 

has been shown to produce similar psychotomimetic and antidepressant effects as its 

parent compound, while arketamine (the R enantiomer) is suggested to underly the 

sustained antidepressant action of racemic ketamine without producing the rewarding or 

psychotomimetic effects of the racemic drug (for review Wei et al., 2020). Nevertheless, 

the discovery that ketamine is effective at reducing depressive symptoms has prompted 

a new avenue of research regarding the antidepressant effects of this drug. Importantly, 

this avenue of research serves as a primary focus of the current dissertation. As such, 

the following sections will provide an overview of ketamine as a psychoactive drug as 

well as some proposed mechanisms which helped guide the studies described in the 

subsequent chapters of this thesis. 

1.7.3 The origins of ketamine 

As described in a review by Warner and Domino (2010), ketamine was initially 

developed as an alternative to the well-known, illegal party drug, phencyclidine (PCP). 

In the mid-20th century, PCP was the focus of Parke-Davis pharmaceuticals, with early 

studies reporting “states of catalepsy” when this compound was tested on pigeons (G. 

Chen, 1965; G. Chen et al., 1959). Shortly after its initial testing at Parke-Davis, its 

anaesthetic potential was realized when PCP was administered to monkeys (Domino, 

1964), and it appeared to be well-tolerated in other animal and human studies (G. Chen 
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et al., 1959; Greifenstein et al., 1958; Luby et al., 1959). Thus, in 1963, PCP was 

patented and approved for clinical use as a general anaesthetic, sold under the trade 

name Serynl® (Godefroi et al., 1963). However, the drug produced unpredictable side 

effects, of which the most notable were a “prolonged emergence delirium” (Luby et al., 

1959) and a loss of feeling in the limbs that lasted for several hours post-administration 

(Domino & Warner, 2010; Maddox et al., 1965). Because of this, PCP was removed 

from the market in 1965, prompting Dr. Cal Bratton of Parke-Davis to encourage 

investigations into possible modifications that could be made to PCP, with the primary 

goal of reducing the severity of its side effects (Domino, 1980). In 1962, the organic 

chemist, Dr. Calvin Stevens, synthesized one of the several PCP-like compounds that 

were screened by Dr. Edward Domino and Parke-Davis pharmacologists (G. Chen et 

al., 1966; McCarthy et al., 1965). This compound was found to have similar anaesthetic 

properties with shorter acting psychoactive effects than PCP (Domino & Warner, 2010). 

Originally identified as CI-581 (Domino et al., 1965), this compound was eventually 

named ketamine based on the ketone and amine group that formed its chemical 

structure (Domino & Warner, 2010). Followings its discovery, ketamine was then used 

in the first human trials in the mid-1960s which included testing on volunteer prisoners 

of Jackson Prison in Michigan, USA (Domino & Warner, 2010). As indicated by Domino 

himself in 2010, reports of feeling ‘disconnected’ from the environment, and the 

experience of having ‘dissociated’ from one’s limbs led to the labeling of ketamine as 

the first “dissociative anaesthetic” (Corssen & Domino, 1966; Domino et al., 1965). A 

few years after its initial testing, its approval as a human anaesthetic was passed by the 

USFDA in 1970, to be sold as Ketalar (USFDA, 1970). 
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1.7.4 Proposed mechanisms of action  

Decades of research have significantly contributed to the understanding of 

primary mechanisms that underly ketamine’s psychoactive effects. Primarily, ketamine’s 

mechanism of action is to block NMDA receptor channels (Anis et al., 1983), which 

reduces the influx of Na+ into neurons, thereby preventing postsynaptic depolarization 

(V. L. Harvey & Dickenson, 2010). This suggests that ketamine would have an overall 

inhibitory effect on neurons, given it blocks the ability of these cells to strengthen their 

synapses via LTP (Stringer & Guyenet, 1983). However, there is evidence that 

subanaesthetic ketamine (which differs from anaesthetic doses that induce amnesia 

and cerebral inhibition) increases metabolic activity in the PFC of healthy participants 

(Breier et al., 1997), and increases extracellular glutamate levels (Moghaddam et al., 

1997) as well as the rate of glutamate cycling (Chowdhury et al., 2017) in the PFC of 

rodents. Thus, it is apparent that ketamine, at least at lower, subanesthetic doses 

increases (rather than inhibits) the activity of glutamatergic neurotransmission, at least 

within the PFC of rodents and humans. Some researchers have proposed that lower 

concentrations of ketamine selectively inhibit NMDA receptors located on GABAergic 

interneurons (Seamans, 2008), which are known to inhibit glutamatergic activity in the 

brain (Perea et al., 2016). In this respect, ketamine may serve as a “brake-release” of 

glutamatergic neurons by removing their GABAergic inhibition, thereby increasing 

excitatory activity in select brain regions implicated in depression (Zanos & Gould, 

2018).  

 Aside from ketamine’s activity at the NMDA receptor, other mechanisms have 

been proposed that may specifically relate to its therapeutic effects. For example, 
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studies have identified potential involvement of the cannabinoid system (Khakpai et al., 

2019), catecholaminergic (Cadeddu 2016) and serotonergic (Gigliucci 2013) 

transmission, antioxidant activity and synaptic plasticity (Yang 2020), extracellular 

matrices and perineuronal nets (Donegan 2017), the HPA axis (Fraga et al., 2021; 

Garcia et al., 2009), and the immune system (G. F. Zhang et al., 2016; N. Zhang et al., 

2021) in its antidepressant actions. The latter two categories are particularly interesting, 

given the substantial evidence implicating abnormal HPA reactivity (Rothe et al., 2020; 

Zorn et al., 2017) and immune function (C. A. Köhler et al., 2017; Strawbridge et al., 

2015) in depressed individuals (as described in Section 1.2), which may serve as 

biological markers of response to antidepressant treatment (Daniels et al., 2019). Thus, 

another primary focus of the current dissertation was the ability of ketamine to modulate 

biological factors of depression, with respect to markers of HPA axis activation and 

inflammation. Evidence regarding ketamine’s effects on the HPA axis and immune 

system will be described in the following subsections. 

1.7.4.1 Effect of ketamine on the HPA axis 

There is evidence that ketamine may exert it antidepressant effects by acting on 

components of the HPA axis. For example, when mice were exposed to daily injections 

of exogenous CORT for 21 days, Fraga and colleagues noticed that GR density and 

dendritic branching was significantly reduced in the hippocampus, which plays a primary 

role in providing negative feedback to the HPA axis (Herman et al., 2016). However, 

when ketamine (but not the SSRI fluoxetine) was administered after the last consecutive 

CORT injection, GR density and dendritic branching was restored (Fraga et al., 2021). 

Importantly, it has been shown that repeated CORT or ACTH injections increase 
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immobility in the FST (Iijima et al., 2010; A. J. Walker et al., 2013), and that ketamine 

(but not SSRIs or TCAs; Iijima et al. 2010) can mitigate this immobile response (Koike 

et al., 2013; Marks et al., 2009; Tonelli et al., 2008). Moreover, it was found that 

administration of a GR antagonist mimicked the antidepressant effects of ketamine in 

the FST following repeated CORT injections (Iijima et al., 2010). Finally, multiple studies 

have demonstrated that ketamine can block the negative effects of future stressors 

(Amat et al., 2016; Brachman et al., 2016; Mastrodonato et al., 2020; McGowan et al., 

2017) and normalize CORT levels following stress exposure (Garcia et al., 2009; Juven-

Wetzler et al., 2014). Interestingly. others have argued that elevations in stress 

glucocorticoids may be involved in the potentially disturbing or uncomfortable cognitive 

side effects during treatment, which should be taken into account regarding the acute 

antidepressant effects of this drug (Wegman-Points et al., 2020). Nevertheless, these 

findings provide some evidence that ketamine may exert its antidepressant effects by 

innervating the stress response system, possibly by preserving GR functionality and 

negative feedback of the HPA axis following stress exposure. 

1.7.4.2 Effect of ketamine on inflammation 

There is also evidence to suggest that ketamine may exert its antidepressant 

effects by innervating the immune system. For example, infusions of ketamine were 

found to normalize circulating levels of pro-inflammatory cytokines often reported in 

depression like IL-6 and IL-1 (Kiraly et al., 2017). Others have found that an elevation in 

the plasma level of quinolinic acid (Verdonk et al., 2019)—a by-product of tryptophan 

metabolism which increases under pro-inflammatory conditions (A. H. Miller et al., 

2009)—was associated with increased depressive-like behaviour and was reduced by 
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ketamine (Verdonk et al., 2019). As well, circulating levels of the anti-inflammatory 

adipokine, adiponectin, predicted antidepressant response to ketamine, while infusion of 

this drug reduced blood levels of the pro-inflammatory adipokine, resistin (Machado-

Vieira et al., 2017). Importantly, adiponectin is known for its ability to increase insulin 

sensitivity (Yamauchi et al., 2001), which taken together, suggests that ketamine may 

be effective at treating comorbid mood and glucometabolic disorders through its 

regulatory actions on both anti- and pro-inflammatory adipokines, and/or simply by 

reducing inflammatory mediators in the brain and periphery. 

Pre-clinical studies have demonstrated the impact of clinically approved and 

novel antidepressants on inflammation as it relates to their therapeutic effects. For 

instance, it has been shown that acute ketamine administration normalized circulating 

levels of IL-1β and TNF-α in rats following exposure to a peripheral immune challenge 

via LPS (Clarke et al., 2017; Gao et al., 2016). In contrast, long-term treatment with the 

SSRI fluoxetine was sufficient to reduce peripheral (Pan et al., 2014; Kostadinov et al., 

2015) and central mediators (Alboni et al., 2013; Pan et al., 2014; Eskelund et al., 2017; 

Lu et al., 2017) of inflammation. Similar findings have been reported in rodents 

exhibiting an antidepressant response to acute ketamine treatment (Aricioğlu et al., 

2020; Réus et al., 2015; Yitian Yang et al., 2020). Finally, ketamine has also been 

shown to inhibit the activation of NFκB—a transcription factor which regulates the 

release of cytokines (Bison et al., 2009; Miller et al., 2009)—in monocytes within the 

periphery following exposure to LPS (Sakai et al., 2000; Sun et al., 2004). Taken 

together, it is evident that ketamine exerts immunomodulatory effects in several 

species, and that its rapid impact on immune function may be a mechanism that 
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distinguishes this drug from clinically approved antidepressants in producing a 

therapeutic effect.  

1.8 Rationale and objectives 

There is growing interest in the relationship between mood and metabolic 

disorders. Importantly, there is evidence that metabolic stress induced by hypoglycemia 

can interact with other stressor types, and that ketamine can attenuate the impact of 

these stressors on behaviour and physiology. Previous studies have often overlooked 

the idea of stressor interactions as they relate to depressive-like behaviour and 

physiology, but this may be a key element in understanding the relationship between 

stress and depression. As well, it is important to understand some of the mechanisms 

by which ketamine can mitigate the impact of these stressors, as these may be 

mechanisms involved in its antidepressant effects. Hence, the current thesis was 

designed to test the overarching hypothesis that psychopharmacological factors can 

modulate the impact of stressors on depressive-like behaviour and physiology. Thus, 

three primary research objectives were explored in male Sprague-Dawley rats: 

1. Does impaired glucose metabolism interact with other stressor types to 

influence depressive-like behaviour and physiology? 

We first wanted to establish the interaction between two different stressor types 

on depressive-like behaviour and physiological responses. To do this, we 

precipitated impaired glucose metabolism in rodents via 2-DG and 

subsequently exposed them to the psychophysical stress of FSS for 5 

consecutive days. Progressive behavioural immobility was recorded during 

each swimming session, and survival blood (i.e., live samples) was collected 



 
 

49 
 

after the first and fifth swim session to examine biological reactivity of the HPA 

axis and immune system (i.e., CORT and TNF-α, respectively). One week after 

the combined stress of 2-DG and FSS, drug-free behavioural responses to the 

saccharin preference test and a Test Swim were determined. Finally, blood 

was collected before and after the Test Swim to determine the impact of 

combined stress on CORT and TNF-α responses to subsequent stress 

exposure. 

2. Can ketamine modulate the impact of interacting stressors on behaviour 

and physiology? 

Next, we wanted to determine whether ketamine could modulate the impact of 

interacting stressors on depressive-like behaviour, and whether modulation of 

these responses were associated with changes in biological reactivity of the 

HPA axis and immune system. To do this, rodents were exposed to the same 

combined stress protocol (i.e., 2-DG and FSS for 5 consecutive days) as 

described above but were also pre-treated with ketamine prior to their injection 

of 2-DG on each day of combined stress exposure (i.e., 2-DG + FSS). The 

effect of ketamine on behavioural immobility, saccharin preference, CORT, and 

TNF-α responses were assessed.  

3. Are conditioning factors (i.e., drug-environment interactions) involved in 

antidepressant effects of ketamine?  

Finally, we wanted to determine whether conditioning factors contribute to the 

antidepressant effects of ketamine, as well as the clinically approved 

antidepressant medications escitalopram and bupropion. To do this, separate 
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groups of rats were injected with saline, ketamine, escitalopram, or bupropion 

and placed in a specific compartment (denoted as CS+), and were injected 

with vehicle and placed in an alternate compartment (denoted as CS-). 

Conditioning sessions were conducted for a total of 5 pairings in each 

compartment (i.e., 5 drug/CS+ and 5 vehicle/CS- pairings) over 10 alternating 

days. One week following the last pairing, drug-free rats were exposed to three 

days of FSS. Prior to the first swim session, they were habituated to the testing 

room in their home cages and were subsequently exposed to FSS. Prior to the 

second and third swim session, drug-free rats were placed in the CS- and CS+ 

prior to FSS, respectively, and responses to the swim stress were measured to 

determine the effects of the CS+/- on immobility.   



 
 

51 
 

: Impact of impaired glucose metabolism on 
responses to a psychophysical stressor: modulation by 
ketamine 
 
 
This manuscript is published in: Melanson, B., Lapointe, T., & Leri, F. (2021). Impact of 
impaired glucose metabolism on responses to a psychophysical stressor: modulation by 
ketamine. Psychopharmacology (Berl) 238:1005–1015. https://doi.org/10.1007/s00213-
020-05748-w 
 
Contributions of co-authors: As the first author on this publication, I was principally 
involved in the experimental design, data collection/analysis, and writing of all sections 
in the manuscript. Lapointe, T. contributed to data collection. Leri, F. contributed to the 
experimental design, as well as writing and editing of the manuscript. 
  



 
 

52 
 

2.1 Abstract 

Rationale: There is evidence that hypoglycemia, a metabolic stressor, can negatively 

impact mood and motivation, and can interact with other stressors to potentiate their 

effects on behaviour and physiology. Objectives/Methods: The current study in male 

Sprague-Dawley rats explored the interaction between impaired glucose metabolism 

induced by 0, 200, or 300 mg/kg 2-deoxy-D-glucose (2-DG) and a psychophysical 

stressor induced by forced swimming stress (FSS; 6 sessions, 10 mins/session). The 

endpoints of interest were blood glucose levels, progressive behavioural immobility, and 

saccharin preference (2-bottle choice test). Furthermore, it was investigated whether 

pre-treatment with 0, 10, or 20 mg/kg ketamine could modify the interaction between 2-

DG and FSS on these endpoints. Results: It was found that 2-DG increased blood 

glucose levels equally in all experimental groups, accelerated the immobile response to 

FSS, and suppressed saccharin preference 1 week following termination of stress 

exposure. As well, pre-treatment with ketamine blocked the effects of combined 2-DG 

and FSS on immobility and saccharin preference without significantly influencing blood 

glucose levels and produced an anti-immobility effect that was observed during a drug-

free test swim 1 week following administration. Conclusions: Overall, these findings 

demonstrate that impaired glucose metabolism can potentiate the effects of a 

psychophysical stressor, and that this interaction can be modulated pharmacologically 

by ketamine. 

Keywords: Forced swimming stress, 2-deoxy-D-glucose, hypoglycemia, glucoprivation, 

immobility, saccharin preference, blood glucose, ketamine 
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2.2 Introduction 

There is increasing interest in understanding the relationship between metabolic 

and mood disorders (R. J. Anderson et al., 2001; Lustman & Clouse, 2005). 

Hypoglycemia is a form of metabolic dysfunction characterized by low glucose utilization 

at the cellular level (i.e., glucoprivation), change in energetic status or demand, and 

widespread “energetic stress” on an organism (Harrell et al., 2016). Interestingly, 

hypoglycemia reduces hedonic tone and energetic arousal in healthy, non-diabetic 

individuals (Gold et al., 1995). As well, it has been reported that some cases of 

depression are associated with atypical metabolic processes linked to hypoglycemia 

such as reduced glucose utilization (Kimbrell et al., 2002), decreased insulin sensitivity 

(Wagner et al., 2009) and impaired glucose metabolism (Tong et al., 2016). Together, 

these findings suggest that glycemic control may be important to an individual’s mood 

and motivation.  

Support for this notion is provided by studies in animals that have precipitated 

metabolic stress by administering the glucose anti-metabolic agent, 2-deoxy-D-glucose 

(2-DG). Briefly, 2-DG is readily taken up by the cell and abruptly inhibits glycolysis, 

leading to cellular hypoglycemia, vascular hyperglycemia, and endoplasmic reticulum 

stress (A. Takahashi et al., 1997; Xi et al., 2011; S. M. Yu & Kim, 2010). In rodents, 2-

DG has been shown to stimulate corticosterone (Chevrier, Hammiche, & Brudieux, 

1982), produce psychomotor deficits, cause place avoidance (Horman et al., 2018), and 

produce a conditioned taste avoidance (Dibattista, 1988).   

The current study was designed to explore the interaction between metabolic and 

psychophysical stressors, as other studies have revealed that different stressor types 
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can influence each other’s effects on behaviour (E. M. Anderson et al., 2019; Chauhan 

et al., 2015; Gagliano et al., 2017; Dennis F. Lovelock & Deak, 2018). For example, it 

has been shown that stress-induced reductions in saccharin preference are potentiated 

when chronic mild stress is followed by food deprivation (Remus et al., 2015). As well, 

interleukin-1β, a stress-responsive protein (D. F. Lovelock & Deak, 2017; Yamakawa et 

al., 2009), increases only when insulin-induced hypoglycemia is combined with restraint 

stress (Deak et al., 2005). Given that brain glucose is essential for the coordination of 

neuro-behavioural responses to a stressor (Kuo et al., 2015; Schönfeld & Reiser, 2013), 

it is very likely that hypoglycemia can modulate responses to a variety of 

psychophysical stressors including forced swimming in rats (Balkan et al., 2012). 

Therefore, the current study explored the interaction between 2-DG (metabolic; 

Miller et al., 1993; Ghizoni et al., 2006) and forced swimming (psychophysical; Suarez-

Roca et al., 2014; Imbe and Kimura, 2015) stressors on two indices of depressive-like 

behaviour in rats; progressive immobility (Borsoi et al., 2015; Serchov et al., 2015; Unal 

& Canbeyli, 2019) and saccharin preference (Ming ming Tang et al., 2016; Yirmiya, 

1996). Moreover, because the non-competitive N-methyl-D-aspartate (NMDA) 

glutamate receptor antagonist, ketamine, has been shown to produce significant 

antidepressant effects in several species (Berman et al., 2000; Garcia et al., 2009; Yan 

Yang et al., 2018), possibly due to interactions with lipid and/or glucose metabolism 

(Machado-Vieira et al., 2017; Mishra et al., 2018; Rong et al., 2018), it was also 

determined whether ketamine could modify the behavioural effects of combined 2-DG 

and FSS. 
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2.3 Methods 

2.3.1 Subjects 

A total of 92 male Sprague-Dawley rats (Charles River, QC) weighing between 

250-275 g upon arrival to the laboratory were individually housed in standard rat cages 

(polycarbonate; 50.5 x 48.5 x 20 cm) with bedding and environmental enrichment. Upon 

arrival, rats were given at least 1 week to acclimate to the animal facility and were 

maintained on a 12-h reverse light/dark schedule (lights off 0700 h, lights on 1900 h). All 

behavioural testing was conducted during the dark schedule, unless stated otherwise. 

Tap water and chow (Teckblad Global 18% Rodent diet, Envigo RMS Inc., Indianapolis, 

IN, USA) were available ad libitum throughout all experiments, unless stated otherwise. 

All experiments were approved by the Animal Care Committee of the University of 

Guelph and were carried out in accordance with the recommendations of the Canadian 

Council on Animal Care.  

2.3.2 Apparatus 

2.3.2.1 Forced Swimming Stress 

Forced swimming stress (FSS) was carried out as described by others (Sun et al., 

2011; Serchov et al., 2015) with a slight modification to the final swim session (Test 

Swim; see Figure 1A). In fact, because it has been reported that exposure to high-

intensity stressors can alter reactivity to FSS when tested 7 days later (Belda et al., 

2016), the Test Swim in this study was performed 7 days after the last consecutive 

session of forced swimming stress (FSS5). FSS was conducted in a dimly lit room with 

continuous white noise maintained at 56 decibels for all experiments. A 500-Watt 

halogen lamp was fixed directly above the cylinders and oriented toward the 
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surrounding environment to provide indirect, low-light conditions where the cylinders 

were placed. Four transparent Plexiglass cylinders (50 cm high × 50 cm diameter; 

University of Guelph, ON) were placed adjacent to one another in front of a black 

shower curtain backdrop and separated by opaque black cardboard inserts to prevent 

the rats from seeing each other. Each cylinder was filled with tap water (23 ± 1°C) to a 

depth of 40 cm to prevent the rats from using their hindlegs or tails to maintain 

buoyancy. Importantly, each swim session in the current study lasted 10 mins in 

duration as this has been shown to progressively increase the immobile response 

following multiple exposures to the swimming stress (Serchov et al., 2015). In the 

current study, all rats were exposed to the same cylinder for each swim session. 

At the beginning of each swim session, rats were gently placed in the water in a 

manner that prevented their heads from becoming submerged upon tank entry. 

Sessions were recorded using a video camera that was placed directly in front of the 

cylinders and video files were subsequently transferred to a PC for analysis of 

behavioural elements using automatic video tracking software (Ethovision v11.5, 

Noldus, The Netherlands). Immobility was defined as occurrences when the rat 

remained floating in the water with minimal movement of the hind- and forelimbs except 

for those required to keep the nose above water (Slattery and Cryan, 2012). This 

standardized definition of immobility was used to guide and establish a percent 

threshold by which Ethovision’s activity analysis function automatically scored inactive 

vs active behaviours. More specifically, animal movement in the recorded environment 

(i.e., swim tank) causes a relative change in pixilation from one recorded image to the 

next. The activity analysis function captures these pixel changes and relates the 
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percentage of pixel change across consecutive frames as a relative state of activity 

exhibited by the animal (after correcting for background noise). Therefore, the percent 

threshold used in the current study corresponded to a maximum acceptable change in 

pixilation where subthreshold percentages were representative of the immobile state 

previously defined in the literature (Slattery and Cryan, 2012). Accordingly, percentages 

up to and below 0.87% were automatically scored as inactive behaviour (i.e., immobility) 

while percentages above this threshold were automatically scored as activity via 

Ethovision. The same parameters were used for all tests and all experiments.  

Unfortunately, the activity analysis function used in the current study cannot 

reliably distinguish between swimming and climbing behaviours due to erratic tail 

movements caused by these active movements. Hence, immobility was the only forced 

swimming behaviour reported in the current study. After swimming, rats were towel-

dried and placed under an infrared heat lamp for 15 minutes before returning to their 

home cages. Swim tanks were emptied and cleaned between each group of rats to 

mitigate the influence of alarm substances (Abel, 1992). An inability to remain afloat 

during forced swimming warranted immediate removal from the swim cylinder; however, 

all rats were able to maintain buoyancy during all sessions of forced swimming. 

2.3.2.2 Saccharin Preference Test 

Prior to behavioural testing (< D7 in Figure 1), all rats were habituated over a 6-

hour window to 0.004% (w/v) saccharin solution. The solution was available in 2 

adjacent 50mL conical Falcon tubes (Fisher Scientific, USA) with metal spouts secured 

within rubber stoppers. This concentration was chosen due to its sensitivity to stressors 

and to mitigate possible ceiling effects that may occur due to the consumption of high 
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volumes of saccharin solution at higher concentrations reported elsewhere (Pijlman et 

al., 2003), and as observed during pilot studies in our laboratory (unpublished 

observations). During habituation, water was not available as performed previously 

(Pijlman et al., 2003) to enhance saccharin exposure to mitigate the effects of 

neophobia during testing (M. E. Carroll et al., 1975). For the saccharin preference test, 

rats were allowed free access to tap water and saccharin contained within separate 50 

mL tubes placed adjacent to one another for 24 h beginning at 0800 h.  The position of 

the two bottles were exchanged throughout the 24 h and the total volume (ml) of water 

and saccharin consumed was recorded. Both habituation to the saccharin solution and 

the saccharin preference test occurred within the animal’s home age. Saccharin 

preference (%) of each group was calculated as [saccharin intake / (water intake + 

saccharin intake)] × 100. A total of 3 statistical outliers (>1.98 SD from the mean) were 

removed from Experiment 3 (1 from 0 mg/kg Ketamine & 0 mg/kg 2-DG; 1 from 20 

mg/kg Ketamine & 0 mg/kg 2-DG; and 1 from 20 mg/kg Ketamine & 300 mg/kg 2-DG). 

2.3.2.3 Drugs 

2-DG (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.9% saline (w/v) and 

injected subcutaneously (SC) at a volume of 1 ml/kg. Doses of 2-DG were chosen 

based on the aversive and stress-inducing characteristics of the higher dose (Horman et 

al., 2018). Ketamine hydrochloride stock solution (Narketan; 100 mg/ml) was diluted 

with 0.9% saline (w/v) and injected intraperitoneally (IP) at a volume of 1 ml/kg. Doses 

for ketamine were chosen based on their effectiveness to reduce immobility in the 

forced swimming test in rats (Carrier & Kabbaj, 2013; G. F. Zhang et al., 2016). 
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2.3.3 Procedures 

2.3.3.1 Effects of single and multiple sessions of forced swimming stress on 

immobility and saccharin preference. 

This experiment included two experimental groups: (1) a Control group (denoted 

by the “c” in Figure 2.1, Panel A; n = 8) that was exposed to a single session of forced 

swimming on FSS1; and (2) a FSS group (n = 8) that was exposed to 5 consecutive 

sessions of forced swimming stress on FSS1-5. All animals received 3-4 days of 

handling and were habituated to saccharin solution prior to behavioural testing. On 

FSS1, all rats were transported to the testing room and habituated to the surrounding 

environment for 30 minutes. Following habituation to the testing room, rats were placed 

in their designated cylinders, immediately after which behaviour was recorded for 10 

minutes. FSS1 immobility was used to assign animals to experimental groups (Control 

and FSS). On FSS2-5, the FSS group was exposed to forced swimming as in FSS1, and 

Control rats were simultaneously exposed to partially empty cylinders, which contained 

enough water to submerge the rat’s paws (~ 1-2 cm). After 10 minutes of recording, rats 

were towel dried, warmed, and placed back in their home cages. This procedure was 

carried out for all 5 sessions of forced swimming stress (FSS1-5). Following FSS5, all 

rats were left undisturbed in their home cages for 7 days, after which all rats were tested 

for saccharin preference and subsequently exposed to 10 mins of forced swimming for 

the Test Swim.  
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2.3.3.2 The impact of combined hypoglycemic and psychophysical stressors on 

immobility and saccharin preference. 

Rats were randomly assigned to one of three 2-DG Dose Groups: 0 (n = 8), 200 (n 

= 10), or 300 (n = 10) mg/kg. Prior to each session of forced swimming stress (FSS1-5), 

rats received their respective dose of 2-DG and 30 mins later they were exposed to FSS 

for 10 mins (Figure 2.1, Panel B). A small incision at the tip of the tail was used to 

monitor blood glucose concentrations with an Accu-Chek glucometer (Roche Diabetes 

Care, Inc., Indianapolis, IN, USA) 20-mins following FSS1-5 (and 60-mins after 2-DG). 

One week following FSS5, all rats were tested drug-free for saccharin preference and 

Test Swim as described in experiment 1. 

2.3.3.3 Effect of ketamine on the behavioural responses impacted by interacting 

hypoglycemic and psychophysical stressors. 

Based on the results from experiment 2, the highest dose of 2-DG (300 mg/kg) 

was selected to investigate whether ketamine could modify the interaction between 2-

DG and FSS on immobility and saccharin preference in experiment 3. Thus, rats were 

randomly assigned to one of six experimental groups (2 doses of 2-DG and 3 doses of 

ketamine; n = 8 per group): (1) 0 mg/kg 2-DG & 0 mg/kg Ketamine; (2) 300 mg/kg 2-DG 

& 0 mg/kg Ketamine; (3) 0 mg/kg 2-DG & 10 mg/kg Ketamine; (4) 300 mg/kg 2-DG & 10 

mg/kg Ketamine; (5) 0 mg/kg 2-DG & 20 mg/kg Ketamine; and (6) 300 mg/kg 2-DG & 

20 mg/kg Ketamine. One hour prior to FSS, all rats were pre-treated with their 

respective dose of ketamine, and 30 mins later they were injected with their respective 

dose of 2-DG. Thirty minutes following injections of 2-DG, all rats were exposed to FSS 

for 10 mins, and blood glucose concentrations were recorded 20 min after the swim as 
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in experiment 2. This procedure was carried out for each session of forced swimming 

stress (FSS1-5; Figure 2.1, Panel C). One week following FSS5, all rats were tested 

drug-free for saccharin preference and Test Swim as described in experiment 1. 

 

Figure 2.1: Schematic of experimental timeline for Experiment 1 (panel A), Experiment 2 (panel B), 

and Experiment 3 (panel C). FSS = forced swimming stress; SPT = saccharin preference test; c = 

control group; 2-DG = 2-deoxy-D-glucose; D = day number 

 

2.3.4 Statistical Analysis 

One-, two-, and three-way independent or mixed sample design analyses of 

variance (ANOVA) were used where appropriate. Significant interactions were followed 

by multiple comparisons using the Student-Newman-Keuls method. Swim sessions 

FSS1-5 were analyzed using a two-factor mixed design ANOVA in experiments 1 and 2 

and a three-factor mixed design ANOVA in experiment 3. The Test Swim (FSS6) in each 
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experiment was analyzed separately using one-factor ANOVA. One- and two-factor 

ANOVAs were performed using SigmaPlot (v.12.5 for Windows) and 3-factor ANOVAS 

were performed using IBM SPSS Statistics (v.27). The threshold of significance was set 

at α ≤ 0.05 for all experiments and exact values of non-significant analyses were not 

reported.  

2.4 Results 

2.4.1 The effects of one or multiple sessions of forced swimming stress on 

immobility and saccharin preference. 

Figure 2.2A represents mean (SEM) immobility during each session of forced 

swimming stress (FSS1-5). The ANOVA revealed a significant main effect of Session 

[F(4,39) = 3.639, p = 0.017]. Panel B of Figure 2.2 compares mean (SEM) immobility in 

rats previously exposed to one (FSS1; Control group) or multiple session(s) of forced 

swimming stress (FSS1-5; FSS group). No significant differences were observed. Panel 

C of Figure 2.2 represents mean (SEM) saccharin preference in the two groups, and 

again no significant differences were observed. 
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Figure 2.2: A Mean (SEM) immobility for each session of forced swimming stress (FSS). The “c” 

represents the Control group that was exposed to a single session on FSS1. The solid line 

represents mean (SEM = dotted lines) immobility for the Control group on FSS1. Asterisk indicates 

significant difference from FSS1. B Mean (SEM) immobility of Control and FSS groups for Test 

Swim. C Mean (SEM) saccharin preference of Control and FSS groups 

 

2.4.2 The impact of combined hypoglycemic and psychophysical stressors on 

immobility and saccharin preference. 

Figure 2.3A represents mean (SEM) immobility during each session of repeated 

forced swimming stress in rats injected with 0, 200, or 300 mg/kg 2-DG. The ANOVA 

revealed a significant interaction between 2-DG Dose Group and Session [F(8,119) = 

3.199, p = 0.003], and a significant main effect of 2-DG Dose Group [F(2,119) = 3.545, 
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p = 0.047]. The primary result of interest identified by multiple comparisons is that both 

doses of 2-DG rapidly elevated immobility up to a level that was attained by the 0 mg/kg 

2-DG group after multiple sessions of forced swimming. Hence, on FSS1, the 0 and 300 

mg/kg groups were statistically different from each other (p < 0.05). On FSS2 and FSS3, 

both 200 and 300 mg/kg 2-DG differed from 0 mg/kg 2-DG (p < 0.05), but by FSS4, 

there were no group differences (p > 0.05). Panel B of Figure 2.3 compares mean 

(SEM) immobility in the same rats tested 1-week later drug-free, and no significant 

group differences were observed. Panel C of Figure 2.3 represents mean (SEM) blood 

glucose concentrations following FSS1 and FSS5. The ANOVA revealed a significant 

main effect of 2-DG Dose Group [F(2,21) = 23.733, p < 0.001], and a significant main 

effect of Session [F(1,21) = 33.947, p < 0.001]. Multiple comparisons further indicated 

that 2-DG dose-dependently increased blood glucose concentrations (p < 0.01), and 

this response to 2-DG decreased from FSS1 to FSS5 (p < 0.001). Finally, Panel D of 

Figure 2.3 represents mean (SEM) saccharin preference in the three groups. From the 

figure, it is apparent that both doses of 2-DG reduced the preference, but because of 

substantial variability in the data, this difference did not reach statistical significance.  
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Figure 2.3: A Mean (SEM) immobility for each session of forced swimming stress (FSS) in rats 

exposed to 0, 200, or 300 mg/kg 2-DG; ampersand indicates significant difference compared to 0 

mg/kg 2-DG within Swim Session; carrot indicates significant difference compared to FSS1 within 

2-DG Dose. B Mean (SEM) immobility for Test Swim (drug-free) in separate groups of rats 

previously exposed to 0, 200, or 300 mg/kg 2-DG. C Mean (SEM) blood glucose concentrations 

for FSS1 and FSS5 in rats exposed to 0, 200, or 300 mg/kg 2-DG; the “at” symbol indicates a 

significant main effect of swim session; the asterisk indicates a significant main effect of 2-DG 

Dose. D Mean (SEM) saccharin preference (drug-free) in separate groups of rats previously 

exposed to 0, 200, or 300 mg/kg 2-DG; 2-DG = 2-deoxy-D-glucose 
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2.4.3 Effect of ketamine on the behavioural responses impacted by interacting 

hypoglycemic and psychophysical stressors. 

Figure 2.4A represents mean (SEM) immobility during FSS1 and FSS5 in rats pre-

treated with 0, 10, or 20 mg/kg ketamine, and 30 minutes later injected with 0 or 300 

mg/kg 2-DG. The ANOVA revealed significant main effects of Session [F(1,42) = 

18.421, p < 0.001), of 2-DG Dose Group [F(1,42) = 15.385, p < 0.001), and of Ketamine 

Dose Group [F(2,42) =15.605, p < 0.001). Multiple comparisons on marginal means 

indicated that immobility increased over Session in all groups (p < 0.001), that 300 

mg/kg 2-DG increased immobility over vehicle (p < 0.05), and that ketamine dose-

dependently decreased immobility (p < 0.01). Panel B of Figure 2.4 compares mean 

(SEM) immobility when the rats were tested 1-week later drug-free. The ANOVA 

revealed a significant main effect of Ketamine Dose Group [F(2,42) = 14.472, p < 

0.001), and multiple comparisons indicated that immobility was significantly lower in rats 

previously exposed to 5 daily 20 mg/kg ketamine injections, regardless of co-injected 

dose of 2-DG (p < 0.001). Panel C of Figure 2.4 represents mean (SEM) blood glucose 

concentrations and the ANOVA revealed a significant interaction between Session and 

2-DG Dose Group [F(1,42) = 4.999, p = 0.031], and a significant main effect of 2-DG 

Dose Group [F(1,42) = 81.757, p < 0.001]. Multiple comparisons indicated that 300 

mg/kg 2-DG significantly increased blood glucose concentrations (p < 0.001), and that 

this effect was not statistically altered by ketamine pre-treatment. Finally, Panel D of 

Figure 2.4 represents mean (SEM) saccharin preference when the rats were tested 1-

week later drug-free. The ANOVA revealed a statistically significant interaction between 

2-DG Dose Group and Ketamine Dose Group [F(3.677, p = 0.034], and multiple 
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comparisons indicated that 2-DG significantly decreased saccharin preference and that 

pre-treatment with 20 mg/kg ketamine blocked this effect (p < 0.05). 

 
Figure 2.4: A Mean (SEM) immobility for each session of forced swimming stress (FSS) in rats exposed 

to 0, 10, or 20 mg/kg ketamine combined with 0 or 300 mg/kg 2-DG. The “at” symbol indicates a 

significant main effect of swim session; the ampersand indicates a significant main effect of ketamine 

dose; and the asterisk indicates a significant main effect of 2-DG dose. B Mean (SEM) immobility for Test 

Swim (drug-free) in separate groups of rats previously exposed to 0, 10, or 20 mg/kg ketamine combined 

with 0, 200, or 300 mg/kg 2-DG; the asterisk indicates a significant difference compared to 0 and 10 

mg/kg ketamine dose groups. C Mean (SEM) blood glucose concentration for FSS1 and FSS5 in rats 

exposed to 0, 10, or 20 mg/kg ketamine combined with 0 or 300 mg/kg 2-DG; double asterisk indicates a 

significant difference compared to 0 mg/kg 2-DG within Swim Session; number sign indicates a significant 

difference compared to FSS1 within 300 mg/kg 2-DG. D Mean (SEM) saccharin preference (drug-free) in 

separate groups of rats previously exposed to 0, 10, or 20 mg/kg ketamine combined with 0 or 300 mg/kg 

2-DG; double asterisk indicates a significant difference between 2-DG Dose Groups within the 0 mg/kg 

ketamine dose group; number sign indicates a significant difference between 0 and 20 mg/kg ketamine 

within 300 mg/kg 2-DG; 2-DG = 2-deoxy-D-glucose 
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2.5 Discussion 

There is a growing interest in understanding the links between metabolic and 

mood disorders (B. H. Harvey, 2008; Kan et al., 2013; Ryan et al., 2012). Hypoglycemia 

is a state of low glucose availability and is considered a metabolic stressor (Hudson & 

Ritter, 2004) that has the potential to negatively impact mood and motivation (Gold et 

al., 1995; Horman et al., 2018), and to interact with other stressor types to enhance their 

effects on depressive-like behaviour (Remus et al., 2015) and stress physiology (Deak 

et al., 2005). The current study in male Sprague-Dawley rats explored the interaction 

between impaired glucose metabolism induced by 0, 200, or 300 mg/kg 2-deoxy-D-

glucose (2-DG) and a psychophysical stressor induced by forced swimming (FSS; 6 

sessions, 10 mins/session). The endpoints of interest were blood glucose levels, which 

are increased by 2-DG because of its inhibition of glycolysis (Kurtoglu, Gao, et al., 2007; 

A. Takahashi et al., 1997), as well as progressive behavioural immobility and saccharin 

preference (2-bottle choice test). Furthermore, it was investigated whether pre-

treatment with 0, 10, or 20 mg/kg ketamine could modify the interaction between 2-DG 

and FSS on these measures. It was found that 2-DG increased blood glucose levels 

equally in all experimental groups, accelerated the immobile response to FSS, and 

suppressed saccharin preference 1 week following termination of stress exposure. As 

well, pre-treatment with ketamine blocked the effects of combined 2-DG and FSS on 

immobility and saccharin preference without affecting blood glucose levels and 

produced an anti-immobility effect that was observed in a drug-free test swim 1 week 

following administration. Overall, these findings demonstrate that impaired glucose 
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metabolism can amplify the effects of a psychophysical stressor, and that it is possible 

to use psychopharmacology to modulate this interaction. 

Our study generated three findings which support the assertion that metabolic 

stress enhanced the effect of the psychophysical stressor. First, as expected, vehicle-

injected rats exhibited a progressive increase in immobility over multiple sessions of 

FSS (FSS1-5; Figure 2.3, Panel A), which is consistent with other studies that have 

employed a ‘repeated swim stress’ design (Dal-Zotto et al., 2000; Serchov et al., 2015; 

P. Sun et al., 2011). However, when rats were injected with 2-DG, they displayed a 

significant, and rapid, increase in immobility compared to vehicle-injected rats—a 

finding that is consistent with the interpretation that this hypoglycemic stress amplified a 

depressive-like response (for review Cryan, Valentino, & Lucki, 2005). Interestingly, 

Experiment 1 indicated that Test Swim immobility (Figure 2.2, Panel B) did not depend 

on the total number of swim sessions, and perhaps it is because of this ceiling effect 

that group differences during the Test Swim in Experiment 2 were not observed (Figure 

2.3, Panel B).   

It could be argued that 2-DG increased immobility in the current study because of 

motor deficits induced by impaired glucose metabolism at the muscle level (Xirouchaki 

et al., 2016). However, a recent study in our laboratory found that psychomotor deficits 

induced by 2-DG were reversed by the monoaminergic agonist, bupropion (Horman et 

al., 2018). As well, it was found that insulin-induced hypoglycemia caused a reduction in 

central levels of serotonin and dopamine, and negatively impacted glutamate signaling 

(Heyes et al., 1990, 1991). Accordingly, administration of fluoxetine or desipramine 

(antidepressants that influence serotonergic and catecholaminergic activity, 
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respectively) blocked the typical increase in FSS immobility induced by hypoglycemia 

(M. J. Park et al., 2012). And, importantly, we found that ketamine blocked the increase 

in immobility induced by 2-DG, without affecting blood glucose levels (Figure 2.4), 

suggesting that the interaction between 2-DG and FSS occurred centrally, possibly 

through an interaction with glutamate and monoamine systems (Herrera-Marschitz et 

al., 1997; Mabrouk et al., 2014; Pralong et al., 2002).  

Second, it was found that injections of 2-DG prior to each session of forced 

swimming (FSS1-5), but not forced swimming alone, significantly reduced saccharin 

preference when tested 1 week following stress termination (Figure 2.4, Panel D). Rats 

will naturally consume saccharin at low concentrations and its intake is typically reduced 

by exposure to stressors (Ayensu et al., 1995; Harkin et al., 2002; Shimamoto et al., 

2011), including 2-DG (Dibattista, 1988; Kutscher et al., 1979; Yamamoto & Kutscher, 

1980). Accordingly, a choice for saccharin drinking has been used as a measure of 

hedonic functions in several studies (Pan et al., 2013; P. Sun et al., 2011; Yirmiya, 

1996). In the current study, 2-DG reduced saccharin preference despite not having 

been paired with the solution and without affecting total fluid intake in any group (data 

not shown). And, since animals were tested long after the injections of 2-DG, and the 

hyperglycemic response to this drug peaks around 60-90 mins (Horman et al., 2018; 

Sanders & Ritter, 2000), it is unlikely that the impairment in saccharin preference 

observed in the current study is a result of motor deficits. Rather, this likely represents a 

persistent, stress-induced deficit in hedonic functions (Naneix et al., 2018; Olausson et 

al., 2013; M. J. Park et al., 2012).  
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Finally, pre-treatment with ketamine blocked the effects of 2-DG on immobility and 

saccharin preference without influencing the glycemic effect of 2-DG (Figure 2.4). This 

finding is line with other studies that have demonstrated the ability of ketamine to 

reverse stress-induced immobility (Garcia et al., 2009; Perrine et al., 2014), and 

impairments in sucrose preference (Garcia et al., 2009; Parise et al., 2013). One may 

attribute these results to ketamine-induced hyperlocomotion (Trujillo & Heller, 2020), 

however, evidence of psychomotor activation in our laboratory was only apparent after 

multiple injections of ketamine, and the duration of this effect was relatively short-lived 

(30 mins post-injection; unpublished observations). In the current study, ketamine was 

injected 1 hour prior to each session of forced swimming (FSS1-5; Figure 2.1, Panel C); 

reduced immobility was observed as early as the first swim session (FSS1; Figure 2.4, 

Panel A); and, restored saccharin preference (Figure 2.4, Panel D) was observed 1 

week following the last injection of ketamine (Figure 2.1, Panel C). Accordingly, the anti-

immobility effect of ketamine in the current study is more consistent with the profile of 

efficacious antidepressant drugs (Slattery & Cryan, 2012), and the rescued saccharin 

preference may reflect ketamine’s ability to block stress-induced deficits in hedonic 

sensitivity (Parise et al., 2013). The anti-immobility and pro-hedonic effects of ketamine 

observed in the current study are in accordance with previous studies that have 

interpreted this result as an antidepressant effect (Dwyer et al., 2013; Engin et al., 2009; 

Jett et al., 2015), possibly mediated by its actions at glutamatergic (Caffino et al., 2017; 

Girgenti et al., 2017), serotonergic (Gigliucci et al., 2013), and/or dopaminergic (Y. Li et 

al., 2015) systems in the brain. 



 
 

72 
 

A final interesting observation was that injections of 20 mg/kg ketamine prior to 

each session of forced swimming stress (FSS1-5) led to a significant reduction in 

immobility during the Test Swim session which occurred when animals were tested 

ketamine-free (Figure 2.4, Panel B). This finding may be the result of ketamine’s 

prophylactic effect on the neurobiology underlying depressed and anhedonic 

phenotypes (Amat et al., 2016; Brachman et al., 2016; Dolzani et al., 2018; 

Mastrodonato et al., 2020) as well as a drug-environment interaction, in which a drug-

paired context gains the ability to influence behaviour (Krimmel et al., 2019; Wolter et 

al., 2019). The possibility of learned contextual effects seems likely as psychomotor 

activation induced by ketamine has been found to be context-dependent (De Luca & 

Badiani, 2011; Trujillo & Heller, 2020), and that exposure to a ketamine-paired context 

significantly reduced immobility during FSS (Krimmel et al., 2019). Because 

environmental conditions remained constant throughout the current study, and 

injections of ketamine were administered in the same context as forced swimming, it is 

possible that the persistent anti-immobility effect of ketamine observed in this study may 

have involved Pavlovian conditioning of ketamine’s antidepressant effect to the 

surrounding context (Krimmel et al., 2019).  

It is important to point out a few limitations of the current study. First, it is typically 

common practice to perform an open field test prior to forced swimming in order to rule 

out potential influences of drug-induced locomotor effects on the behavioural responses 

to swim stress (Slattery & Cryan, 2012). Although indirect evidence is provided against 

potential locomotor influences, the possibility that the results of the current study were 

influenced by 2-DG- or ketamine-induced changes in locomotor activity cannot be 
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entirely ruled out. Another limitation is that the experimental groups in experiment 2 and 

3 were not assigned based on FSS1 immobility, as they were in experiment 1. 

Therefore, pre-existing differences in the level of innate immobility could have 

influenced the results. However, this possibility seems unlikely because the elevation of 

immobility induced by 300 mg/kg 2-DG was replicated in two different experiments, and 

if there were substantive pre-existing differences in level of innate immobility, they 

should have affected scores on all tests, not just on FSS1. Finally, it is worth noting that 

the level of control group immobility observed on the Test Swim appears quite different 

between experiments, which may have resulted from seasonal differences in floating 

behaviour (immobility levels are higher in the winter months and lower in the summer 

months; Abel 1995). 

Nevertheless, the results of the current study in rats suggest that hypoglycemic 

stress can potentiate the effects of a psychophysical stressor on depressive-like and 

anhedonic behaviours, and that ketamine can be used to modulate this interaction. 

Moreover, ketamine’s effect on immobility persisted for at least 1 week, suggesting that 

this persistent antidepressant action (Murrough et al., 2013; Slattery & Cryan, 2012) 

may be, in part, dependent on conditioned drug effects.  
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3.1 Abstract 

There is evidence that hypoglycemic stress can interact with other stressors, and that 

ketamine can mitigate the impact of these stressors on behaviour and physiology. The 

current study in male Sprague-Dawley rats investigated whether pre-treatment with 0, 

10, or 20 mg/kg ketamine could modulate the interaction between hypoglycemia 

induced by 0 or 300 mg/kg 2-deoxy-D-glucose (2-DG) and the psychophysical stress of 

forced swimming (FSS; 6 sessions, 10 min/session) on serum concentrations of 

corticosterone (CORT) and the pro-inflammatory cytokine, tumor necrosis factor (TNF)-

α. It was found that 2-DG enhanced the CORT response to an initial session of FSS, 

and this effect dissipated after multiple sessions. More importantly, animals displayed 

significantly higher levels of CORT and lower levels of TNF-α in response to a drug-free 

test swim conducted one week after exposure to the combined stressors, and these 

responses were not observed in rats that were pre-treated with ketamine. Overall, these 

findings indicate that ketamine has the potential to reduce the negative impact of 

interacting stressors on the biological reactivity of the hypothalamic-pituitary-adrenal 

axis and the immune system. 

Keywords: Ketamine, 2-Deoxy-D-glucose, Forced swimming stress, Hypoglycemia 

Corticosterone, Tumor necrosis factor-α 
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3.2 Introduction 

There is increasing interest in understanding the link between metabolic and 

mood disorders (R. J. Anderson et al., 2001; Lustman & Clouse, 2005). Hypoglycemia 

is a physiological state characterized by low glucose utilization and widespread 

energetic stress (Harrell et al., 2016). Interestingly, hypoglycemia negatively impacts 

mood (Horman et al., 2018) and hedonic tone (Gold et al., 1995) in several species, and 

can interact with other stressors to enhance their effects on behaviour and physiology 

(Deak et al., 2005; Remus et al., 2015). For example, Melanson at el. (2021) recently 

found that hypoglycemia induced by the glycolytic inhibitor, 2-deoxy-D-glucose (2-DG), 

interacted with forced swimming stress (FSS)—a psychophysical stressor (Balkan et al., 

2012; Imbe & Kimura, 2015)—to amplify depressive-like behavioural responses in rats. 

There is evidence that interacting hypoglycemic and psychophysical stressors 

can impact the hypothalamic-pituitary-adrenal (HPA) axis as well as components of the 

immune system. The HPA axis is a neuroendocrine system that is activated in response 

to many types of stressors including hypoglycemia (Razavi Nematollahi et al., 2009) 

and forced swimming (Dal-Zotto et al., 2000). Upon activation, the adrenal glands 

release the glucocorticoid corticosterone (cortisol in humans; CORT) into the blood 

(Herman et al., 2016), which primarily functions to allocate energy resources toward 

vital organs (i.e., brain) that are required to overcome environmental threats (Herman et 

al., 2016; Kuo et al., 2015; Myers et al., 2013). Pro-inflammatory cytokines are signaling 

proteins of the immune system that regulate inflammation and the immune response, 

and which also respond to a variety of stressors (J. E. Carroll et al., 2011; López-López 

et al., 2016; Timberlake et al., 2019). For example, blood levels of the pro-inflammatory 
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cytokines interleukin (IL)-6 and tumor necrosis factor (TNF)-α increase following 

exposure to hypoglycemia (Dréau et al., 2000; Drummond et al., 2018) as well as forced 

swimming (Hubertus Himmerich et al., 2013). Moreover, pro-inflammatory cytokines, 

such as TNF-α, are implicated in a variety of physiological processes, like glucose 

metabolism (De Alvaro et al., 2004; Lorenzo et al., 2008) and activation of the HPA axis 

(Dunn, 2006), which are impacted by hypoglycemic (Engelsen et al., 1986; Tasker et 

al., 1992) and psychophysical stressors (Borsoi et al., 2015; Dal-Zotto et al., 2000). 

Given the high prevalence of metabolic and mood disorders (Nouwen et al., 

2019) and their significant burden of disease throughout the world (Q. Liu et al., 2020; 

World Health Organization, 2016, 2017a), it is important to investigate pharmacological 

tools that may have clinical utility. Therefore, the current study investigated whether the 

glutamate N-methyl-D-aspartate (NMDA) receptor antagonist, ketamine, can modulate 

the interaction between hypoglycemia induced by 2-DG (Melanson et al., 2021) and 

psychophysical stress induced by FSS (Balkan et al., 2012) on serum levels of CORT 

and TNF-α. Typically, ketamine is used to induce anesthesia in surgical settings (Gao et 

al., 2016), but recent clinical studies have also demonstrated its utility as a rapid-acting 

antidepressant drug (Niciu et al., 2018; Phillips et al., 2019). Importantly, pre-clinical 

studies have shown that pre-treatment with another NMDA receptor antagonist, MK-

801, can block hypoglycemia-induced apoptosis of neurons (Tasker et al., 1992; 

Wieloch, 1985). As well, pre-treating rodents with ketamine induces prophylaxis against 

future stressors (Amat et al., 2016; Brachman et al., 2016); and, lowers blood 

(Gonçalves et al., 2021; Zhan et al., 2020) and central (G. F. Zhang et al., 2016) levels 

of pro-inflammatory cytokines (Mastrodonato et al., 2020; A. J. Walker et al., 2015). 



 
 

79 
 

Finally, ketamine also reverses depressive-like behaviours induced by hypoglycemic 

and psychophysical stressors (Melanson et al., 2021). In the current study, it was found 

that interacting hypoglycemic and psychophysical stress amplified CORT and TNF-α 

responses well after exposure to the combined stressors, and that pre-treatment with 

ketamine attenuated these effects. These findings indicate that ketamine has the 

potential to reduce the negative impact of interacting stressors on the biological 

reactivity of the HPA axis and immune system. 

3.3 Methods 

3.3.1 Subjects 

A total of 66 male Sprague-Dawley rats (Charles River, QC) weighing between 

250-275 g upon arrival to the laboratory were individually housed in standard rat cages 

(polycarbonate; 50.5 x 48.5 x 20 cm) with bedding and environmental enrichment. Upon 

arrival, rats were given 1 week to acclimate to the animal facility and were maintained 

on a 12-h reverse light/dark schedule (lights off 0700 h, lights on 1900 h). All 

behavioural testing was conducted during the dark schedule. Tap water and chow 

(Teckblad Global 18% Rodent diet, Envigo RMS Inc., Indianapolis, IN, USA) were 

available ad libitum throughout all experiments. All experiments were approved by the 

Animal Care Committee of the University of Guelph and were carried out in accordance 

with the recommendations of the Canadian Council on Animal Care.  

3.3.2 Apparatus 

3.3.2.1 Forced swimming stress 

The forced swimming stress protocol used in the current study has been 

previously described (Melanson et al., 2021). Briefly, FSS was conducted in four 
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transparent Plexiglass cylinders in a dimly lit room, and each cylinder was filled with tap 

water (23 ± 1°C) to a depth of 40 cm. 

3.3.3 Tissue collection and analysis 

3.3.3.1 Blood collection 

Blood samples (approximately 250 µl per sample) were collected via saphenous 

vein using Sarstedt Microvette CB300 Capillary tubes (Fischer Scientific; Cat No: 

NC9059691) and allowed to coagulate at room temperature for at least 90 mins to 

activate clotting mechanisms which facilitates the separation of serum from whole 

blood. Whole blood was then centrifuged at 2,000 g for 15 minutes at 4°C to separate 

serum. Aliquots of serum were pipetted into 1.5 ml Eppendorf Microcentrifuge tubes 

(Fisher Scientific; Cat No: 05-402) and stored at -80°C until analysis. Blood samples for 

each test were collected within 2 mins to avoid any potential influence of the stress 

caused by the restraining method used to collect each sample (D. F. Lovelock & Deak, 

2017). 

3.3.3.2 Competitive enzyme-linked immunosorbent assay 

Serum concentrations of CORT were determined using competitive enzyme-

linked immunosorbent assay (ELISA) kits purchased from R&D systems (Cat. No. 

KGE009; Minneapolis, MN). The competitive binding immunoassay was carried out 

according to the manufacturer’s instructions to detect unknown concentrations of CORT 

in serum sample. Following a series of wash, incubation, and reaction development 

steps, the microplate was read at 450 nm to determine the optical density (O.D.) of each 

well. O.D. values were quantified relative to a standard curve that was run with each 

plate and concentrations are reported in ng/ml. Serum samples were run in duplicates 
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with an intra-assay coefficient of variation (CV) of <10% and an inter-assay CV of 

<15%.  

3.3.3.3 Sandwich enzyme-linked immunosorbent assay 

Serum concentrations of TNF-α were determined using sandwich ELISA kits 

purchased from R&D Systems (RTA00; Minneapolis, MN). The sandwich immunoassay 

was carried out according to the manufacturer’s instructions to detect unknown 

concentrations of TNF-α in each sample. Following a series of wash, incubation, and 

reaction development steps, the microplate was read at 450 nm to determine the optical 

density (O.D.) of each well. O.D. values were quantified relative to a standard curve run 

with each plate and concentrations are reported in pg/ml. Serum samples were run in 

duplicates with an intra-assay coefficient of variation (CV) of <10% and an inter-assay 

CV of <15%.  

3.3.4 Drugs 

2-DG (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.9% saline (w/v) and 

injected subcutaneously (SC) at a volume of 1 ml/kg. The 300 mg/kg dose of 2-DG was 

chosen based on its aversive and stress-inducing characteristics reported by Horman et 

al. (2018).  Moreover, a previous experiment in our laboratory that investigated the 

interaction between 0, 200, or 300 mg/kg 2-DG and FSS on CORT levels found the 

most robust effect at 300 mg/kg 2-DG. Hence, this dose was selected to investigate 

whether ketamine could modulate the interaction between 2-DG and FSS on serum 

CORT levels. 

Ketamine hydrochloride stock solution (Narketan; 100 mg/ml) was diluted with 

0.9% saline (w/v) and injected intraperitoneally (10 or 20 mg/kg, IP) at a volume of 1 
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ml/kg. Doses for ketamine were chosen based on their ability to reverse stress-induced 

immobility in the rat forced swimming test (Carrier & Kabbaj, 2013; G. F. Zhang et al., 

2016) and to produce prophylactic effects against stress in rodents (Amat et al., 2016). 

3.3.5 Procedures 

3.3.5.1 Effect of ketamine on physiological responses impacted by interacting 

hypoglycemic and psychophysical stressors. 

Rats in the Swim stress condition were randomly assigned to one of six 

experimental groups (n = 8 per group): (1) 0 mg/kg 2-DG and 0 mg/kg Ketamine; (2) 

300 mg/kg 2-DG and 0 mg/kg Ketamine; (3) 0 mg/kg 2-DG and 10 mg/kg Ketamine; (4) 

300 mg/kg 2-DG and 10 mg/kg Ketamine; (5) 0 mg/kg 2-DG and 20 mg/kg Ketamine; 

and (6) 300 mg/kg 2-DG and 20 mg/kg Ketamine (see Figure 3.1). One hour prior to 

FSS, all rats were pre-treated with their respective dose of ketamine, and 30 mins later 

they were injected with their respective dose of 2-DG. Thirty minutes following injections 

of 2-DG, all rats were exposed to FSS for 10 mins. This procedure was carried out for 5 

daily sessions of forced swimming stress exposure, with each session separated by 24 

hours (FSS1-5; Figure 3.1). All rats were exposed to the same cylinder for each swim. 

Blood was sampled 20 mins after FSS1 (Blood Test 1) and FSS5 (Blood Test 2) as well 

as before and 20 mins after a drug-free Test Swim (Baseline and Blood Test 3, 

respectively) that was performed seven days after the last consecutive swim session 

(FSS5). This period was selected because it has been reported that high intensity 

stressors can alter reactivity to FSS when animals are tested seven days after stress 

termination (Belda et al., 2016). The 20 mins time point was selected because blood 

CORT levels peak around this time following FSS (Dal-Zotto et al., 2000).  
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To control for possible effects of forced swimming stress alone on serum CORT 

and TNF-α concentrations, blood was sampled at the same timepoints in one additional 

group of rats in a No Swim stress control condition. These rats were injected with either 

0.9% saline only (w/v; n = 6), or with 300 mg/kg 2-DG only (n = 6), or with 20 mg/kg 

ketamine only (n = 6), and were then exposed to dry swim cylinders for FSS1-5 and the 

drug-free Test Swim. 

 

Figure 3.1 Experimental timeline. FSS = forced swimming stress; 2-DG = 2-deoxy-D-glucose; D = day 
number. 

 

3.3.6 Statistical Analysis 

Two-way independent or mixed sample design analyses of variance (ANOVA) 

were used where appropriate. Significant interactions were followed by multiple 

comparisons using the Bonferroni method. Blood analytes (i.e., CORT and TNF-α) were 

analyzed using separate two-factor independent design ANOVAs for Blood Test 1 and 

2, respectively, while a two-factor mixed design ANOVA was used to compare blood 

analytes at Baseline and Blood Test 3 in Swim Stress rats. Finally, analytes in all blood 

samples were compared using a two-factor mixed design ANOVA in No Swim rats. 

One- and two-factor ANOVAs were conducted using SigmaPlot (v.12.5 for Windows) 
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and the threshold of significance was set at α ≤ 0.05. The exact values of non-

significant analyses were not reported. 

3.4 Results 

3.4.1 Ketamine modulates the interaction between hypoglycemic and 

psychophysical stressors on corticosterone. 

Swim stress condition: Figure 3.2A represents mean (SEM) serum CORT 

concentrations on Blood Test 1 in rats pre-treated with 0, 10, or 20 mg/kg ketamine, and 

30 minutes later injected with 0 or 300 mg/kg 2-DG prior to the first session of forced 

swimming stress (FSS1). The ANOVA revealed a significant main effect of 2-DG dose 

group [F(1,47) = 7.302, p = 0.01] and multiple comparisons on marginal means 

indicated that CORT levels were increased by 2-DG regardless of the ketamine pre-

treatment (p < 0.01). Figure 3.2B represents mean (SEM) serum CORT concentrations 

on Blood Test 2, and no significant group differences were observed. Figure 3.2C 

represents mean (SEM) serum CORT concentrations at Baseline and on Blood Test 3 

following the drug-free Test Swim in the same rats. The ANOVA revealed a statistically 

significant interaction between Group and Blood Test [F(5,95) = 3.228, p = 0.015] as 

well as a significant main effect of Blood Test [F(1,95) = 302.731, p < 0.001]. Multiple 

comparisons further indicated that CORT levels were significantly higher in rats injected 

with 2-DG in comparison to their vehicle in the 0 mg/kg ketamine group only (p < 0.001), 

although CORT was significantly elevated in all groups relative to their respective 

baseline concentrations (p < 0.001). Baseline CORT concentrations were as follows: 0 

mg/kg 2-DG & 0 mg/kg Ketamine [54.75 ng/ml]; 0 mg/kg 2-DG & 10 mg/kg Ketamine 

[58.03 ng/ml]; 0 mg/mg 2-DG & 20 mg/kg Ketamine [52.69 ng/ml]; 300 mg/kg 2-DG & 0 
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mg/kg Ketamine [65.26 ng/ml]; 300 mg/kg 2-DG & 10 mg/kg Ketamine [67.42 ng/ml]; 

300 mg/kg 2-DG & 20 mg/kg Ketamine [59.54 ng/ml]. 

 

 

Figure 3.2 Mean (SEM) serum corticosterone concentration (ng/ml) on Blood Test 1 (Panel A), Blood 
Test 2 (Panel B), and Blood Test 3 (Panel C). In Panel C, the solid line represents the mean (SEM = 
dotted lines) corticosterone concentrations at Baseline in each group. Asterisk (*) indicates a significant 
main effect of 300 mg/kg 2-DG; Ampersand (&) indicates a significant main effect of swim stress 
(between Baseline and Blood Test 3; see Figure 1); Double asterisk (**) indicates a significant difference 
in comparison to 0 mg/kg 2-DG within ketamine dose group.
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Table 3.1 Mean ± SEM serum CORT and TNF-α concentrations for each Blood Test in rats injected with saline, 20 mg/kg ketamine, or 300 mg/kg 
2-DG and exposed to an empty swim tank on FSS1-5 as well as the Test Swim (i.e., No swim stress control condition). Values that share a similar 
bold letter are significantly different from each other. Asterisk indicates a significant difference in the level of TNF-α compared to all other Blood 
Tests overall.

Analyte 2-DG Dose 
Ketamine 

Dose 
Blood Test 1

 
Blood Test 2 Baseline Blood Test 3 * 

CORT 

0 mg/kg 0 mg/kg 43.43 ± 4.50 49.97 ± 6.83 e 48.42 ± 10.85 67.07 ± 6.90 

0 mg/kg 20 mg/kg 40.25 ± 9.59 33.96 ± 3.12 d 32.17 ± 7.05 46.07 ± 5.33 

300 mg/kg 0 mg/kg 64.06 ± 3.91 a 78.63 ± 10.22 b,c,d,e 29.95 ± 3.25 a,b 42.96 ± 12.42 c 

TNF-α 

0 mg/kg 0 mg/kg 5.81 ± 0.20 6.01 ± 0.28 6.66 ± 0.71 10.12 ± 1.28 

0 mg/kg 20 mg/kg 6.22 ± 0.23 5.76 ± 0.34 6.64 ± 0.34 10.23 ± 1.01 

300 mg/kg 0 mg/kg 6.81 ± 0.28 6.46 ± 0.41 5.97 ± 0.33 8.73 ± 0.69 
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No swim stress condition: mean (SEM) CORT concentrations observed in the 

in rats injected with saline, 20 mg/kg ketamine, or 300 mg/kg 2-DG and not exposed to 

swim stress are included in Table 3.1. The ANOVA revealed a statistically significant 

interaction between Group and Blood Test [F(6,71) = 3.949, p = 0.003] as well as main 

effects of Group [F(2,71) = 4.485, p = 0.030] and Blood Test [F(3,71) = 3.279, p = 

0.029]. Multiple comparisons further indicated that CORT increased on Blood Test 2 in 

rats administered 5 daily injections of 2-DG compared to rats injected with saline (p < 

0.05) or ketamine (p < 0.001). Moreover, CORT levels were significantly increased on 

Blood Test 1 in comparison to Baseline (p < 0.05), and on Blood Test 2 in comparison 

to Baseline (p < 0.001) and Blood Test 3 (p < 0.01) in rats injected with 2-DG. That is, 

CORT levels significantly increased when rats were administered one or five injections 

of 2-DG, but when the same rats were tested in a drug-free state one week after 

exposure to 2-DG, CORT concentrations decreased to control levels.  

3.4.2 Ketamine modulates the interaction between hypoglycemic and 

psychophysical stressors on tumor necrosis factor-α. 

Swim stress condition: Figure 3.3A represents mean (SEM) serum TNF-α 

concentrations on Blood Test 1, and no significant group differences were observed. 

Figure 3.3B represents mean (SEM) serum TNF-α concentrations on Blood Test 2 and 

again, no significant group differences were observed. Figure 3.3C represents mean 

(SEM) serum TNF-α concentrations at Baseline and on Blood Test 3 following the drug-

free Test Swim, and the ANOVA revealed a statistically significant interaction between 

Group and Blood Test [F(5,95) = 3.377, p = 0.012] and a significant main effect of Blood 

Test [F(1,95) = 19.822, p < 0.001]. Multiple comparisons further indicated that TNF-α 
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levels significantly decreased compared to baseline levels in rats previously 

administered 5 daily injections of 2-DG on FSS1-5 (p < 0.01), regardless of their co-

administered dose of ketamine. Importantly, rats injected with 300 mg/kg 2-DG 

displayed significantly lower levels of TNF-α on Blood Test 3 in comparison 0 mg/kg 2-

DG (p < 0.05) and in comparison to rats injected with 300 mg/kg 2-DG and pre-treated 

with 20 mg/kg ketamine (p < 0.05). That is, all rats injected with 2-DG displayed a 

significant decrease in TNF-α levels from Baseline to Blood Test 3, and the magnitude 

of this effect was attenuated by pre-treatment with 20 mg/kg ketamine. Baseline TNF-α 

concentrations were as follows: 0 mg/kg 2-DG & 0 mg/kg Ketamine [8.72 pg/ml]; 0 

mg/kg 2-DG & 10 mg/kg Ketamine [8.26 pg/ml]; 0 mg/mg 2-DG & 20 mg/kg Ketamine 

[8.71 pg/ml]; 300 mg/kg 2-DG & 0 mg/kg Ketamine [9.10 pg/ml]; 300 mg/kg 2-DG & 10 

mg/kg Ketamine [9.45 pg/ml]; 300 mg/kg 2-DG & 20 mg/kg Ketamine [9.73 pg/ml]. 
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Figure 3.3 Mean (SEM) serum TNF-α concentrations (ng/ml) on Blood Test 1 (Panel A), Blood Test 2 
(Panel B), and Blood Test 3 (Panel C). In Panel C, the solid line represents the mean (SEM = dotted 
lines) TNF-α concentrations at Baseline in each group. The at (@) symbol indicates a significant main 
effect of 300 mg/kg 2-DG dose group; Double asterisk (**) indicates a significant difference in comparison 
to 0 mg/kg 2-DG within 0 mg/kg ketamine dose group; Pound (#) symbol indicates a significant difference 
in comparison to rats exposed to 300 mg/kg 2-DG and 0 mg/kg ketamine. 
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No swim stress condition: mean (SEM) TNF-α concentrations observed in the 

rats injected with saline, 20 mg/kg ketamine, or 300 mg/kg 2-DG and not exposed to 

swim stress are reported in Table 3.1. The ANOVA revealed only a significant main 

effect of Blood Test [F(3,71) = 25.760, p < 0.001]. Multiple comparisons on marginal 

means further indicated that serum TNF-α levels increased overall on Blood Test 3 

compared to Blood Test 1, Blood Test 2, and Baseline samples (p <0.001).  

3.5 Discussion 

There is evidence that hypoglycemia can interact with other stressors (Deak et 

al., 2005; Remus et al., 2015), and that ketamine can mitigate the impact of these 

stressors on behaviour (Melanson et al., 2021) and physiology (Garcia et al., 2009; Tan 

et al., 2017). The current study in male Sprague-Dawley rats investigated whether pre-

treatment with 0, 10, or 20 mg/kg ketamine could modulate the interaction between 

hypoglycemia induced by 0 or 300 mg/kg 2-deoxy-D-glucose (2-DG) and the 

psychophysical stress of forced swimming (FSS; 6 sessions, 10 min/session) on serum 

concentrations of the stress-responsive glucocorticoid CORT (Herman et al., 2016), and 

the pro-inflammatory cytokine TNF-α (Van Heesch et al., 2013). It was found that the 

first injection of 2-DG enhanced the CORT response after an initial session of FSS and 

that this effect dissipated after multiple 2-DG injections/sessions. Moreover, rats 

displayed significantly higher levels of CORT and lower levels of TNF-α in response to a 

drug-free Test Swim conducted one week after exposure to the combined stressors. 

Importantly, however, these effects were not observed in rats that received ketamine. 

Taken together, these findings indicate that ketamine has the potential to reduce the 
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negative impact of interacting stressors on biological reactivity of the HPA axis and 

immune system. 

The current study generated two major findings supporting the idea that ketamine 

modulated the interaction between hypoglycemia and psychophysical stress. First, the 

amplified CORT response that was observed in 2-DG-injected rats following exposure 

to the Test Swim did not occur in animals that were treated with ketamine (Figure 3.2, 

Panel C). This finding is consistent with the interpretation that ketamine exhibits anti-

stress effects (Amat et al., 2016), is prophylactic against future stressors (Brachman et 

al., 2016; Mastrodonato et al., 2020; Parise et al., 2013), and can normalize output of 

the HPA axis up to one week following repeated stress (Garcia et al., 2009). Second, 

TNF-α levels decreased following the Test Swim in all rats exposed to multiple 

injections of 2-DG, and the magnitude of this suppression was significantly reduced by 

ketamine (Figure 3.3, Panel C). This finding is consistent with the suggestion that 

ketamine can regulate the immune response to various stressors (Chang et al., 2016; 

Mastrodonato et al., 2020). But, while previous studies have emphasized the ability of 

ketamine to reduce inflammation caused by various forms of stress (Chang et al., 2010; 

Clarke et al., 2017; Zhang et al., 2016), the current findings provide first-time evidence 

that prophylactic ketamine can also block stress-induced immunosuppression (Connor 

et al., 2005; Hou et al., 2016). 

While the exact mechanisms underlying ketamine’s modulation of these 

responses remain unclear, there are several possibilities. First, it has been found that 

NMDA receptor antagonists can block hypoglycemia-induced lesions to stress-sensitive 

brain regions (Tasker et al., 1992; Wieloch, 1985) and that ketamine, also an NMDA 
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receptor antagonist, can reverse deficits in glucocorticoid receptor (GR) density caused 

by repeated stress (Fraga et al., 2021). Because lesions (Herman et al., 2016) or 

knockdown of GRs (McKlveen et al., 2013) in stress-sensitive regions of the brain 

amplify the CORT response to acute stress, it is possible that ketamine may have 

preserved HPA output in the current study by maintaining cellular and/or molecular 

mechanisms of negative feedback of the HPA axis (Herman et al., 2016). Second, 

ketamine may have directly modulated lymphocyte activity as NMDA receptor density is 

increased on lymphocytes activated by hypoglycemia (Iqbal et al., 2019) and is 

associated with suppression of pro-inflammatory cytokine release in vitro (Mashkina et 

al., 2010). Third, ketamine can reduce serum levels of soluble TNF-α receptor-1 

(sTNFR1; Park et al., 2017), which is known to sequester TNF-α and cause reductions 

of this cytokine in the blood (Engelmann et al., 1990; Idriss & Naismith, 2000). 

Moreover, there is evidence that individuals with impaired glucose metabolism display 

elevated plasma levels of sTNFR1 (Mattisson et al., 2017), suggesting that prolonged 

activity of sTNFR1 and/or lymphocytes may have played a role in the suppressed TNF-

α response induced by 2-DG and the effects of ketamine observed in this study.  

Previous studies have reported that swim stress alone (Dal-Zotto et al., 2000; 

Hubertus Himmerich et al., 2013) and 2-DG alone (Deak et al., 2005; Dréau et al., 2000; 

Horman et al., 2018) can increase blood levels of CORT and TNF-α in rodents. In the 

current study, serum levels of CORT increased following exposure to swim stress and 

to injections of 2-DG (Table 3.1), which is consistent with previous studies reporting 

increased CORT levels in response to forced swimming (Dal-Zotto et al., 2000) and 

experimentally-induced hypoglycemia (Deak et al., 2005; Horman et al., 2018; Razavi 
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Nematollahi et al., 2009). Neither stressor alone significantly impacted TNF-α levels. 

When these stressors were combined, the CORT response was significantly enhanced 

as early as the first session of FSS (Blood Test 1; Figure 3.2, Panel A) and, when the 

same animals were tested one week later, those exposed to the combined stressors 

displayed an amplified CORT response (Figure 3.2, Panel C) and a suppressed TNF-α 

response (Figure 3.3, Panel C). These findings are consistent with the idea that different 

stressor types can interact to dysregulate the CORT and inflammatory responses (Deak 

et al., 2005; D. F. Lovelock & Deak, 2017), and that exposure to high-intensity stressors 

can amplify the CORT response to brief psychophysical stress (Belda et al., 2016). 

Interestingly, the differences in physiological response observed on the Test Swim in 

comparison to Blood Test 1 and 2 may have been the result of time-dependent 

sensitization (Antelman et al., 2000), a form of metaplastic adaptation that generates an 

amplified physiological response with the passage of time between an initiating (i.e., 

interacting 2-DG and FSS) and challenging (i.e., Test Swim) stressor (I. R. Bell & 

Koithan, 2012). Thus, it is possible that time-dependent sensitization of biological 

processes involved in HPA axis activation (B. H. Harvey et al., 2003; Sorg et al., 1994) 

and stress-induced immunomodulation (Frank et al., 2007, 2012; Golovatscka et al., 

2012; Elizabeth S. Miller et al., 2019) contributed to the amplified CORT and TNF-α 

responses in the current study. Nevertheless, these novel findings provide potential 

physiological mechanisms that may underly the combined effect of hypoglycemic and 

psychophysical stressors on depressive-like behaviours previously reported by 

Melanson et al. (2021). 
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It should be noted that although CORT levels were unaffected by ketamine on 

Blood Tests 1 and 2 (Figure 3.2, Panels B & C), it has been reported that ketamine can 

both reduce CORT (Juven-Wetzler et al., 2014) and elevate CORT (Radford et al., 

2020) in rats. These apparently discrepant findings are likely to result from differences 

in the timing of blood collection and duration of administration. Specifically, Juven-

Wetzler et al. (2014) examined CORT levels at 20 mins following an IP injection of 

ketamine, while Radford et al. (2020) assessed CORT immediately after cessation of a 

2-hour ketamine infusion. Importantly, this increase in CORT following a ketamine 

infusion was not evident when CORT levels were re-assessed at 2 hours post-

administration (Radford et al., 2018), which is similar to the findings in the current study 

as blood samples were collected at least 80 mins following the injection of ketamine. 

Moreover, in the current study, ketamine alone had no effect on CORT levels in the No 

Swim stress condition (Table 3.1), which suggests that if ketamine does impact CORT 

levels as previously described, this effect may be time-dependent and limited to the first 

hour following drug administration. 

Overall, the current study demonstrates, for the first time, that ketamine can 

prevent the impact of interacting hypoglycemic and psychophysical stressors on CORT 

and TNF-α responses, further supporting its application in the treatment of psychiatric 

conditions characterized by HPA axis hyperreactivity and altered immune profiles, such 

as depression (Kiraly et al., 2017; Swaab et al., 2005). As well, the current data also 

point towards a possible mechanistic link in comorbid metabolic and mood disorders, 

like diabetes and depression (Pashaki et al., 2019). Finally, the current data, in 

combination with behavioural data reported by Melanson et al. (2021), provide a 
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potential physiological basis by which ketamine could exhibit its antidepressant and 

prophylactic effects, and further suggests CORT and TNF-α as potential biological 

markers of ketamine’s treatment response in depressed individuals (Rong et al., 2018). 
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4.1 Abstract 

This study was designed to explore the clinical belief that ‘set and setting’ play an 

important role in favorable responses to psychedelic agents such as ketamine (KET). In 

fact, there is evidence in animals that the antidepressant effects of this drug may involve 

drug-environment interactions in which a context paired with its effects acquires the 

ability to influence behaviour. Therefore, it was investigated in male Sprague-Dawley 

rats whether exposure to a context paired with the effects of KET, or with the effects of 

the common antidepressant medications bupropion (BUP) and escitalopram (ESC), 

could produce an antidepressant-like conditioned response. In Experiment 1, subjects 

received saline in a vehicle-paired context (denoted as CS-), and 0, 10, or 20 mg/kg 

KET, 10 mg/kg ESC, or 10 mg/kg BUP in a drug-paired context (denoted as CS+), on 

10 alternating days (5 pairings with each context). The rats were then exposed drug-

free to the CS- and CS+ prior to assessment of immobility in the forced swimming test. 

Experiment 2 assessed motor responses induced by the CS- and CS+ in a place 

conditioning test. It was found that exposure to the KET CS+, but not ESC CS+ or BUP 

CS+, significantly reduced immobility without affecting general locomotor activity. 

Moreover, no group differences were observed in the place conditioning test, indicating 

that the anti-immobility effect of the KET CS+ could not simply have resulted from 

conditioned motor responses. Together, these data suggest that a KET-paired context 

can elicit a conditioned antidepressant-like response, which may be a mechanism 

involved in its sustained antidepressant effects. 

Keywords: Ketamine, Antidepressant, Forced swimming test, Immobility, Conditioning 
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4.2 Introduction 

Depression is a debilitating neuropsychiatric disorder characterized by core 

symptoms of persistent sadness and/or reduced interest in pleasurable activities (i.e., 

anhedonia; American Psychiatric Association, 2013; Heshmati & Russo, 2015). Given 

the significant burden of disease (E. R. Walker et al., 2015; World Health Organization, 

2017b), drugs with different mechanisms of action are often prescribed to alleviate 

depressive symptoms. For example, selective serotonin reuptake inhibitors like 

escitalopram (ESC) exert their antidepressant effects by progressively restoring levels 

of serotonin (Blier et al., 1998; Gardier et al., 1996; Guilloux et al., 2006), while 

norepinephrine-dopamine reuptake inhibitors like bupropion (BUP) increase synaptic 

levels of dopamine and norepinephrine (Cadeddu et al., 2014). Unfortunately, 

approximately half of individuals living with depression do not respond to these first-line 

medications, and up to 33% of non-responders fail to achieve remission (Gartlehner et 

al., 2011; Gaynes et al., 2020). Moreover, multiple weeks of treatment are typically 

required for these drugs to induce clinically meaningful responses (Lener et al., 2017; 

Trivedi et al., 2006), which is very concerning when there are suicidal symptoms (Holma 

et al., 2010). 

The N-methyl-D-aspartate (NMDA) glutamate receptor antagonist ketamine (KET) 

has received considerable attention over the last 20 years because of its 

antidepressant-like effects in several species (Berman et al., 2000; Garcia et al., 2008; 

Lowe et al., 2020; Murrough et al., 2013; Zhu et al., 2017). Typically used to induce and 

sustain anesthesia in surgical settings (Li & Vlisides, 2016), a single infusion of KET has 

the potential to produce rapid antidepressant effects that can last up to 7 days post-
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administration (Berman et al., 2000; Phillips et al., 2019). Furthermore, there is 

evidence that repeated administration of KET over several weeks can produce a 

cumulative and sustained antidepressant response (Phillips et al., 2019). In rodents, 

KET produces an anti-immobility effect in the forced swimming test (Gigliucci et al., 

2013; Melanson et al., 2021), a valid test of antidepressant efficacy of drugs (Porsolt et 

al., 1977, 1978). The behavioural effects may be related to KET’s diverse range of 

neuropharmacological actions (Amat et al., 2016; Cadeddu et al., 2016; Camargo et al., 

2020; Donegan & Lodge, 2017a; Fraga et al., 2021; Garcia et al., 2009; Gigliucci et al., 

2013; Khakpai et al., 2019; Mastrodonato et al., 2020; Melanson & Leri, 2021; X. Wang 

et al., 2017; Yitian Yang et al., 2020; G. F. Zhang et al., 2016) and/or its protective 

effects against stress-induced changes in dendritic branching (Fraga et al., 2021) and 

dendritic spine formation (Moda-Sava et al., 2019; Ng et al., 2018).  

Interestingly, KET’s antidepressant effects are notoriously difficult to decouple 

from possible placebo effects in clinical studies (Murrough et al., 2013; Wilkinson et al., 

2019), and investigations in laboratory animals have the potential to shed light on these 

non-pharmacological actions. More specifically, there is a report of a KET “placebo” 

effect characterized by an anti-immobility response in drug-free mice following exposure 

to a context that was paired with injections of the drug (Krimmel et al., 2019). This is an 

important observation as it suggests that, beyond people’s detection and expectation of 

KET’s effects, “classical conditioning” factors may have a significant role in its 

antidepressant profile. That is, because ketamine (and other psychedelic treatment 

approaches; Carhart-Harris et al., 2021; Mitchell et al., 2021) is repeatedly administered 

in a particular setting, using a particular procedure (Feder et al., 2021; Phillips et al., 
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2019), conditions exist for the establishment of Pavlovian associations between the 

context of drug administration and KET’s pharmacological actions. Supporting this 

conditioning hypothesis, studies in rats have shown that KET-induced psychomotor 

activation (Trujillo & Heller, 2020) and KET self-administration (De Luca & Badiani, 

2011; Venniro et al., 2015) are highly dependent on the context in which the drug is 

administered. Furthermore, rats tested drug-free will generally approach a KET-paired 

context (Botanas et al., 2015; Guo et al., 2016; van der Kam et al., 2009; but see Zhai 

et al., 2008), which also supports the idea that KET can promote environmental 

conditioning. 

Therefore, to investigate possible conditioning factors that may distinguish KET’s 

behavioural effects from those of traditional antidepressant medications such as ESC 

and BUP, the current study in male Sprague-Dawley rats: 1) compared the effects of a 

context paired with 0, 10, or 20 mg/kg KET, 10 mg/kg ESC, or 10 mg/kg BUP on 

immobility in the forced swimming test; and 2) established whether conditioned motor 

responses could explain the conditioned anti-immobility effect of KET. 

4.3 Methods 

4.3.1 Subjects 

A total of 90 male Sprague-Dawley rats (Charles River, QC) weighing between 

300-350 g at the beginning of behavioural testing were individually housed in standard 

rat cages (polycarbonate; 50.5 x 48.5 x 20 cm) with bedding and environmental 

enrichment. Upon arrival to the laboratory, rats were given at least 1 week to acclimate 

to the animal facility and were maintained on a 12-h reverse light/dark schedule (lights 

off 0700 h, lights on 1900 h). All behavioural testing was conducted during the dark 



 
 

102 
 

schedule and rats were provided with 25 g of standard rat chow (Teckblad Global 18% 

Rodent diet, Envigo RMS Inc., Indianapolis, IN, USA) per day with water available ad 

libitum throughout all experiments. All experiments were approved by the Animal Care 

Committee of the University of Guelph (Animal Utilization Protocol No.: 3609) and were 

carried out in accordance with the recommendations of the Canadian Council on Animal 

Care.  

4.3.2 Apparatus 

4.3.2.1 Contextual conditioning 

Six semitransparent Plexiglas chambers (University of Guelph, 

Guelph, ON, Canada) were used for contextual conditioning. Each chamber included 

two distinct compartments of equal size (30 × 40×26 cm) separated by a removable 

insert (dark gray PVC) with, or without, a small square opening (10 ×10 cm) at its back. 

Distinct visual (compartment walls consisting of stars on a solid background on one side 

and vertical white and black stripes on the other; external objects included cabinets, 

tables, and computer) and tactile (a black ceramic tile in one compartment of each 

chamber) cues were maintained constant throughout the experiment. Black wire mesh 

covered the front of each compartment allowing for automatic video tracking (Ethovision 

v3, Noldus, The Netherlands). When this apparatus was used for place conditioning, the 

software generated a virtual transition zone (approximately the size of a 400 g rat), 

which created a third, middle compartment. Time spent in this virtual compartment was 

not included in place conditioning data analysis.  
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4.3.2.2 Forced swimming test 

The forced swim test (FST) protocol was modified from Melanson et al. (2021) 

and consisted of 3 forced swim stress (FSS) sessions conducted in four transparent 

Plexiglass cylinders housed in a dimly lit room, and each cylinder was filled with tap 

water (23 ± 1°C) to a depth of 40 cm. 

4.3.3 Drugs and doses 

KET (Narketan; 100 mg/ml), ESC (donated by Lundbeck Inc.; Valby, Denmark), 

and BUP (Toronto Research Chemicals, Toronto, ON) were diluted with 0.9% saline 

(w/v) and injected intraperitoneally (IP) at a volume of 1 ml/kg. Dose selection of KET 

was based on effectiveness in reducing immobility in the FST (Carrier & Kabbaj, 2013; 

Melanson et al., 2021; G. F. Zhang et al., 2016) and to support place conditioning in rats 

(van der Kam et al., 2009; Xu et al., 2006). The single doses of ESC (Seo et al., 2018) 

and BUP (Kitamura et al., 2008, 2010) were also selected on the basis of their 

effectiveness to reduce immobility in the FST in rats. Furthermore, our laboratory has 

extensively demonstrated that the particular contextual conditioning protocol (i.e., 5 

drug/CS+ and 5 vehicle/CS- pairings; 2 hours each pairing) selected for the current 

study yields robust conditioned responses in rats conditioned with various incentive 

(cocaine, nicotine, heroin; Wolter et al., 2019, 2020, 2021) and aversive (precipitated 

heroin withdrawal; Baidoo et al., 2020) unconditioned stimuli. 
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4.3.4 Procedures 

4.3.4.1 Effects of a context paired with saline, ketamine, escitalopram, or 

bupropion on immobility in the forced swim test. 

Five different experimental groups (n = 12 per group) were injected with: (1) saline 

(SAL); (2) 10 mg/kg ketamine (KET10); (3) 20 mg/kg ketamine (KET20); (4) 10 mg/kg 

escitalopram (ESC); (5) or 10 mg/kg bupropion (BUP). Initially, all 60 rats were 

habituated to each compartment of the chamber for 30 mins, 24 h prior to the first 

conditioning session. For each drug-conditioning session, rats were injected with SAL, 

KET10, KET20, ESC, or BUP and placed in the CS+ compartment for 2 hours. On 

alternating days, the same groups of rats were injected with vehicle (0.9% saline, w/v) 

and placed in the CS- alternate compartment, for 2 hours. CS- and CS+ pairings 

occurred every other day for a total of 5 pairings in each context over 10 consecutive 

days and the compartments used as the CS- and CS+ were counterbalanced across all 

groups.  

One week after the final conditioning session, rats were exposed to 3 FSS 

sessions (FSS1-3; see Figure 4.1A). Swim sessions lasted 10 mins in duration as this 

has been shown to progressively increase immobility with each successive exposure 

(Melanson et al., 2021). On the first swim session (Induction/FSS1), rats were 

habituated to the testing room for 30 mins and then gently placed in the swim cylinders 

where they had to swim for 10 mins. On the following two days, rats were transported to 

the testing room and were placed in the CS- and CS+ for 30 mins prior to the second 

(FSS2) and third swim session (FSS3), respectively. All rats were exposed to the same 

cylinder for each swim. After swimming, rats were towel-dried and placed under an 
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infrared heat lamp for 15 minutes before returning to their home cages. Swim tanks 

were emptied and cleaned between each group of rats to mitigate the influence of alarm 

substances (Abel, 1992). The inability to remain afloat during FSS sessions warranted 

immediate removal from the swim cylinder; however, all rats were able to maintain 

buoyancy in this experiment. 

4.3.4.2 Effect of the ketamine-paired context on conditioned approach/avoidance 

responses. 

Using an unbiased place conditioning procedure, this experiment was designed 

to investigate whether rats would approach or avoid a context paired with KET (Figure 

4.1B). Three different experimental groups (n = 10 each) received: (1) saline (SAL); (2) 

10 mg/kg ketamine (KET10); or (3) 20 mg/kg ketamine (KET20) before being placed in 

the CS+. All rats received vehicle (0.9% saline w/v) before being placed in the CS-. 

Prior to conditioning, the rats were allowed to roam freely between the CS- and CS+ for 

30 mins to habituate them to the testing apparatus. Twenty-four hours after habituation, 

conditioning sessions were performed over 10 consecutive days as in Experiment 1. 

The compartments used as the CS- and CS+ were counterbalanced across all groups. 

Twenty-four hours after the last conditioning session, rats were re-exposed to the 

testing apparatus drug-free and were allowed to roam freely between CS- and CS+ for 

30 mins as they did during habituation. Time spent in the CS- and CS+ during the place 

conditioning test was recorded. 
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4.3.5 Statistical analysis 

In Experiment 1, level of immobility was assessed on all three FSS sessions, but 

the dependent variable of interest was the % change in immobility observed after 

exposure to the CS+ relative to immobility observed after exposure to the CS- 

calculated by the formula: [[(seconds spent immobile during the CS+ swim session – 

seconds spent immobile during the CS- swim session) / seconds spent immobile during 

the CS- swim session] x 100]. Therefore, positive and negative %s reflect an increase 

and decrease in the level of immobility observed on the CS+ swim, respectively, and 

include changes in immobility level of each individual rat on both FSS sessions. The 

sample size in this study has been shown to generate sufficient power to detect 

Figure 4.1 Timeline for experiment 1 (Panel A) and experiment 2 (Panel B). SAL = saline control 
group, ESC = 10 mg/kg escitalopram, BUP = 10 mg/kg buproprion, KET10 = 10 mg/kg ketamine, 
KET20 = 20 mg/kg ketamine, FSS = forced swimming stress, PC = place conditioning; D = day 
number. 
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statistically significant differences while minimizing the total number of animals 

employed. 

One-, two-, and three-factor independent or mixed sample design analyses of 

variance (ANOVA) were used where appropriate. Significant interactions were followed 

by multiple comparisons using the Student-Newman-Keuls method. One- and two-factor 

ANOVA were performed using SigmaPlot (v.12.5 Systat software for Windows) and 

three-factor ANOVAs were performed using IBM SPSS for Windows (v.24). The 

threshold of significance was set at α ≤ 0.05, and the exact values of non-significant 

analyses are not reported. Data and materials for this study are available by emailing 

the corresponding author.  We report how we determined our sample size, all data 

exclusions (if any), all manipulations, and all measures in the study. This study was not 

preregistered. 

4.4 Results 

4.4.1 Effects of a context paired with saline, ketamine, escitalopram, or 

bupropion on the behavioural response to forced swimming stress. 

Figure 4.2A represents the mean (SEM) distance moved during conditioning on 

Pairing 1 and 5 in rats injected with SAL, KET10, KET20, ESC, or BUP in the CS+, and 

vehicle in the CS-. The ANOVA revealed statistically significant interactions between 

Compartment, Group, and Pairing [F(4,55) = 34.102, p < 0.001], Compartment and 

Pairing [F(1,55) = 136.753, p < 0.001], Pairing and Group [F(4,55) = 25.497, p < 0.001], 

and Compartment and Group [F(4,55) = 19.479, p < 0.001], as well as significant main 

effects of Compartment [F(1,55) = 85.014, p < 0.001] and Group [F(4,55) = 22.257, p < 

0.001]. Multiple comparisons further indicated that locomotion significantly increased 
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from Pairing 1 to Pairing 5 in the CS+ in rats that received KET10 or KET20 (p < 0.001 

both), and that this increase in locomotion was significant on Pairing 5 in comparison to 

the CS- within group (p < 0.001) and to both SAL and ESC groups (p < 0.001 both). In 

rats that received BUP, locomotion increased in the CS+ on Pairing 1 in comparison to 

all other groups (p < 0.001) and to the CS- within group (p < 0.001), as well as on 

Pairing 5 in comparison to ESC and SAL groups (p < 0.005 both). In contrast, 

locomotion significantly decreased in the CS+ on Pairing 1 in rats that received KET10 or 

ESC in comparison to the CS- within group (p < 0.001) and to rats that received KET20, 

BUP, or SAL (p < 0.01; all). Finally, locomotion in the CS- decreased from Pairing 1 to 5 

in rats that received KET10 (p < 0.001), KET20 (p < 0.001), ESC (p < 0.01), or BUP (p < 

0.001) in the CS+. 

 Figure 4.2B represents mean (SEM) % change in immobility in rats injected with 

SAL, KET10, KET20, ESC, or BUP in the CS+, and vehicle in the CS-. The ANOVA was 

significant [F(4,55) = 4.602, p = 0.003] and multiple comparisons further indicated that 

rats exposed to a CS+ paired with injections of 10 or 20 mg/kg KET displayed a 

significantly lower % immobility change in comparison to rats exposed to a CS+ paired 

with injections of BUP only (p < 0.05) or SAL only (p < 0.05), but not ESC only. In other 

words, exposure to a CS+ paired with either dose of KET blocked the % increase in 

immobility that was observed in rats exposed to a CS+ paired with BUP or SAL, and to 

a lesser extent, with ESC. 
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Figure 4.2 Panel A represents mean (SEM) distanced moved on Pairings 1 and 5 in rats injected 
with saline (SAL), or escitalopram (10 mg/kg; ESC), or bupropion (10 mg/kg; BUP), or ketamine 
(10 or 20 mg/kg; KET10 and KET20, respectively) before being placed in the CS+, and injected 
with vehicle (0.9% saline, w/v) before being placed in the CS-. Carrot (^) indicates a significant 
difference in comparison to CS- within Group and Pairing. At symbol (@) indicates a significant 
difference in comparison to all other groups within CS+ and within Pairing 1. Lambda (λ) indicates 
a significant difference in comparison to SAL, KET20, and BUP within CS+ and within Pairing 1. 
Pound symbol (#) indicates a significant difference between Pairing 1 and Pairing 5 within 
Compartment and Group. Panel B represents mean (SEM) % immobility change from CS- to CS+ 
swim sessions in rats conditioned with saline (SAL), or escitalopram (10 mg/kg; ESC), or 
bupropion (10 mg/kg; BUP), or ketamine (10 or 20 mg/kg; KET10 and KET20, respectively) in the 
CS+, and vehicle (0.9% saline, w/v) in the CS-. Inset represents mean (SEM) distance moved in 
the CS- and CS+ prior to each respective swim session. Asterisk (*) indicates a significant 
difference in comparison to SAL. Carrot (^) indicates a significant difference in comparison to 
BUP. 



 
 

110 
 

4.4.2 Effect of the ketamine-paired context on conditioned approach/avoidance 

responses. 

Figure 4.3A represents mean (SEM) distance moved during conditioning on 

Pairing 1 and 5 in rats injected with SAL, KET10, or KET20, in the CS+, and vehicle in the 

CS-. The ANOVA revealed statistically significant interactions between Compartment, 

Group, and Pairing [F(2,27) = 8.013, p = 0.002], Compartment and Pairing [F(1,27) = 

19.642, p < 0.001], and Pairing and Group [F(2,27) = 9.563, p  = 0.001], as well as a 

significant main effect of Pairing [F(1,27) = 37.606, p < 0.001]. Replicating the 

locomotion findings of experiment 1, multiple comparisons indicated that repeated 

injections of 10 mg/kg and 20 mg/kg KET significantly increased locomotion in the CS+ 

by Pairing 5 (p < 0.001) and that, locomotion significantly decreased from Pairing 1 to 

Pairing 5 in the CS- when the same rats received vehicle. 

Figure 4.3B represents mean (SEM) time spent in the CS- and CS+ 

compartments on habituation (left panel) and the place conditioning test (right panel). 

The ANOVA revealed a statistically significant interaction between Test Session and 

Compartment [F(1,27) = 4.337, p = 0.047] and a significant main effect of Compartment 

[F(1,27) = 4.745, p = 0.038]. Multiple comparisons on marginal means further indicated 

that time spent in the CS+ on test was significantly lower in comparison to time spent in 

the CS- (p < 0.05) and to time spent in the CS+ on habituation (p < 0.05). From the 

figure, it is apparent that this effect was mostly attributable to the behaviour of the KET10 

group, but this did not reach statistical significance.  
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Figure 4.3 Panel A represents mean (SEM) distance moved in rats injected with 0, 10, or 20 mg/kg 
ketamine (SAL, KET10, and KET20, respectively) before being placed in the CS+, and injected with 
vehicle before placed in the CS-. Asterisk (*) indicates a significant difference in comparison to SAL 
within CS+ and Pairing 5. Carrot (^) indicates a significant difference in comparison to CS- within 
Ketamine Dose Group and within Pairing 5. Pound symbol (#) indicates a significant difference 
between Pairings within Compartment and Ketamine Dose Group. Panel B represents mean (SEM) 
time spent in the CS- and CS+ on habituation (left) and the place conditioning test (right) in rats 
conditioned with SAL, KET10, or KET20 in the CS+, and vehicle in the CS-. Double asterisk (**) 
indicates a significant difference between Habituation and Test within the CS+. Ampersand (&) 
indicates a significant difference between Compartments within Test. 



 
 

112 
 

4.5 Discussion 

There is considerable interest in understanding the mechanisms that underly the 

antidepressant effect of the NMDA glutamate receptor antagonist KET (Ardalan et al., 

2017; Browne & Lucki, 2013; Phillips et al., 2019; Sałat et al., 2015). Recently, Krimmel 

and colleagues reported evidence of a “placebo” effect, whereby drug-free mice 

exposed to a context repeatedly paired with injections of KET exhibited lower levels of 

immobility during FSS (Krimmel et al. 2019). To formally investigate whether 

conditioning factors indeed play a role in the psycho-behavioural actions of KET, the 

current study explored whether exposure to a context paired with the effects of 10 or 20 

mg/kg KET, or with the effects of the common antidepressant medications 10 mg/kg 

BUP and 10 mg/kg ESC, could produce an antidepressant-like conditioned response in 

male Sprague-Dawley rats. In Experiment 1, subjects received vehicle in a vehicle-

paired context (denoted as CS-), and saline (SAL), or 10 or 20 mg/kg KET, or 10 mg/kg 

ESC, or 10 mg/kg BUP in a drug-paired context (denoted CS+), on 10 alternating days 

(5 pairings with each context). The animals were then exposed to the CS+ and CS- 

compartments, in a drug-free state, just prior to assessment of immobility in the FST; a 

widely employed behavioural assay sensitive to drugs that have antidepressant action 

in people (Slattery & Cryan, 2012). Experiment 2 employed the same contextual 

conditioning protocol to assess possible motor responses induced by exposure to the 

CS+ and CS- compartments that could explain the conditioned anti-immobility effect of 

KET. It was found that exposure to the KET CS+, but not the BUP CS+ or ESC CS+, 

significantly reduced immobility without affecting general locomotor activity. Moreover, 

the absence of significant conditioned place preference or conditioned place avoidance 
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indicated that this anti-immobility effect of the KET CS+ could not simply have resulted 

from approach or avoidance conditioned motor responses. Taken together, these data 

indicate that a KET-paired context can elicit a conditioned antidepressant-like response, 

and further suggests that the enhanced antidepressant response to multiple KET 

infusions may be attributable, in part, to drug-environment interactions between the 

administration of KET and the clinical setting used during treatment.  

The current study generated three major findings in support of the assertion that 

a KET-paired context can produce a conditioned antidepressant-like response. First, as 

expected, repeated exposure to forced swimming progressively increased immobility in 

rats that were conditioned with SAL in the CS+ (Figure 4.2B), which is in line with 

previous studies that employed a repeated swim stress design (Dal-Zotto et al., 2000; 

Melanson et al., 2021; Mul et al., 2016). Importantly, this progressive increase in 

immobility was not observed in rodents that were exposed to the KET CS+ prior to the 

last swim (FSS3; Figure 4.2B). This finding is interpreted as evidence of a conditioned 

antidepressant-like effect because drugs with antidepressant action in people, including 

KET, reduce immobility in the FST (Kitamura et al., 2010; Lucas et al., 2010; Overstreet 

et al., 2004; Rénéric & Lucki, 1998, Melanson et al., 2021). 

Second, multiple injections of KET were found to progressively stimulate 

locomotion (Pairing 5, Figure 4.2A), a finding that is consistent with evidence of 

locomotor sensitization by repeated KET injections in rodents (Strong et al., 2017; 

Trujillo & Heller, 2020) and which, incidentally, supports the utilization of repeated 

dosing regimens in clinical settings (Feder et al., 2021; Shiroma et al., 2014). But, this 

observation raises the question as to whether the anti-immobility effect could have 
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resulted from hyperactivity induced by the KET CS+. After all, psychoactive drugs 

known to increase locomotion can also reduce immobility in the FST, thereby producing 

a false-positive result (Cryan et al., 2005; Rénéric & Lucki, 1998). However, when 

locomotion was measured in the CS+ prior to swimming, there was no evidence of 

conditioned hyperlocomotion (inset in Figure 4.2B), which is consistent with similar 

findings reported by Krimmel et al. (2019) and McDougall et al. (2017). Thus, it is 

unlikely that conditioned hyperactivity could have significantly influenced the anti-

immobility effect of the KET CS+. 

Third, it is possible to attribute the conditioned anti-immobility effect to other 

conditioned motor responses that the KET CS+ may have produced, such as 

conditioned approach or avoidance (Botanas et al., 2015; Schoepfer et al., 2019; Xu et 

al., 2006). However, there was no evidence of conditioned approach towards the KET 

CS+ in the current study (Figure 4.3B). Similarly, although rats in Experiment 2 

appeared to avoid the CS+ paired with 10 mg/kg KET (and to a lesser extent, 20 mg/kg 

KET; Figure 4.3B), this effect was not significant. As well, conditioned avoidance is 

typically associated with a reduction in motor activity (Baidoo et al., 2020; Horman et al., 

2018), and stimuli that reduce motor activity tend to increase immobility (D. W. Lim et 

al., 2020; Melanson et al., 2021; Suento et al., 2021). Finally, another study conducted 

in our laboratory (data not shown) found no group differences in avoidance responses 

to a KET CS+ when a more typical place conditioning protocol (i.e., 4 drug/CS+ and 4 

vehicle/CS- pairings, 30 min each) was utilized (Sticht et al., 2010; Thériault et al., 

2018). Therefore, although it appears that rats in this study may have avoided the 

compartment paired with KET, their behavioural response in the FST (i.e., decreased 
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FST immobility) was not consistent with the expected behaviours typically caused by 

stimuli that produce a conditioned avoidance response (i.e., increased FST immobility).  

An intriguing interpretation of the current findings in rats is that the KET-paired 

CS+ acquired some of the psychoactive properties of KET linked to mechanisms 

implicated in mood and hedonic functions (Mkrtchian et al., 2021; Rincón-Cortés & 

Grace, 2020), and that a conditioned emotional response contrasted the expression of 

“behavioural despair” (Daniels et al., 2019) experienced during exposure to the 

inescapable stressor. In support of this interpretation, it is known that KET alleviates 

animal correlates of anhedonia, such as stress-induced deficits in sucrose (G. F. Zhang 

et al., 2016) and saccharin preference (Melanson et al., 2021), and that it increases 

dopamine release within the mesolimbic dopamine system (Kokkinou et al., 2018). 

Importantly, modulation of dopaminergic activity within the mesolimbic dopamine 

system directly influences sucrose preference (Chaudhury et al., 2013), and conditioned 

cues which facilitate the intake of sucrose- and saccharin-flavored water also promote 

dopamine release within the nucleus accumbens (Datla et al., 2002; McCutcheon et al., 

2012). Therefore, it is conceivable that KET and KET-paired stimuli could have similar 

behavioural and neurochemical actions. It would be valuable to further test this idea by 

investigating the effects of the KET CS+ on impaired hedonic functions induced by 

stress, and on activation of dopamine and other systems involved in the regulation of 

mood. 

To our knowledge, this is the first study to investigate whether a context paired 

with 10 mg/kg ESC or 10 mg/kg BUP could also produce a conditioned antidepressant-

like effect. It was found that the levels of immobility following exposure to the ESC CS+ 
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and BUP CS+ were statistically indistinguishable from the level of immobility exhibited 

by rats conditioned with SAL (Figure 4.2B). While little is known about conditioned ESC 

effects, there is evidence that a context paired with other selective serotonin reuptake 

inhibitors (Deslandes et al., 2002; Subhan et al., 2000), or with BUP (Mori et al., 2013; 

Ortmann, 1985), can produce a conditioned approach response (but see Horman et al. 

2018). It should be noted that immobility was significantly lower in rats exposed to the 

KET CS+ in comparison to rats exposed to the BUP CS+, but not the ESC CS+ (Figure 

4.2B). This finding emphasizes the fact that the KET CS+ effectively reduced immobility 

in the FST not only in comparison to a control group, but also in comparison to a 

clinically approved antidepressant drug, suggesting a possible conditioning mechanism 

that is unique to the antidepressant effect of KET (J.-W. Kim et al., 2021). Furthermore, 

the lack of statistical significance between the KET CS+ and the ESC CS+ suggests the 

interesting possibility that serotonergic mechanisms may be involved in KET-

conditioned anti-immobility, and this would be consistent with the proposed role of 

serotonin in the sustained antidepressant effect of KET (Gigliucci et al., 2013). 

The finding that an anti-immobility response occurred in rats exposed to an 

environment paired with the effects of KET, but not ESC or BUP, supports the clinical 

belief that surroundings have a positive role in remission following KET- or psychedelic-

assisted psychotherapies (de Gregorio et al., 2021). It may be that the clinical 

environment used to administer KET acquires conditioned antidepressant-like 

properties, which may explain why repeated administration of KET progressively 

enhances the antidepressant response (Phillips et al., 2019). Not only does this indicate 

that the clinical environment may synergize with subsequent drug infusions, but it also 
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introduces the idea that the responses to a KET-paired environment may interact with 

other treatment approaches that are used to alleviate symptoms of depression, such as 

cognitive behavioural therapy. In support of this idea, pairing KET with one (E. Krupitsky 

et al., 2002) or multiple sessions (E. M. Krupitsky et al., 2007) of psychotherapy has 

been shown to mitigate heroin dependence, and combining KET with an initial session 

of behavioural therapy increased remission rates for cocaine use disorder (Dakwar et 

al., 2019). Given the potential clinical significance of this finding, future studies in 

rodents could investigate the neurobiological mechanisms that may underly the 

conditioned antidepressant-like effect of KET, including glutamate (Caffino et al., 2016; 

Moghaddam et al., 1997; Y. Wang et al., 2020), serotonin (du Jardin et al., 2016; 

Gigliucci et al., 2013), dopamine (Y. Li et al., 2015; Matulewicz et al., 2010), 

endocannabinoids (Khakpai et al., 2019), opioids (F. Zhang et al., 2021), inflammatory 

cytokines (A. J. Walker et al., 2015; Zhan et al., 2020), and signaling pathways involving 

eukaryotic initiation factor 4E-binding proteins (Aguilar-Valles et al., 2021). 
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: General Discussion 

5.1 Discussion and conclusions 

There is growing interest in the relationship between metabolic and mood 

disorders (Lustman & Clouse, 2005; Mezuk et al., 2008; Pashaki et al., 2019). 

Importantly, there is evidence that metabolic stress induced by hypoglycemia can 

interact with other stressor types (Deak et al., 2005; M. J. Park et al., 2012), and there is 

also evidence that ketamine can attenuate the impact of these stressors on behaviour 

and physiology (Gigliucci et al., 2013; Tan et al., 2017; Yitian Yang et al., 2020). Hence, 

the aim of the current thesis was to explore psychopharmacological factors that can 

modulate the impact of stressors on depressive-like behaviour and physiology. 

Specifically, it was investigated whether ketamine could modulate the interaction 

between hypoglycemic (2-DG) and psychophysical (FSS) stressors on depressive-like 

behaviour (progressive behavioural immobility and saccharin preference) and 

physiology (serum levels of CORT and TNF-α). As well, the current thesis investigated 

the role of conditioning factors (i.e., drug-environment interactions) in the 

antidepressant-like effects of ketamine, which may be a mechanism underlying its 

therapeutic effects in humans. Taken together, it was found that: 1) hypoglycemic stress 

accelerated depressive-like behavioural responses to repeated psychophysical stress, 

induced a state of consummatory anhedonia, and amplified physiological responses 

(CORT and TNF-α) to acute swim stress well after exposure to the combined stressors; 

2) ketamine reversed the impact of interacting hypoglycemic and psychophysical 

stressors on depressive-like behaviour and physiology, and produced an anti-immobility 

effect that occurred well after exposure to the drug; and 3) exposure to a context paired 
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with ketamine, but not clinically approved antidepressant drugs like BUP or ESC, 

reduced immobility during FSS, which is commonly interpreted as an antidepressant-

like response. Overall, the animal work presented in this dissertation indicates that 

metabolic stress can amplify the effects of a psychophysical stressor on behaviour and 

physiology, and that ketamine’s antidepressant effect may involve its ability to normalize 

biological reactivity of the HPA axis and immune system as well as conditioning factors 

established through drug-environment interactions. These findings have implications for 

the prevention and treatment of comorbid metabolic and mood disorders, and provide a 

potential psychological mechanism underlying the enhanced antidepressant response 

exhibited by depressed individuals receiving repeated ketamine infusions. 

5.2 Hypoglycemia interacts with psychophysical stress to amplify 

depressive-like behaviour and physiological responses  

Stress is considered to play an important role in the development of depression 

(Bao et al., 2008; Van Praag, 2004). Importantly, there is evidence that metabolic 

stress induced by hypoglycemia can negatively impact mood and hedonic tone (Gold 

et al., 1995; Strachan et al., 2000) and can amplify the effects of other stressor types 

on behaviour (Remus et al., 2015) and physiology (Deak et al., 2005; Remus et al., 

2015). The results in Chapter 2 demonstrated that hypoglycemia induced by 2-DG 

accelerated the immobile response to repeated FSS and that exposure to both 2-DG 

and FSS, but not FSS alone, was necessary to reduce saccharin preference (Figure 

2.3 and 2.4)—both of which are considered indices of depressive-like behaviour in 

rodents (Cryan et al., 2005; Paul Willner et al., 1992). Similarly, while 2-DG enhanced 

the CORT response to a single session of FSS (Figure 3.2), and increased CORT 
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when administered alone (Table 3.1), only repeated exposure to combined 2-DG and 

FSS was sufficient to amplify the CORT and TNF-α responses to a drug-free test swim 

one week following stress termination (Figure 3.2 and 3.3). These results support the 

idea that repeated exposure to heterotypic stressors can enhance the behavioural and 

physiological responses typically observed following repeated exposure to homotypic 

stress (Deak et al., 2005; D. F. Lovelock & Deak, 2017; Remus et al., 2015), and 

provide pre-clinical evidence in support of the number of studies demonstrating a link 

between metabolic and mood disorders (Detka et al., 2015; Lustman & Clouse, 2005; 

Mezuk et al., 2008; Moulton et al., 2015). 

Pre-clinical studies investigating the link between stress and depression 

commonly use the chronic mild stress (CMS) paradigm (Bekris et al., 2005; Grønli et 

al., 2005; Papp et al., 1991; N. Wang et al., 2015), which often involves exposing a 

rodent to various stressors in an unpredictable manner (Krügel et al., 2013; P. Willner 

et al., 1987; Paul Willner et al., 1992). However, the overemphasized role of stressor 

predictability in this paradigm as well as its “continuous stress” design (Perrine et al., 

2014; P. Willner et al., 1987; Paul Willner et al., 1992) overlooks the importance of 

understanding whether the effects of CMS may also involve distinct interactions 

between the various stressors used. Moreover, this overemphasis further removes the 

ability to identify whether the interaction between individual stressors within the 

paradigm can discretely precipitate the depressive-like behaviours observed following 

CMS exposure.  

To that end, studies within the past two decades have revealed the unique 

effects of interacting stressors on behaviour and physiology (Deak et al., 2005; 
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Gagliano et al., 2017; D. F. Lovelock & Deak, 2017; Dennis F. Lovelock & Deak, 

2018). What’s more, some have even demonstrated that food and water deprivation—

a metabolic stressor (McGhee et al., 2009; Remus et al., 2015) used in the CMS 

paradigm (Paul Willner et al., 1992)—can directly influence the magnitude of 

behavioural and physiological effects commonly observed following exposure to CMS 

(Remus et al., 2015). Importantly, a pilot study in our laboratory found that exposure to 

multiple injections of 2-DG in the absence of FSS did not impact saccharin preference 

in comparison to control (unpublished observations), further supporting the idea that 

the depressive-like behaviours observed in Chapter 2 were a result of the interaction 

between stressors, and were not a result of either stressor working alone. Overall, 

these results emphasize the importance of considering stressor interactions as they 

relate to depressive-like behaviour and physiology, and support the proposition that 

hypoglycemia may not itself be a source of depression, but may precipitate depressive 

symptoms by interacting with other factors in the environment (Talbot & Nouwen, 

2000). These could include psychologically and/or physically demanding stressors that 

an individual may face in their day-to-day life, such as repeatedly missing meals while 

performing cognitively demanding tasks in attempts to meet important deadlines. 

5.3 Sustained antidepressant effect of ketamine involves 

prophylaxis against stress-induced HPA and inflammatory responses 

It has been shown that prophylactic ketamine can block the neurochemical and 

behavioural effects of a future stressor (Amat et al., 2016). The results in Chapter 2 

demonstrated that repeated ketamine administration produced an anti-immobility effect 

and restored saccharin preference one week following exposure to the drug (Figure 
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2.4), which are results commonly interpreted as antidepressant-like effects in rodents 

(Slattery & Cryan, 2012; Paul Willner et al., 1992; Yirmiya, 1996). In Chapter 3, it was 

shown that repeated ketamine administration also blocked the amplified CORT and 

TNF-α responses following exposure to the Test Swim (Figure 3.2 and 3.3, 

respectively). As the animals were drug-free when exposed to this final session of FSS, 

and the clearance of ketamine in the plasma of rats occurs within 3 hours at low 

subanesthetic doses (2.5 mg/kg; Saland and Kabbaj 2018) and 3 days at high 

anesthetic doses (125 mg/kg; Veilleux-Lemieux et al. 2013), it is unlikely that the effects 

of ketamine on immobility, saccharin preference, and physiological responses were a 

result of immediate drug effects. Rather, these results are more in line with the 

interpretation that ketamine produced a prophylactic effect against stress-induced 

depressive-like behaviour (Brachman et al., 2016) and physiological responses (Amat et 

al., 2016; Mastrodonato et al., 2020), and likely involved this drug’s ability to preserve 

negative feedback mechanisms on the HPA axis (Fraga et al., 2021) and to modulate 

the immune system (N. Zhang et al., 2021). Taken together, the results reported in 

Chapters 2 and 3 provide evidence in support of the idea that prophylactic ketamine 

induces antidepressant-like effects by regulating the biological reactivity of the HPA axis 

and inflammatory response. 

While previous studies have demonstrated that prophylactic ketamine can mitigate 

depressive-like behaviours induced by various types of stressors (Brachman et al., 

2016; Mastrodonato et al., 2020), only a few studies have reported possible 

mechanisms by which these effects occur. For example, Amat and colleagues found 

that ketamine blocked stress-induced deficits in social investigation, and that this effect 
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likely involved  its innervation of serotonergic projections from the dorsal raphe nucleus 

to the prefrontal cortex (Amat et al., 2016). Interestingly, 5-HT4 receptor agonists were 

found to produce a similar prophylactic effect as ketamine, which may be a serotonergic 

mechanism by which this drug exerts sustained antidepressant-like effects (B. K. Chen 

et al., 2020). Other studies have reported evidence that prophylactic ketamine may also 

involve its ability to innervate purinergic (Camargo et al., 2020) and plasticity-related 

(Krzystyniak et al., 2019) mechanisms in the brain, as well.  

In the current dissertation, prophylactic ketamine blocked the amplified CORT and 

TNF-α responses induced by repeated exposure to interacting hypoglycemic and 

psychophysical stressors. To our knowledge, these findings present a novel perspective 

by which ketamine induces prophylaxis against future stressors, as there is limited 

evidence describing the impact of prophylactic ketamine on HPA axis hyperreactivity 

and stress-induced immunosuppression. Ketamine has been shown to differentially 

innervate the HPA axis immediately following administration (Juven-Wetzler et al., 2014; 

Radford et al., 2020), but the findings in the current dissertation extend these findings to 

indicate that prophylactic ketamine can also normalize future stress responses as well. 

At the same time, ketamine is typically considered an “anti-inflammatory” compound, 

given its ability to prevent sepsis in surgical settings (Lange et al., 2006), and its ability 

to attenuate the inflammatory response to an LPS-induced immune challenge (Clarke et 

al., 2017; Sakai et al., 2000; J. Sun, Li, et al., 2004; J. Sun, Wang, et al., 2004). 

However, the results in the current thesis demonstrate that part of ketamine’s 

prophylactic effect may not only involve its ability to reduce the pro-inflammatory 

response to future stressors (Mastrodonato et al., 2020), but that ketamine can also 
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attenuate stress-induced immunosuppression, which suggests that ketamine’s actions 

on the immune system, at least in regards to stress-induced inflammation, may be more 

readily defined as “immunoregulatory”  rather than “anti-inflammatory”. Nevertheless, 

the current animal work provides evidence that ketamine’s sustained antidepressant 

effect may involve its ability to regulate the HPA axis and inflammatory response to 

future stressors, which are both neurobiological mechanisms implicated in the 

pathophysiology of depression (Menke, 2019; Pariante, 2017). 

5.4 Evidence for a conditioned antidepressant effect of ketamine 

In just over a decade, several publications have proposed various mechanisms by 

which ketamine may exert its therapeutic effects (Cadeddu et al., 2016; Donegan & 

Lodge, 2017b; Fraga et al., 2021; Garcia et al., 2009; Gigliucci et al., 2013; Khakpai et 

al., 2019; Yitian Yang et al., 2020; G. F. Zhang et al., 2016; N. Zhang et al., 2021). In 

2019, Krimmel and colleagues indicated that exposure to an environment previously 

paired with injections of ketamine lowered immobility in the FST (Krimmel et al., 2019), 

which suggests that conditioning factors (i.e., drug-environment interactions) may play a 

prominent role in the antidepressant effects of this drug. The results presented in 

Chapter 4 determined that exposure to a contextual conditioned stimulus that was 

paired with ketamine lowered immobility during FSS (Figure 4.2), which was a 

replication of the findings presented by Krimmel et al. (2019). In addition, it was also 

found that a contextual conditioned stimulus paired with the clinically approved 

antidepressant drugs ESC or BUP had no impact on immobility levels, which indicates 

that this conditioned anti-immobility effect was specific to the ketamine-paired context. 

Finally, behavioural tests of locomotor activity and place conditioning indicated that this 
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anti-immobility effect was not influenced by conditioned hyperactivity (inset of Figure 

4.2), nor a conditioned approach or avoidance response to the ketamine-paired context 

(Figure 4.3). Taken together, because common antidepressant medications tend to 

reduce immobility during FSS without affecting general locomotor activity (Cryan et al., 

2005; Slattery & Cryan, 2012), and ketamine has been shown to reduce immobility 

during FSS (Gigliucci et al., 2013; Krimmel et al., 2019; G. F. Zhang et al., 2016) and 

produce antidepressant effects in humans (Shiroma et al., 2014; A. J. Walker et al., 

2015; Wilkinson et al., 2017), it seems likely that the anti-immobility effect of the 

ketamine-paired context observed in Chapter 4 was the result of a conditioned 

antidepressant-like response (Slattery & Cryan, 2012). Importantly, this conditioned 

response may be a unique mechanism that distinguishes ketamine’s therapeutic effects 

from those observed with clinically approved antidepressants like ESC and BUP. 

The finding that ketamine can produce a rapid and long lasting antidepressant 

response after a single infusion was a discovery that sparked several lines of research 

with the primary goal of understanding possible mechanisms governing this therapeutic 

effect (Berman et al., 2000; Murrough et al., 2013; Rong et al., 2018). Even more 

interesting was the discovery that the antidepressant response to a single infusion 

becomes enhanced (i.e., doubles) with multiple infusions of ketamine (Phillips et al., 

2019). In fact, Phillips and colleagues reported that the antidepressant response to 

ketamine progressively increased with each successive infusion of the drug, which was 

administered thrice-weekly over the course of two weeks (Phillips et al., 2019). With the 

findings in Chapter 4 and those described by Krimmel et al. (2019), it is possible that the 

enhanced response to each ketamine infusion may have been influenced by the clinical 
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context in which individuals with depression returned to for their treatment. Indeed, 

previous animal studies have found that the context in which ketamine is administered 

is critically important for its reinforcing properties (De Luca & Badiani, 2011), and that 

exposure to ketamine in a familiar context, but not a novel context, significantly 

enhances the psychomotor effects of this drug (Trujillo & Heller, 2020). Thus, it may be 

that the enhanced antidepressant response to repeated ketamine administration 

involves, at least in part, a drug-environment interaction in which the clinical 

environment paired with ketamine infusions acquires the ability to produce some of the 

antidepressant effects that are similarly produced by the drug itself. And, given the lack 

of motor influence (hyperactivity or approach/avoidance responses) on the anti-

immobility effect of the ketamine-paired context in Chapter 4, it may be that the paired 

context influenced behaviour through conditioned mechanisms that do not rely on motor 

activity, such as conditioned emotional or interoceptive properties of the drug.  

A conditioned emotional response may be possible through the process of 

interoceptive conditioning, in which the interoceptive (i.e., internally perceived) effects of 

a drug are evoked by its paired stimuli (Cascella et al., 1989; Robinson et al., 2014). For 

example, cocaine causes robust cardiovascular effects like increased heart rate and 

elevated blood pressure, and interestingly, so does a stimulus paired with cocaine 

exposure (Cascella et al., 1989). Importantly, exposure to a cocaine-paired stimulus 

evokes drug-seeking behaviour in rodents (Bobzean et al., 2014; Levy et al., 2012; 

Sticht et al., 2010) and exposure to stimuli associated with cocaine elicit activity in 

emotionally sensitive brain regions that are also activated during feelings of euphoria 

which occur following ingestion of the drug (Breiter et al., 1997; Childress et al., 1999; 
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Volkow et al., 2006). As another example, in a study by Benoit and Davidson in 1996, 

rodents were deprived of food for 24 hours and subsequently exposed to mild foot 

shock. Over time, the rodents had learned that the food-deprived state was a cue for 

subsequent foot shock. Once the rats were trained on this association, the authors 

injected rats with 2-DG during a test session in the apparatus while no shock reinforcer 

was present—in other words, the animals had ad libitum access to food at this time and 

were not food-deprived. Interestingly, they found that 2-DG had caused the same 

conditioned behavioural immobility response as did food deprivation, which led the 

authors to believe that the interoceptive hypoglycemic state of 2-DG mimicked the state 

induced by food deprivation (Benoit & Davidson, 1996), supporting the idea that an 

internally perceived state can influence behaviour. Taken together, these studies 

provide evidence that interoceptive cues induced by stimuli that are known to impact 

affective states can acquire the ability to influence behaviour, which may be a 

mechanism underlying the conditioned antidepressant-like effect of the ketamine-paired 

context reported in Chapter 4 of this thesis.  

5.5 Limitations and future directions 

In the current dissertation, the impact of interacting stressors on forced-swim 

immobility and saccharin preference was investigated, but these are only two of several 

behavioural assays used to assess depressive-like behaviour in rodents (Daniels et al., 

2019). As well, we only measured two biological analytes that correspond to an 

activated HPA axis (CORT) and inflammatory response (TNF-α), which stresses the 

importance of investigating how these interacting stressors impact other components of 

the HPA axis and immune system. This would provide a more well-rounded portrayal of 
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the physiological milieu impacted by this protocol. Finally, while FSS generally provides 

a good indication about a drug’s antidepressant efficacy in pre-clinical tests, it would be 

interesting to investigate the effect of a ketamine-paired context on other animal tests of 

depressive-like behaviour, and whether other conditioned responses were involved in its 

anti-immobility effect. Thus, while the current thesis is informative regarding the impact 

of interacting stressors on behaviour and physiology, and the extent to which 

psychopharmacological factors can be used to modulate this interaction, several 

limitations exist which must be discussed within the context of the broader literature.   

First, tests of saccharin or sucrose preference are often employed to assess the 

behavioural correlate of consummatory pleasure in rodents (Krzystyniak et al., 2019; 

Paul Willner et al., 1992; Yirmiya, 1996; Zhu et al., 2017). In Chapter 2 of the current 

thesis, a dose of 0.004% (wt/vol) saccharin solution was used to assess consummatory 

pleasure following exposure to interacting stressors. This dose was chosen as it was 

previously shown to be highly sensitive to stressors (Pijlman et al., 2003) and because 

higher doses of saccharin solution (0.01-0.4% wt/vol) may result in ceiling effects due to 

the consumption of high volumes at these concentrations (unpublished observations). 

Still, it remains unknown whether higher concentrations of saccharin solution would be 

impacted by the interacting stressors, which could provide insight as to whether this 

hedonic deficit was a result of reward insensitivity or simply a disinterest in pleasurable 

stimuli. In addition to testing several other concentrations of saccharin solution, a 

reasonable first step to follow-up on these observations would be to train rodents on an 

intracranial self-stimulation (ICSS) task—a measure of reward sensitivity (Der-Avakian 

et al., 2014)—and subsequently expose them to daily handling (Control), repeated 
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swimming (FSS), repeated 2-DG (2-DG), or repeated 2-DG and FSS (2-DG + FSS). 

Then, as described in Chapter 2, ICSS thresholds could be assessed one week 

following stress termination to determine the effects of interacting stressors on reward 

sensitivity (Der-Avakian et al., 2014; Nielsen et al., 2014).  

It would also be interesting to explore how motivation is impacted by these 

interacting stressors, which is another dimension of anhedonia, and which could be 

investigated with behavioural tests of overall effort to obtain reward (i.e., self-

administration; Horman et al., 2021) or grooming behaviour such as the sucrose splash 

test (Insigrini et al., 2010). The latter is thought to provide insight about an animal’s 

motivational status, which is reduced by chronic stress and is corrected by 

antidepressant treatment (Isingrini et al., 2010). Of course, sucrose could be replaced 

by saccharin solution to avoid possible interactions between the caloric value of the 

sucrose solution and the animal’s impaired glucometabolic state. Finally, it is uncertain 

as to whether interacting hypoglycemic and psychophysical stressors impacted other 

dimensions of anhedonia that are sensitive to stress exposure, such as reward learning 

(Olausson et al., 2013) and social interaction (Daniels et al., 2021). Together, these 

experiments could provide a more in-depth explanation for the deficits in saccharin 

preference observed in Chapter 2—for example, if ICSS thresholds remain unaffected 

but a deficit in saccharin preference continues for higher concentrations of the sweet 

solution, perhaps this result reflects a deficit specifically within the anhedonic dimension 

of consummatory pleasure, whereas general sensitivity to rewarding stimuli remains 

intact.  
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Second, while Chapter 3 demonstrated that interacting hypoglycemic and 

psychophysical stressors led to a suppression of the TNF-α response to acute swim 

stress, it is unknown whether this resulted in an overall immunosuppression or whether 

this result was specific to this particular cytokine. Indeed, other pro-inflammatory 

cytokines such as IL-1β (Deak et al., 2005) and IL-6 (Hubertus Himmerich et al., 2013) 

were found to increase following stress exposure, and are both stimulated following 

experimentally induced hypoglycemia in humans (Drummond et al., 2018; Razavi 

Nematollahi et al., 2009) and in rodents (Dréau et al., 2000). Furthermore, IL-17 as well 

as the anti-inflammatory cytokine IL-10 (Mittal et al., 2015) appear to be important 

regulators of the pro-inflammatory response (Ouyang et al., 2008; Veldhoen, 2017), and 

are also implicated in the pathophysiology of major depression (Beurel & Lowell, 2018; 

Roque et al., 2009). Importantly, while CORT is typically used as a biological endpoint 

of HPA axis activation (D. F. Lovelock & Deak, 2017), the immune response is better 

understood when patterns of cytokine activity are analyzed simultaneously (opposed to 

measuring a single analyte). For example, Dreau and colleagues reported that the 

inflammatory response to 2-DG was dependent on the dose of drug used as well as the 

frequency by which an animal was exposed to the drug. Specifically, while a single 

injection of 2-DG increased TNF-α and IL-1β, the same dose had little to no impact on 

IL-6. However, repeated injections of 2-DG attenuated this TNF-α response, and slightly 

increased IL-1β and IL-6 concentrations in comparison to control (Dréau et al., 2000). 

Thus, while the current findings suggest immunosuppression, this effect may only reflect 

TNF-α and may very well differ for other pro- and anti-inflammatory cytokines. Exploring 

patterns of cytokine activity would provide a more well-rounded depiction of how the 
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immune system is impacted by these interacting stressors, and may even provide 

insight about potential biomarkers of depression and antidepressant response to 

ketamine (H. Kennedy et al., 2012).  

Third, the results of Chapter 4 provide an interesting perspective regarding the 

mechanisms underlying the antidepressant-like effects of ketamine in rodents. While 

FSS is commonly used as an endpoint for depressive-like behaviour (Ge et al., 2013; 

Iijima et al., 2010; Perrine et al., 2014) and to determine the antidepressant efficacy of 

drugs (Slattery & Cryan, 2012), it is important to understand that a single behavioural 

test cannot capture the complexity of depression in a rodent. And that, understanding 

depression at the pre-clinical level likely requires a battery of tests which represent 

individual clinical symptoms of the disorder (Daniels et al., 2019). As well, there are 

instances where drugs (in this context: a drug-paired stimulus) that produce an 

antidepressant-like response during FSS do not affect other depressive-like behaviours 

like reward thresholds as measured by ICSS (Mague et al., 2003). Thus, although this 

dissertation provides evidence that a ketamine-paired context can produce an 

antidepressant-like response in the hallmark test of antidepressant drug efficacy, this 

effect cannot be readily generalized to other behavioural dimensions often studied in the 

context of depression, such as hedonic processing (Spierling et al., 2017), psychomotor 

slowing (Buyukdura et al., 2010), motivational deficits (Rygula et al., 2005), and sleep 

disturbances (Belmaker & Agam, 2008), which would all be excellent avenues to 

investigate as future directions.  

It would also be interesting to further investigate whether a conditioned context 

plays a role in the enhanced antidepressant response that is observed in humans given 
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repeated infusions of ketamine (Phillips et al., 2020). For example, in a study reported 

by Trujillo and Heller (2020), rodents were administered daily injections of ketamine 

over multiple days and were placed in a testing apparatus (open field used to measure 

locomotion) or in their home cage immediately following each injection. Following the 

last injection of ketamine, all rodents were placed in the testing apparatus and 

locomotor activity was recorded. Interestingly, rodents conditioned with ketamine in the 

familiar context (i.e., the testing apparatus) displayed significantly higher levels of 

psychomotor activation following the final injection of the drug in comparison to rodents 

conditioned with ketamine in their home cage. This design would provide a suitable 

approach to understanding the influence of the ketamine-paired context on the 

antidepressant-like effects of the drug, as one could simply expose rodents to FSS 

following the test of locomotor activity. Of course, timing would be critically important to 

ensure that the psychomotor activating effects do not interfere with the immobility 

response during FSS (Crawford et al., 2020; Cryan et al., 2005; Trujillo & Heller, 2020).  

It is also possible that other conditioned factors could be involved in the 

antidepressant-like effects of the ketamine-paired context, such as conditioned 

interoceptive cues of the drug (Liebe et al., 2017; Phillips et al., 2019; Vankawala et al., 

2021). In this context, it would be interesting to understand whether the ketamine-paired 

context could evoke physiological responses that are known to occur following 

administration of ketamine itself, such as increased heart rate and non-hypertensive 

elevations in blood pressure (Liebe et al., 2017; Phillips et al., 2019; Vankawala et al., 

2021). Moreover, it is possible that the paired context could have influenced stress (e.g., 

CORT, CRH, NE) and inflammatory responses (e.g., TNF-α, IL-10, IL-1β), which would 
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provide more insight about the prophylactic effects of ketamine reported elsewhere 

(Brachman et al., 2016; Mastrodonato et al., 2020) as well as in Chapters 2 and 3 of the 

current thesis. An interesting approach to determine involvement of the HPA axis would 

be to investigate whether a ketamine-paired context induces changes in neuronal 

activation of CRH neurons in the PVN, which are thought to mediate the positive and 

negative emotional responses to stimuli (J. Kim et al., 2019). 

Finally, sex differences are critically important in researching depression as more 

women are diagnosed with the disorder in comparison to men (World Health 

Organization, 2017a), and there is evidence that women may be more sensitive to the 

abuse liability and antidepressant effects of ketamine, which may be due to fluctuating 

concentrations of ovarian hormones throughout the estrous cycle (Carrier & Kabbaj, 

2013; Schoepfer et al., 2019). As well, rat strain could also influence the current results, 

as previous studies have shown that depressive-like behaviours are more prominent in 

female Wistar-Kyoto rats in comparison to Sprague-Dawley rats (Millard et al., 2021), 

while Sprague-Dawley rats were the only strain to exhibit stress-induced deficits in 

sucrose preference in comparison to various other strains like Lewis and Wistar-Kyoto 

(Hestehave et al., 2020), though this may be specific to the type of stressor experienced 

(i.e., spinal nerve injury). The temperature of the water used for FSS also may have 

played a role in the results observed in the current dissertation, as it was shown that 

swim stress increased monoaminergic activity within the dorsal raphe nucleus in a 

temperature-dependent manner (Kelly et al., 2011). Thus, studies aiming to replicate 

these findings should consider the possibility of temperature-dependent effects on 

immobility. Further, future investigations could intentionally manipulate this variable to 
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assess the influence of water temperature on the forced swimming behaviours impacted 

by interacting stressors in the current thesis. 

Despite these experimental limitations, the current findings provide a foundation 

for which future studies could investigate the mechanisms underlying the impact of 

interacting hypoglycemic and psychophysical stressors on depressive-like behaviour 

and physiology, as well as to understand the neurobiological and psychological 

mechanisms by which ketamine exerts its antidepressant effects. 

5.6 Conclusions and implications 

Overall, the pre-clinical findings of this dissertation expand our understanding of 

how different stressor types may interact to accelerate the effects of stress on 

depression symptoms. Moreover, these findings emphasize the importance of 

considering stressor interactions when interpreting the results of studies that have used 

a chronic variable stress design. Importantly, the current findings in rats highlights the 

important role of nutrition in depression pathophysiology, as well as conditioning factors 

(i.e., drug-environment interactions) that may play a key role in the antidepressant 

effects of ketamine. Finally, the finding that a ketamine-paired stimulus produces a 

conditioned antidepressant-like response in rodents introduces the possibility that a 

ketamine-paired environment may enhance the therapeutic effect of non-

psychopharmacological approaches employed for depression treatment, such as 

cognitive behavioural therapy. 
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