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Abstract 

Anhedonia, a severe deficit in reward processing, is an endophenotype of several 

neuropsychiatric disorders (APA, 2000) and increases susceptibility to depression (Atherton et 

al., 2015), substance abuse (Hatzigiakoumis et al., 2011), and suicidality (Winer et al., 2016). 

Recent literature suggests that anhedonia reflects a maladaptive interaction between reward 

circuitry and stress, the former being mediated by the mesolimbic dopamine (DA) system and 

the latter by the glucocorticoid system (Vrieze et al., 2013). The role of the DA system in the 

development and maintenance of anhedonia has been studied extensively, but little is known 

about the contribution of the glucocorticoid system to this process. The goal of the current study 

was to investigate the dopaminergic and glucocorticoid systems as underlying mechanisms of 

anhedonia using a validated rat test of anhedonia, the probabilistic reward task (PRT). In this 

task, rats learned to discriminate between two ambiguous tones for a sucrose reward. During 

testing, one lever was programmed to produce three times more reward than the other lever. 

Similar to healthy humans, rats develop a response bias toward the more frequently reinforced 

stimulus, regardless of which tone is presented. Consistent with prior literature (Der-Avakian et 

al., 2013), the response bias was enhanced following amphetamine- (AMPH) induced DA 

activation, and reduced following pramipexole- (PRAMI) induced DA inhibition. Additionally, a 

21-day chronic mild stress (CMS) regimen attenuated the response bias in a subpopulation of 

animals relative to no stress controls. Finally, the glucocorticoid antagonist, mifepristone 

(MIFE), had no effect on the response bias relative to saline (SAL); however, the glucocorticoid 

agonist, dexamethasone (DEX), attenuated the response bias relative to both SAL and MIFE. 

These results confirm a role of DA in reward processing, and highlight an additional contribution 

of the glucocorticoid system in the mediation of this effect. Thus, it is plausible that chronic 
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stress directly interferes with normal mesolimbic DA functioning, which leads to an overall 

impairment in reward responsiveness. These findings underscore the importance of treatment 

directed toward the DA and glucocorticoid systems, rather than the current SSRI treatment. 

Future studies on the etiology of anhedonia should carefully investigate the interaction of these 

systems in reward processing. 
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Chapter 1	
Introduction 

1.1 Anhedonia 

“There was nothing I wanted to experience, nowhere I wanted to go, nothing I wanted to learn, 
and no one I wanted to be with. There was no point to anything, so life seemed completely 

meaningless.” –Kelm (2017) on life with anhedonia. 
 

Anhedonia, often characterized as “emotional flatlining,” is diagnostically defined as a 

loss of interest or pleasure in previously rewarding activities (American Psychiatric Association, 

2000). Patients with anhedonia describe an inability to experience positive emotion, such as 

joyfulness induced by music or satisfaction from intimate relationships (Kelm, 2017). Activities 

and experiences that are pleasurable to most people, such as food, sex, or socializing, produce no 

subjective emotional reaction in individuals with anhedonia. For example, during self-reported 

sexual experiences, these patients report a limited or complete absence of pleasure during 

orgasm, despite conscious awareness of its occurrence (Perelman, 2011). Consequently, 

individuals with anhedonia show a reduced motivation, or a lack of interest, to pursue such 

activities.      

Anhedonia is a component of several mood and personality disorders, as well as a 

hallmark endophenotype of schizophrenia and major depressive disorder (MDD; American 

Psychiatric Association, 2000). Much of the current literature on psychiatric disorders focuses on 

anhedonia as a core symptom of MDD, particularly as 37% of MDD patients suffer from 

anhedonia (Pelizza & Ferrari, 2009). Importantly, however, anhedonia is also a common 

symptom of a wide range of disorders, such as eating, substance-use, and neurodegenerative 

disorders (Gorwood, 2008).  

Despite decades of preclinical and clinical research, the neurobiological underpinnings of 

anhedonia remain poorly understood. As a result, effective clinical and pharmacological 
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treatments are not readily available, which often forces individuals with anhedonia to endure the 

symptoms without treatment. Untreated anhedonia is associated with increased depressive 

symptoms in terms of severity and duration (Atherton et al., 2015). For instance, anhedonia, but 

not irritability, is associated with greater illness severity, number and duration of depressive 

episodes, as well as suicidality (Gabbay et al., 2015). In fact, Winer et al. (2014) recently found 

that anhedonia predicted suicidal ideation in a large inpatient sample. In an independent 

symptom analysis, they found that loss of interest and loss of pleasure were robust predictors of 

suicidal ideation; in contrast, other cognitive and affective symptoms of depression, as well as a 

loss of energy, were not (Winer et al., 2014; Winer et al., 2016). Similarly, depressed patients 

who have attempted suicide are significantly more likely to have anhedonia, even when 

controlling for suicidal ideation, depression, and anxiety (Auerbach et al., 2015; Brausch & 

Gutierrez, 2010). Thus, there is a dire need to understand the underlying mechanisms that 

contribute to the development and maintenance of the condition. 

Until recently, anhedonia was viewed as a by-product of mood dysfunction associated 

with psychiatric conditions, like MDD (Argyropoulos & Nutt, 2013). As a result, most first-line 

pharmacotherapies for anhedonia focused exclusively on the serotonergic system, which plays a 

significant role in mood regulation and depressive symptoms (e.g., selective serotonin reuptake 

inhibitors; SSRI; Nutt et al., 2007). Although SSRIs are remarkably effective in the treatment of 

most depressive symptoms (i.e., sleep disturbance, weight loss, appetite changes), they are 

largely ineffective in treating deficits in reward processing (i.e., anhedonia). Nevertheless, the 

SSRI class of antidepressants continue to be prescribed as the gold-standard treatment for MDD 

patients with and without anhedonia (Craske et al., 2016). This reflects a lack of understanding 

of the condition, as well as a lack of proper treatment frameworks used in practice. Not only do 
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SSRIs fail to improve reward processing deficits, some may worsen these symptoms (e.g., 

fluoxetine; Price, Cole & Goodwin, 2009). Thus, elucidating the underlying mechanisms of 

anhedonia will allow researchers to focus on more suitable and effective therapeutic targets for 

this debilitating condition.  

1.2 The role of dopamine in anhedonia  

1.2.1 Motivated behaviours 

Anhedonia is characterized, predominantly, as a condition involving a dysfunctional 

mesolimbic dopamine (DA) system (Keller et al., 2013), which is heavily implicated in 

motivated behaviours (Wise, 1980). The mesolimbic pathway (i.e., the “reward pathway”) is 

comprised of DAergic projections from the ventral tegmental area (VTA) to the nucleus 

accumbens (NAcc). Importantly, DA is the neurotransmitter responsible for goal-directed 

behaviour as well as associative learning (Salamone & Correa, 2012). Although these processes 

are distinct, they are both dysfunctional in anhedonia and predominantly mediated by the 

DAergic system.  

Goal-directed behaviours function to bring an organism into contact with a goal; that is, 

either a primary reinforcer (e.g., food or sex) or a conditioned reinforcer which has acquired 

motivational significance through association with a primary reinforcer (Wit & Dickinson, 

2009). Goal-directed behaviours require a complex integration of motivational, emotional and 

cognitive processes in order to execute a purposeful action that leads to an expected outcome 

(Brown & Pluck, 2000). Depending on the type of reinforcement (i.e., the incentive stimulus or 

reward that is biologically relevant to animals; Beninger, 1983), these actions could be simplistic 

(e.g., eating food for satiety) or abstract (e.g., maintaining a job to earn money). The underlying 

principle associated with these behaviours is reward processing. In order to recognize the 
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significance of a particular goal, one requires an ability to process the rewarding value of the 

associated outcome. If this ability is impaired (e.g., as seen in anhedonia), the goal-directed 

behaviour is less likely to be produced. Similarly, effort-based decision-making measures an 

animal’s willingness to expend effort based on varying levels of positive reinforcement (Green et 

al., 2015). DA-depleted rats show increased preference for a low cost/low reward option in a 

rodent test of effort-based decision making (Bardgett et al., 2009; Cousins et al., 1996). In 

contrast, rats that are given a DA agonist show a preference for the high cost/high reward option 

(Bardgett et al., 2009), which implicates mesolimbic DA in motivational reward processing. 

Therefore, DA is not only essential for goal-directed actions, but also for specific decisions based 

on the properties of the reinforcer.  

Associative learning is a form of conditioning, whereby behaviours are learned based on 

stimulus-response patterns (Beninger, 1983). Thus, a particular action that receives positive 

reinforcement (i.e., a reward that increases the likelihood of a behaviour) is likely to be repeated. 

Similar to goal-directed behaviour, associative learning requires an unimpaired ability to process 

the value of rewards, which is heavily mediated by the DAergic system. For instance, animals 

that are given a DA antagonist (e.g., pimozide) will not respond for a food reward, despite 

having been trained on a continuous reinforcement schedule (Beninger & Phillips, 1980; Wise et 

al., 1978). Thus, DA is critical in mediating learned responses elicited by positive reinforcement. 

Importantly, there are two process that govern reward-processing, both of which are 

impaired in anhedonia: consummatory and appetitive behaviours (Treadway & Zald, 2011). 

First, consummatory behaviours are species-typical actions that occur in response to a stimulus, 

often achieving a pleasurable hedonic experience or satisfying an innate drive (e.g., eating to 

satisfy hunger; Robbins & Everitt, 1996). On the other hand, appetitive behaviours are goal-
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oriented actions that bring an organism into contact with a stimulus (e.g., foraging; Robbins & 

Everitt, 1996). It is through associative learning mechanisms that the hedonic (i.e., pleasurable, 

consummatory behaviour) aspect of a stimulus can gain motivational properties (i.e., incentive 

motivation, appetitive behaviour). First, a positive experience (stimulus) elicits an affective state 

of pleasure (response). Once the stimulus-response association is learned, the motivational value 

of the stimulus is encoded via the DAergic system (MacAulay, McGovern, & Cohen, 2014). In 

the absence of this process, the hedonic value of the stimulus alone does not motivate goal-

directed actions (MacAulay et al., 2014). Thus, the DA system is critical for the integration of 

these reward processes so that the organism recognizes the rewarding properties of a stimulus, 

thereby motivating them to obtain it.   

1.2.2 Neural circuits of anhedonia 

The ventral striatum and orbitofrontal cortex (OFC) are components of the mesolimbic 

DA system that are involved in goal-directed behaviours, as well as the subjective perception of 

pleasure (Der-Avakian & Markou, 2012; Heshmati & Russo, 2015). The ventral striatum, which 

is a major portion of the basal ganglia, includes the NAcc, which receives massive DAergic 

projections from the VTA (Kalivas, 1993). Among several goal-directed motivational processes, 

the NAcc is heavily implicated in reward prediction error, whereby expectations of reward 

outcomes are made based on prior reinforcement history (Schultz, Dayan, & Montague, 1997). 

Furthermore, phasic DA release in the NAcc is specifically responsible for reward prediction 

error in probabilistic reward tasks (Hart et al., 2014). For example, relative to a non-anhedonic 

control group, depressed individuals with anhedonic symptoms show significantly weaker fMRI 

activity in the NAcc during a probabilistic reward responsiveness task (Pizzagalli et al., 2009).  
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The OFC, which is a prefrontal region that dominates the processing of most reward-

related experiences (Haber & Knutson, 2010), codes for the affective value of rewards (Peters & 

Buchel, 2010). Specifically, the anterior-most portion of the OFC is predominantly activated by 

monetary reward (Kringelbach & Rolls, 2004; Sescousse et al., 2013), which necessitates 

complex cortical processing involving abstract thinking and planning (Sescousse et al., 2013). 

Furthermore, the OFC sends most of its projections to the anterior cingulate cortex (ACC), which 

is the frontal region of the cingulate gyrus. The ACC integrates afferent signals from the OFC 

and the NAcc in regard to hedonic valuation, as well as reward anticipation and decision-making, 

respectively (Haber, 2011). The main role of the ACC is to provide a cost/benefit analysis of the 

reward or experience (Apps & Ramnani, 2014). Similar to the NAcc, activity and volumetric 

decreases are found in the OFC in anhedonic individuals, suggesting a role of this DA-dense 

structure in the maintenance of this condition (Harvey et al., 2010; Keedwell et al., 2005). 

1.3 Stress as a possible mediator of anhedonia  

Although the mesolimbic DA system plays an integral role in reward responsiveness, 

other neurobiological mechanisms can similarly modify these processes. For example, stress 

responses which activate the glucocorticoid system result in diminished reward responsiveness 

(Willner, 2005). Thus, anhedonia may reflect a maladaptive interaction between the mesolimbic 

DA system and stress, the latter being mediated by the glucocorticoid system (Pizzagalli, 2014; 

Vrieze et al., 2013).  

1.3.1 The Hypothalamic-Pituitary-Adrenal axis & reward processing 

 The hypothalamic-pituitary-adrenal (HPA) axis is responsible for the release of 

glucocorticoids into central and peripheral circulation. Following a stressful experience, the 

paraventricular nucleus (PVN) of the hypothalamus secretes corticotropin-releasing hormone 
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(CRH), which then binds to receptors in the anterior pituitary. In response, the anterior pituitary 

releases adrenocorticotrophic hormone (ACTH) into the bloodstream. ACTH then binds to 

receptors on the adrenal glands, which release glucocorticoids (cortisol in humans, corticosterone 

in rodents) throughout the brain and body. Importantly, glucocorticoids interact with 

glucocorticoid receptors (GR) in the hippocampus, as well as various levels of the HPA axis, to 

inhibit further HPA activity (Pariante & Lightman, 2008). Thus, glucocorticoids are critical for 

inhibitory feedback on CRH release from the hypothalamus and ACTH release from the anterior 

pituitary. The HPA axis is hyperactive in MDD patients, which leads to hypercortisolemia (i.e., 

prolonged cortisol levels in the circulatory system; Gillespie & Nemeroff, 2005). This is thought 

to reflect dysfunctional GRs which are normally responsible for the negative feedback inhibition 

of glucocorticoid release from the adrenal glands (Pariante & Lightman, 2008). In fact, 

pharmacological stimulation of the GRs using low doses of a synthetic steroid, dexamethasone 

(DEX), elicit feedback inhibition of the HPA axis in healthy individuals (the DEX suppression 

test; Coppen et al., 1983). However, in MDD patients, low-dose DEX does not suppress the HPA 

axis, suggesting that there is an impaired ability for GRs to inhibit glucocorticoid release in these 

individuals (Grossman et al., 2003). 

 Dysfunctional GRs are ultimately responsible for increased cortisol release, which 

suggests that more glucocorticoids are readily available to potentially alter the functioning of 

other neurotransmitter systems, like DA. Consistent with this notion, rats that undergo chronic 

stress show a reduced concentration of DA in the NAcc shell (Gambarana et al., 1999), which 

processes both consummatory and appetitive behaviours (Pecina & Berridge, 2000). 

Furthermore, the interaction between DA and glucocorticoids in the OFC has become a recent 

focus in chronic stress literature. For example, chronic stress significantly alters normal gene 



	 	 	 	 	

	 8 

expression in the OFC, leading to impaired neuronal and neurotransmitter functioning in this 

region (Mychasiuk et al., 2016). Specifically, chronic stress impairs normal cellular 

communication as well as neuronal firing in the OFC, which might contribute to dysfunctional 

DA transmission in this region following stressful events (Mychasiuk et al., 2016). This is 

consistent with findings that local administration of a glucocorticoid antagonist in the prefrontal 

cortex decreases stress-induced impairment in a working memory task (Butts et al., 2011). This 

is thought to reflect an interaction between DA and glucocorticoids at the receptor level. 

Combined, these findings suggest that hyperactivation of the HPA axis could be responsible for 

the reward processing deficits seen in anhedonia.  

1.3.2 Stress-induced changes in anhedonia: Clinical Evidence  

Interestingly, major depressive episodes are often triggered by major life stressors 

(Hammen, 2005). In fact, relative to controls, depressed patients report 2.5 times more stressful 

experiences in the period immediately prior to a depressive episode (Hammen, 2005, Lethbridge 

& Allen, 2008). Chronic stress is particularly detrimental to the prognosis of MDD, such that it 

increases the severity of depressive symptoms (including anhedonia) and the likelihood of 

relapse (Hawley et al., 2007; Kendler et al., 2003). Furthermore, those with anhedonia show 

higher perceived stress than controls, despite similar exposure (Horan et al., 2007). Likewise, 

those who self-report uncontrollable or unpredictable daily stressors are more likely to show 

decreased reward responsiveness in a probabilistic reward task (Pizzagalli et al., 2007). It 

currently remains unclear whether or not these effects are the result of an interaction between the 

glucocorticoid and DA systems. Therefore, more research is needed to investigate the causal 

relationship between alterations in the glucocorticoid system and anhedonia.   

 



	 	 	 	 	

	 9 

1.3.3 Animal models of stress 

1.3.3.1 Chronic Mild Stress paradigm 

Dysfunctional motivational and hedonic processing may be induced in rats by repeated 

presentation of unpredictable and aversive stimuli (Rossetti et al., 2016; Willner et al., 1992, 

Willner, 2005). Willner (1987) developed the chronic mild stress (CMS) model to induce 

depression in rodents, as indexed by a reduction in preference for a sweet solution (i.e., sucrose 

preference). In Willner’s CMS protocol, rats are exposed to three weeks (21 days) of continuous 

stressors that are mild, but unpredictable (i.e., non-sequential and presented at alternating times 

of day). The potent cognitive and behavioural impairment following CMS is attributed to the 

unpredictable and uncontrollable nature of the paradigm (Willner, 2005). In fact, rats will show 

reduced physiological responses to stressors that become routine and predictable (Al-Safadi et 

al., 2014; Zhang et al., 2014). Thus, CMS mimics the unpredictable nature of highly stressful or 

traumatic events in humans, which reliably increase the likelihood of depression and other 

psychopathologies (Heim et al., 2008).  

As with humans, CMS leads to long-term behavioural changes in rats, including 

anhedonic-like symptoms. For instance, Chaby et al. (2013) found that CMS induced an 

impairment in decision-making and associative learning that persisted for several weeks. 

Furthermore, adult animals exposed to chronic stressors show blunted mesolimbic DA release 

and reduced DA transporter density in the NAcc (Isovich et al., 2000; Lucas et al., 2004). The 

CMS protocol also produces alterations in both DA and glucocorticoid system function, 

suggesting further that anhedonia may be mediated by an interaction of these systems (Bogdan & 

Pizzagalli, 2006).  
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There have been hundreds of replications of Willner’s CMS model to induce depressive-

like behavioural changes in rats (Willner, 2005). The sucrose preference task is predominantly 

used in CMS literature as a measure of anhedonia (Casarotto & Andreatini, 2007; Remus et al., 

2015; Willner et al., 1987); however, there is controversy surrounding its validity as a hedonic 

measure (Matthews, Forbes, & Reid, 1995). In this task, the animal is provided with unlimited 

access to a sucrose solution prior to a manipulation (typically CMS). Total sucrose consumption 

is measured at pre-manipulation (i.e., baseline) and once more following the manipulation 

period. This task is considered a proxy for hedonic processing based on whether sucrose 

consumption increases from baseline (i.e., increased sucrose consumption as an index of 

subjective pleasure; Rizvi et al., 2016). Relative to no stress controls, animals that undergo CMS 

do not increase their intake following the manipulation, which is considered an impairment in 

hedonic processing (Willner, 2005). A major issue with this task is that many studies do not 

statistically control for consumption as a function of body weight, despite significant weight loss 

in animals that undergo CMS (Matthews et al., 1995). Instead, the sucrose preference task 

measures absolute sucrose consumption in grams; thus, group differences in hedonic capacity are 

secondary to differences in body weight (Matthews et al., 1995). In fact, most statistically 

significant group differences in consumption can be eliminated when controlling for group 

differences in weight (Matthews et al., 1995). Some have argued that the percentage of sucrose 

preference relative to water (ratio of sucrose to water consumption) is more immune to the 

effects of between-group body weight differences and should replace absolute consumption 

measures (Matthews et al., 1994). This alternative solution, however, replaces a methodological 

flaw with a conceptual one. In human studies, individuals with anhedonia do not differ from non-

anhedonic individuals in their preference for sweet solutions over water (Berlin et al., 1998; 
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Dichter et al., 2010). This raises questions about the translational validity of the sucrose 

preference model in rats. Therefore, the effect of CMS on anhedonia should be investigated 

using a more validated measure. 

1.3.3.2 Dexamethasone-induced stress response 

 As previously mentioned (see section 1.3.1), systemic administration of low-dose DEX 

(50 µg/kg, subcutaneous; s.c.) inhibits glucocorticoid secretion from the adrenal glands by 

occupying GRs along the HPA axis in a negative feedback loop (Pariante & Lightman, 2008). 

Interestingly, the opposite effect is seen when large doses (5-10 mg/kg, intraperitoneal, i.p.) of 

DEX are administered. A single i.p. injection of high-dose DEX produces neurological (e.g., 

hippocampal neuron damage; Ruksee et al., 2014) and behavioural (e.g., depressive-like 

behaviour; Casarotto & Andreatini, 2007) changes in rats for up to three weeks. For this reason, 

the effect of high-dose DEX is thought to mimic a natural situation in which massive amounts of 

cortisol is secreted following chronic, rather than acute, stress or trauma. Similar to CMS, the 

overproduction of cortisol following DEX administration exceeds the number of GRs available 

to shut down the stress response (Skupio et al., 2015). Furthermore, similar to the effects of CMS 

(Froger et al., 2004), systemic DEX administration (Ruksee et al., 2014; Unemura et al., 2012) 

leads to GR downregulation and impairment throughout the HPA axis and hippocampus. Thus, 

exogenous cortisol (DEX) binds to receptors in the PVN of the hypothalamus causing HPA axis 

activation in the absence of properly functioning inhibitory feedback mechanisms (Skupio et al., 

2015). As a result, the HPA axis is chronically activated and the adrenal glands continue to 

secrete endogenous cortisol without allosteric regulation. These stable alterations in HPA 

functioning persist for several weeks following drug administration (Casarotto and Andreatini, 

2007; Katz & Carroll, 1978). 
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 DEX has been used as a tool to investigate the impact of hypercortisolemia on reward 

responsiveness. For example, Casarotto and Andreatini (2007) administered varying doses of 

DEX (1, 5 and 10 mg/kg) to determine its effects on sucrose preference in rats. They found that 

DEX decreased rats’ preference for sucrose solution in a dose-dependent fashion, such that a 

1mg/kg dose did not alter sucrose preference but a 5mg/kg dose did (Casarotto & Andreatini, 

2007). The 10mg/kg dose produced the greatest effect on sucrose preference; however, these 

animals became ill soon after testing. Interestingly, the greatest effect of DEX on sucrose 

preference occurred 48 hr post injection and endured the remaining 16 days of the experiment 

(Casarotto & Andreatini, 2007). As previously mentioned (see section 1.3.3.1), there are 

conceptual issues associated with the sucrose preference task; therefore, other validated measures 

should be used to confirm the effect of DEX on anhedonia. 

1.4 Anhedonia assessments   

In addition to impaired hedonic processing of pleasurable stimuli (i.e., sucrose 

preference), anhedonia also reflects an impaired ability to process positive reinforcement. For 

instance, in self-report and physiological measures, participants with MDD who are exposed to 

positive stimuli show reduced positive affect and arousal relative to controls (Dichter et al., 

2004). Importantly, this blunted affective response appears for positive but not negative stimuli, 

which suggests that the impairment is selective to positive reinforcement (Berenbaum & 

Oltmanns, 1992; Sloan et al., 2001). Furthermore, MDD patients with anhedonia are more likely 

to underestimate the frequency of positive reinforcement that they receive during a task, which 

reflects an impaired ability to process reward as a function of time (Buchwald, 1977; Nelson & 

Craighead, 1977). Likewise, in a colour discrimination task, anhedonic patients showed greater 

difficulty recalling which stimuli were associated with greater reinforcement payoffs based on a 
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prior memory consolidation trial (Henriques et al., 1994). Additionally, relative to controls, these 

patients did not show a preference for the more frequently reinforced stimulus over the test 

session (Henriques et al., 1994). These findings suggest that, contrary to traditional definitions, 

anhedonia does not only reflect an inability to experience pleasure, but also an impaired ability to 

modulate decisions based on prior reinforcement history. This more refined classification of 

anhedonia incorporates impairments in hedonic processing, motivation, as well as reward-based 

decision making.  

1.4.1 Probabilistic reward task to assess anhedonia in humans 

Human self-report measures are commonly used to examine the multiple facets of 

anhedonia (Franken, Rassin, & Muris, 2008; Snaith et al., 2007), but they are limited in their 

capacity to assess an individual’s sensitivity to pleasurable stimuli, as well as their unconscious 

tendency to modify their behaviour as a function of reinforcement. In an effort to objectively tap 

into a larger range of reward processing behaviour, Pizzagalli et al. (2005) created a probabilistic 

reward task (PRT) to measure anhedonia in humans. The PRT was designed to measure reward 

sensitivity using a response bias measure, whereby subjects distinguish between two ambiguous 

stimuli in order to receive a monetary reward. Importantly, the reinforcement payoff from each 

stimulus is unknown. Healthy subjects demonstrate a response bias toward the stimulus that 

produces a higher probability of reward, without conscious awareness of the response payoffs on 

each alternative (Pizzagalli et al., 2008; Pizzagalli et al., 2013). Patients with anhedonia fail to 

develop the response bias: they respond equally to both stimuli, which indicates diminished 

reward responsiveness (Pizzagalli et al., 2008). This effect is largest in individuals with self-

reported anhedonia, and is not present in those with anxiety or general distress (Pizzagalli et al., 

2008). 
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1.4.2 Probabilistic reward task to assess anhedonia in rats 

 Der-Avakian et al. (2013) recently developed a rat-analog of the human-based PRT, 

which is procedurally and conceptually identical to the human-based task. In the rat-based PRT, 

animals undergo tone discrimination training to learn to distinguish between two ambiguous 

stimuli (i.e., tone durations). Once responding is at 70% accuracy, one of the levers is 

programmed to produce three times more rewards than the other lever. Similar to healthy 

humans, rats develop a response bias toward the more frequently reinforced stimulus, regardless 

of which tone is presented (Der-Avakian et al., 2013). 

 Importantly, amphetamine (AMPH) and pramipexole (PRAMI) have been used as tools 

to assess the effect of higher and lower levels of DA, respectively, on response bias in the PRT. 

Systemic injections of AMPH, which activates DA, potentiates the response bias whereas 

injections of PRAMI, which inhibits DA, attenuates it (Der-Avakian et al., 2013). These findings 

further implicate the role of DA in reward processing deficits seen in anhedonia. The effects of 

stress and modulation of the glucocorticoid system on response bias in the PRT have yet to be 

examined.  

1.5 Objectives & Hypotheses 

 The goal of the current thesis project was to examine whether the dopaminergic and 

glucocorticoid systems are involved in anhedonia using the rat-based PRT. Our initial focus was 

to replicate the DA manipulation used by Der-Avakian et al. (2013), using systemic injections of 

AMPH or PRAMI to determine whether enhancing or blocking extracellular DA can potentiate 

or attenuate the response bias, respectively. Based on previous findings from human and rat 

studies (Der-Avakian et al., 2013, Santesso et al., 2008; Pizzagalli et al., 2009) and the fact that 
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DA is highly implicated in reward responsiveness (see section 1.2), we predicted that AMPH 

would potentiate the response bias and PRAMI would reduce it.  

Additionally, based on evidence that stress plays an important role in the development of 

anhedonia (Bogdan & Pizzagalli, 2006; Willner et al., 2005), the main focus of the current 

project was a glucocorticoid manipulation. Firstly, using the Willner (1987) paradigm (see 

section 1.3.3.1), we investigated changes in reward responsiveness in the rat-based PRT 

following the 21-day CMS regimen. Secondly, we investigated the role of the glucocorticoid 

system as a potential mechanism underlying changes in reward responsiveness. In order to 

accomplish this, we chronically activated the HPA axis using a high-dose injection of DEX (see 

section 1.3.3.2) and suppressed it using an injection of mifepristone (MIFE; glucocorticoid 

antagonist). Similar to our DAergic manipulation, we measured response bias following each 

drug administration. We hypothesized that CMS would attenuate the response bias relative to a 

no-stress control group. Furthermore, we predicted that glucocorticoid activation using DEX 

would induce anhedonia in the PRT (manifested as a reduction in response bias) whereas 

glucocorticoid inhibition using MIFE would have the opposite effect.  

Chapter 2 
Materials and Methods 

2.1 Subjects 

Male Wistar rats (N = 96; Charles River, Quebec) weighing 250-275g were pair-housed 

in polycarbonate cages (40.0 x 25.0 x 22.0 cm) and placed in a colony room on a 12hr reverse 

light/dark cycle at 21°C. Behavioural training and testing were conducted during the active 

(dark) cycle. During operant training, rats were food restricted (fed 6% of body weight in grams 

per day; ~16g daily) to ensure that they were motivated to respond for the sucrose reward. Water 

was available ad libitum throughout the experiment. Body weights were recorded three times per 



	 	 	 	 	

	 16 

week to monitor weight loss. Animals that lost 10% of their initial body weight were assessed by 

the animal care staff and those that lost 15% were euthanized. All experimental procedures were 

in compliance with the Canadian Council on Animal Care and were approved by Queen’s 

University Animal Care Committee. 

2.1.1 Sample Size 

One group of 36 rats was used (Experiment 1) to confirm the role of the DAergic system 

in reward responsiveness (n = 12 [AMPH]; n = 12 [PRAMI]; n = 12 saline [SAL]). In order to 

investigate the role of chronic stress in reward responsiveness, a second group of 24 rats 

(Experiment 2) was tested following CMS (n = 12 stress; n = 12 no stress). Finally, a third group 

of 36 rats was used (Experiment 3) to assess the role of the glucocorticoid system (n = 12 [DEX]; 

n = 12 [MIFE]; n = 12 [SAL]) in reward responsiveness. 

2.2 Apparatus 

 Behavioural training and testing were conducted in operant conditioning chambers (24 ´ 

30 ´ 29 cm; Med Associates, USA). The chambers were enclosed by two Plexiglass walls and 

two steel walls which surround a metal grid floor. One of the steel walls contained two 

retractable levers (6cm above the floor and 16cm apart), a food receptacle situated between the 

two levers, and two stimulus lights (28-V; 4cm above each lever). The second wall contained a 

house light (2cm from ceiling) and a speaker. All operant conditioning chambers were located 

inside a large wooden enclosure, which ensured darkness and sound insulation. All responses 

were recorded electronically using MED-PC IV software. 
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2.3 Procedure 

2.3.1 Tone Discrimination Training 

 Food-restricted rats completed five stages of tone discrimination training. Prior to 

training, rats were randomly assigned to one of two groups: long tone = left lever (i.e., the 2s 

tone was associated with the left lever, the 0.5s tone with the right lever) or long tone = right 

lever (i.e., the 2s tone was associated with the right lever, the 0.5s tone with the left lever).  

In stage 1, rats were placed on a Fixed Ratio 1 (FR 1) reinforcement schedule where they 

learned to press either the left or right lever for a 45mg sucrose pellet (Test Diet, PMI Nutrition 

International, Inc.). During this stage, only one of the levers was extended and the tones were not 

presented. Success was defined as 100 lever presses (i.e., rewards) in 60 min. If rats failed to 

achieve 100 rewards within the allotted time period, they repeated the procedure with the same 

lever the following day. If they successfully completed the task, they repeated the procedure with 

the opposing lever on the following day. The average duration of stage 1 training was three days. 

In stage 2, a 5 kHz, 60 dB tone (either 0.5s or 2s in duration) was presented and only the 

lever that was associated with that tone was extended (either left or right lever). Rats pressed the 

lever within a 5s hold period in order to obtain the sucrose reward. If no response was produced 

within 5s, the lever was retracted and an omission was recorded. The intertrial interval was 

between 5s and 8s. Following a correct response, the lever retracted, and following an omission, 

the house light illuminated. Success was defined as 100 trials in 60 min with 80% success rate  

(< 20% omissions) for three consecutive days. The average duration of stage 2 training was five 

days. 

In stage 3, both levers were extended simultaneously and the rats pressed one of the two 

levers based on the corresponding tone that was played. For example, if the left lever was 
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associated with the 0.5s tone, the rat had to press the left lever only when the 0.5s tone was 

presented. Rats were only reinforced for pressing the correct lever. As with the previous stage, 

the house light signaled an omitted or incorrect response. Following an omitted or incorrect 

response, the previous trial was repeated until a correct response was achieved. In order to 

complete this stage, rats had to respond with a limited hold of 5s for five consecutive days 

regardless of accuracy.  

In stage 4, both levers were extended and the two varying tone durations were presented 

randomly throughout the session. Success was defined as 100 trials in 60 min with 70% accuracy 

(< 30% omissions or incorrect responses) for three consecutive days. The average duration of 

stage 4 training was 11 days. 

In stage 5, the final stage, the house light no longer signaled an omitted or incorrect 

response. Once all rats achieved 70% accuracy on this stage for five consecutive days, they met 

the threshold for testing. The average duration of stage 4 training was 10 days. Any rats that did 

not meet these criteria continued tone discrimination training for an additional five days. Rats 

that did not learn the task within this time frame were eliminated from the experiment.  

2.3.2 Experiment 1: Examining the Role of the Dopaminergic System in Anhedonia 

 Following tone discrimination training, all animals in the drug groups completed drug 

habituation to ensure that any novel subjective experiences of the drug did not interfere with 

performance during testing. 

Rats in Groups 1 and 2 (n = 12 each) received a total of 3 injections: 1 SAL injection 

(1ml/kg) four days prior to testing to habituate them to the injection procedure, 1 AMPH 

(0.5mg/kg, i.p.) or PRAMI (0.1mg/kg, s.c.) injection two days prior to testing to habituate them 

to the drug effects, and 1 AMPH injection 15 min prior to the test session or 1 PRAMI injection 
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60 min prior to the test session (same doses as habituation). Finally, a SAL control group (n = 

12) received a total of two injections: 1 SAL injection (1ml/kg) four days prior to testing to 

habituate them to the injection procedure, and 1 SAL injection (1ml/kg) prior to the test session. 

In order to maintain consistency with their experimental counterparts, half of the SAL control 

rats (n = 6) received i.p. injections of SAL and half (n = 6) received s.c. injections. 

 Prior to testing, rats were randomly assigned to either the experimental (drug) or control 

(SAL) condition. On test day, rats in the experimental condition were injected with AMPH (15 

min prior to test) or PRAMI (60 min prior to test) and rats in the control condition were injected 

with SAL (see doses above). All injections were administered in a total volume of 1ml/kg. 

During the test session, the difference in tone durations was more ambiguous than during 

training (i.e., 0.9s and 1.6s). Rats’ assignment to experimental groups was counterbalanced as 

follows: long tone = rich stimulus (i.e., the 1.6s tone was associated with a greater probability of 

reward; the 0.9s tone with the lower probability of reward) or long tone = lean stimulus (i.e., the 

1.6s tone was associated with a lower probability of reward; the 0.9s tone with a higher 

probability of reward). The rich stimulus was reinforced for 60% of correct responses whereas 

the lean stimulus was reinforced for 20% of correct responses over 100 trials (consistent with the 

3:1 reinforcement ratio used in the human PRT; Pizzagalli et al., 2008).  

2.3.3 Experiment 2: Investigating Chronic Mild Stress in Anhedonia 

 Following tone discrimination training, all rats were free-fed until the stress regimen 

ended. On the first day of stressing, the stress group (n = 12) was transferred to a separate colony 

room (isolated from their no-stress controls). Control rats (n = 12) were left undisturbed for the 

entirety of the 21-day stress regimen (with the exception of weekly cage changes and daily 

health checks). 
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The stress group was exposed to CMS for 21 days. Each week of the stress regimen 

(totaling 3 weeks), rats were exposed to a variety of mild stressors, following the protocol of 

Willner (2005) and Rossetti et al. (2016). Although these stressors were mild in nature, they were 

applied continuously (day and night) with only one 10-hr "no stress" period every 46 hr. The 

stressors were applied individually (one at a time) and the same stressor was never applied 

consecutively. The stressful nature of the CMS paradigm lies in its unpredictability; therefore, 

the stressors were applied in a random order each week for the 3-week period. The following 

stressors were implemented each week: 1 period of food deprivation (12hr), 1 period of water 

deprivation (12hr), 2 periods of continuous overnight illumination (12hr x 2 = 24hr), 2 periods of 

45-degree cage tilt (24hr x 2 = 48hr), 2 periods of soiled cage (250ml of water in bedding) (16hr 

x 2 = 32hr), and 2 periods of low-intensity stroboscopic illumination (150 flashes/min) (9hr x 2 = 

18hr). During the 10-hr “no stress” periods, animals were left undisturbed in their home cage and 

colony rooms. Control rats were housed in a separate colony room with no interaction with the 

stressed rats. 

Following the stress regimen, all rats were transferred to their original colony rooms. 

After two additional days of food restriction, they completed tone discrimination reinstatement 

sessions (stage 5) to ensure that they maintained 70% accuracy in responding. Once all rats 

achieved the 70% standard of accuracy, they completed the test session (test parameters were 

identical to those in Experiment 1). 
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2.3.4 Experiment 3: Investigating the Role of the Glucocorticoid System in Anhedonia 

 All rats completed tone discrimination training. Rats in the drug groups completed drug 

habituation (same procedures as Experiment 1).  

Group 1 (n = 12) was used to investigate the effects of glucocorticoid activation and 

Group 2 (n = 12) the effects of glucocorticoid inhibition on reward responsiveness. The same 

drug administration procedures from Experiment 1 were implemented with the exception of the 

following drugs and doses: DEX (5mg/kg, i.p. for a total volume of 1ml/kg) 48 hr prior to the 

test session and MIFE (30mg/kg, i.p. for a total volume of 2ml/kg) 45 min prior to the test 

session. Finally, a SAL control group (n = 12) was used to compare any changes in response bias 

as a result of the DEX and MIFE treatments (see Experiment 1 for SAL procedure). Test 

parameters were identical to those in Experiments 1 and 2.  

2.4 Data Analysis 

Using the MED-PC IV software, the total number of correct responses, incorrect 

responses, and omissions were recorded on both levers for each trial. Rats were excluded from 

the analyses if they achieved < 70% accuracy during training or < 30% accuracy on either 

stimulus during testing. The 100 trials were statistically analyzed in four separate blocks: trials 1-

25 (block 1), trials 26-50 (block 2), trials 51-75 (block 3) and trials 76-100 (block 4). In each 

block, we calculated the response bias, discriminability, and accuracy (descriptions of each 

measure are provided below). 

All statistical analyses were performed using SPSS (version 21.0). Based on the findings 

from Der-Avakian et al. (2013), we hypothesized that, relative to SAL, AMPH would potentiate 

the response bias and PRAMI would attenuate it. Thus, all measures in Experiment 1 were 

analyzed using planned orthogonal comparisons, which are a priori tests used to compare a 
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restricted number of specific hypotheses. We independently compared both drug groups (AMPH 

and PRAMI) to the SAL group on all three behavioural measures. We specifically examined 

group differences in Block 1 and Block 4 in order to assess changes over time. Statistical 

significance was defined as p < .05. 

All measures in Experiments 2 and 3 were analyzed using mixed model Analysis of 

Variance (ANOVA). Levene’s test was used to assess the homogeneity of variance assumption. 

When the assumption was not met, the appropriate correction was used to adjust the standard 

error and degrees of freedom of the estimate. The Greenhouse-Geisser correction was used for 

all within-subjects factors to account for violations in sphericity. Statistical significance was 

defined as p < .05 unless otherwise specified. All pairwise comparisons were analyzed using 

Tukey’s HSD adjustment for familywise error unless otherwise specified. 

2.4.1 Response Bias 

A response bias occurs when an animal increasingly responds to the rich stimulus (even 

when the correct action is to respond to the lean stimulus). Response bias was calculated using 

the following formula: log b = 0.5*log[([RichCorrect + 0.5]*[LeanIncorrect + 0.5]) / ([RichIncorrect + 

0.5]*[LeanCorrect + 0.5])]. The formula includes a value of 0.5 added to each cell in order to adjust 

for cases where the cell value is zero.  

In Experiment 1, response bias in the AMPH and PRAMI groups were compared to the 

SAL group in Blocks 1 and 4 using a planned orthogonal comparison. In Experiments 2 and 3, 

Block (1-4) was included as the within-subjects factor and Treatment (stress vs. no stress; drug 

vs. SAL) as the between-subjects factor using a mixed model ANOVA. All 2-way interactions 

were followed up using simple main effects analyses. 
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2.4.2 Discriminability 

Discriminability determines whether the animal is capable of differentiating between the 

rich and lean stimuli, which is indicative of task difficulty. Discriminability was calculated using 

the following formula: log d = 0.5*log[([RichCorrect + 0.5]*[LeanCorrect + 0.5]) / ([RichIncorrect + 

0.5]*[LeanIncorrect + 0.5])]. Analyses using planned comparisons (Experiment 1) and mixed model 

ANOVA (Experiments 2 and 3) were identical to those used for the response bias measure (see 

2.4.1).  

2.4.3 Accuracy 

In healthy humans and animals, accuracy (number of correct responses / number of 

correct + incorrect responses) typically improves for the rich stimulus and worsens for the lean 

stimulus over the test session. In Experiment 1 (planned comparison), accuracy in the AMPH 

and PRAMI groups were compared to the SAL group on each stimulus in Blocks 1 and 4. 

In Experiments 2 and 3 (mixed model ANOVA), stimulus Type (rich vs. lean) and Block 

(1-4) were used as within-subjects factors and Treatment (stress vs. no stress; drug vs. SAL) was 

used as the between-subjects factor. All significant 2- and 3-way interactions were followed up 

using simple main effects analyses. 
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Chapter 3 
Results 

 
3.1 Experiment 1: Amphetamine enhances reward responsiveness in the PRT 

 One rat in the SAL group was excluded due to insufficient accuracy (< 70%) during 

training. All rats achieved sufficient accuracy on both tone stimuli during the task (i.e., > 30%). 

Thus, N = 35 rats were used in the final analyses. The mean (+SEM) days to train rats for 

Experiment 1 was 37.77 (+ 2.65) days. 

3.1.1 Response Bias 

 As hypothesized, AMPH- (but not PRAMI-) treated rats, showed a greater response bias 

across the test session than SAL-treated rats (Figure 1). Planned orthogonal comparisons 

revealed between-group differences in response bias in Blocks 1 and 4 (omnibus ANOVA: 

F(6,96) = 1.23, p = .30). In Block 1, response bias in AMPH-treated rats was not significantly 

greater than SAL-treated rats, t(96) = 1.98, p = .06; however, the effect size was large (Cohen’s  

d = .87). Furthermore, response bias in PRAMI-treated rats did not differ from SAL-treated rats, 

t(96) = .15, p = .88. In Block 4, response bias in AMPH-treated rats was greater than SAL-

treated rats, t(96) = 2.28, p = .03, whereas response bias in PRAMI-treated rats did not 

significantly differ from SAL-treated controls, t(96) = 1.15, p = .26. 

 Additionally, consistent with our hypothesis, response bias in AMPH- [t(96) = 2.44, p = 

.02] and SAL- [t(96) = 2.08, p = .05] treated rats significantly increased between Block 1 and 4 

whereas response bias in PRAMI-treated rats did not change, t(96) = .80, p = .43. Combined, 

these findings show that AMPH-treated rats showed a potentiated response bias relative to 

controls and across time. On the other hand, PRAMI did not change response bias relative to 

controls but these animals did show impaired response bias across time. 
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3.1.1.1 Response Bias in Block 1 

 Given that the response bias between the AMPH and SAL group yielded a large effect 

size in Block 1 (d = .87), we further analyzed Block 1 data in five bins (5 trials per bin) (Figure 

2). We provided a closer investigation into Block 1 in order to determine the rate of response 

bias acquisition in AMPH-treated animals relative to control animals. We were interested in 

determining how quickly these animals learned the reward contingencies. Planned orthogonal 

comparisons showed that AMPH-treated rats did not differ from PRAMI- or SAL-treated rats in 

Bin 1 (trials 1 to 5), ts(132) < 1.02, ps > .32. In contrast, in Bins 2 and 3 (trials 6-15), response 
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Figure 1. Response bias following dopaminergic manipulations. Bars represent mean (+SEM) response 
bias following administration of saline (SAL, 1ml/kg; n = 11), amphetamine (AMPH, 0.5mg/kg, i.p.; n 
= 12), or pramipexole (PRAMI, 0.1mg/kg, s.c.; n = 12). In Blocks 1 and 4, rats that received AMPH 
injections showed a greater response bias relative to those that received PRAMI or SAL injections. 
Response bias in AMPH- and SAL-treated rats increased between Blocks 1 and 4 whereas response bias 
in PRAMI-treated rats did not. Response bias was calculated using the following formula: log b = 
0.5*log[([RichCorrect + 0.5]*[LeanIncorrect + 0.5]) / ([RichIncorrect + 0.5]*[LeanCorrect + 0.5])]. (*) denotes 
statistical significance, p < .05. Error bars represent standard error of the mean.  
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bias in AMPH-treated rats was significantly higher than both PRAMI-treated rats, ts(132) > 2.27, 

ps < .02, and SAL-treated rats, ts(132) > 2.03, ps < .05. In Bins 4 and 5 (trials 16-25), response 

bias in AMPH-treated rats did not differ from PRAMI- or SAL-treated rats, ts(132) < 1.80, ps > 

.08. 

 

 

3.1.2 Discriminability 

 There were no between- or within-group differences in discriminability across the four 

blocks of trials (Figure 3). In Blocks 1 and 4, AMPH- and PRAMI-treated rats did not 

significantly differ from SAL-treated rats, ts(96) < .07, ps > .25. Similarly, none of the treatment 

groups differed in discriminability between Blocks 1 and 4, ts(96) < 1.11, ps > .35. 
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Figure 2. Response bias following dopaminergic manipulations within Block 1. Bars represent mean 
(+SEM) response bias divided into five bins (5 trials/bin). Response bias in amphetamine- (AMPH) 
treated rats was greater than both pramipexole- (PRAMI) and saline- (SAL) treated rats in Bins 2 and 
3 only. PRAMI- and SAL-treated rats did not differ in any of the five bins. (*) denotes statistical 
significance, p < .05. Error bars represent standard error of the mean.  
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3.1.3 Accuracy 

 Relative to PRAMI-treated rats, AMPH- and SAL-treated rats showed greater accuracy 

on the rich stimulus than the lean stimulus over time, which was consistent with our hypotheses. 

In Block 1, AMPH- and SAL-treated rats did not differ in accuracy on the rich stimulus, t(96) = 

.11, p = .91 (Figure 4A); however; AMPH-treated rats showed lower accuracy on the lean 

stimulus than SAL-treated rats, t(96) = -3.77, p = .001 (Figure 4B). On the other hand, PRAMI-

treated rats did not differ from SAL-treated rats on either stimulus in Block 1, ts(96) < -.69, ps > 
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Figure 3. Discriminability, a measure of task difficulty, following dopaminergic manipulations. Bars 
represent mean (+SEM) discriminability following administration of saline (SAL, n = 11), amphetamine 
(AMPH, n = 12), or pramipexole (PRAMI, n = 12). There were no significant differences in 
discriminability between or within treatment groups in Blocks 1 and 4. Discriminability was calculated 
using the following formula: log d = 0.5*log[([RichCorrect + 0.5]*[LeanCorrect + 0.5]) / ([RichIncorrect + 
0.5]*[LeanIncorrect + 0.5])]. Error bars represent standard error of the mean.	
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.50. In Block 4, neither AMPH- nor PRAMI-treated rats differed from SAL-treated rats on either 

the rich or lean stimuli, ts(96) < 1.29, ps > .13. 

 

  

As expected, a comparison of accuracy on rich and lean stimuli (Figure 5) revealed that 

AMPH-treated rats showed significantly greater accuracy on the rich stimulus compared to the 

lean stimulus, t(96) = 2.36, p = .007; whereas PRAMI- and SAL-treated rats did not differ in 

accuracy between the rich and lean stimuli, ts(96) < .12, ps > .85. In Block 4, both AMPH- and 

SAL-treated rats showed greater accuracy on the rich stimulus compared to the lean stimulus, 

ts(96) > 2.47, ps < .02, whereas accuracy of PRAMI-treated rats did not differ between the two 

stimuli, t(96) = 1.18, p = .22. Combined, these findings show that AMPH- and SAL-treated rats 

showed normal responding in favour of the rich stimulus (at the cost of accuracy on the lean 

stimulus) whereas PRAMI-treated rats showed similar responding to each stimulus, which 

signifies impaired reward responsiveness. 

 

Figure 4. Accuracy on the rich (A) and lean (B) stimuli following dopaminergic manipulations. Bars 
represent mean (+SEM) accuracy (# correct responses / # correct + # incorrect responses) following 
administration of saline (SAL, n = 11), amphetamine (AMPH, n = 12) or pramipexole (PRAMI, n = 12). 
A. There were no group differences in accuracy on the rich stimulus in Blocks 1 and 4. B. In Block 1, 
AMPH-treated animals showed lower accuracy on the lean stimulus compared to SAL-treated animals. 
There were no group differences in Block 4. (*) denotes statistical significance, p < .05. Error bars 
represent standard error of the mean.	
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3.2 Experiment 2: Chronic Mild Stress impairs reward responsiveness in the PRT 

Based on the distributional characteristics of the data, there appeared to be two distinct 

populations within the CMS group in Block 4 (for raw data, see Appendix I). Specificially, 

~60% of the CMS group (n = 7) showed impaired response bias (i.e., response bias below zero) 

whereas ~40% (n = 5) showed normal responding (i.e., response bias above zero). Therefore, we 

analyzed these groups separately as high vs. low stress reactive animals.  

 All rats achieved sufficient accuracy during training (> 70%) and sufficient accuracy on 

both tone stimuli during the task (i.e., > 30%). Thus, N = 24 rats were used in the final analyses. 

The mean (+SEM) days to train rats for Experiment 2 was 28.42 (+ 1.01) days. Following the 

Figure 5. Accuracy on rich and lean stimuli following dopaminergic manipulations. Bars represent 
mean (+SEM) accuracy (# correct responses / # correct + # incorrect responses) following 
administration of saline (SAL, n = 11), amphetamine (AMPH, n = 12) or pramipexole (PRAMI, n = 
12). In Block 1, AMPH-treated animals showed a greater accuracy on the rich stimulus compared to the 
lean stimulus. In Block 4, both AMPH- and SAL-treated animals showed greater accuracy on the rich 
stimulus compared to the lean stimulus. (*) denotes statistical significance, p < .05. 	
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CMS protocol, rats required 2.92 (+ .79) days of reinstatement training before final testing. All 

rats achieved sufficient accuracy during the reinstatement sessions. 

 Rats in the CMS group lost approximately 9% of their initial body weight following the 

CMS protocol whereas no stress control rats gained approximately 7% of their body weight. No 

animals required veterinary attention or euthananasia for their weight loss during the experiment. 

3.2.1 Response Bias 

 High stress reactive (HSR) rats showed an impaired response bias relative to low stress 

reactive (LSR) or no stress control rats (Figure 6). A 4x3 mixed model ANOVA showed no main 

effect of either block, F(3,63) = 1.38, p = .26, or group F(2,21) = .85, p = .44; however, it did 

reveal a significant block by group interaction, F(6,63) = 3.53, p = .004, hp
2 = .25.  

Follow-up analyses for the interaction showed no significant group differences in 

response bias in Blocks 1 to 3, Fs(2,21) < 1.98, ps > .16, hp
2 < .16; however, there was a 

significant simple main effect of group within Block 4, F(2,21) = 8.12, p = .002, hp
2 = .44. 

Pairwise comparisons for Block 4 indicated that response bias in the HSR group was 

significantly lower than both the LSR group, p < .001, and the no stress control group, p = .005. 

The LSR group and the no stress control group did not differ in Block 4, p = .19. 

Furthermore, follow-up analyses revealed a simple main effect of block within the no 

stress group, F(3,19) = 3.10, p = .05, hp
2 = .33, and the LSR group, F(3,19) = 3.00, p = .04, hp

2 = 

.32, but not the HSR group, F(3,19) = 2.36, p = .10, hp
2 = .27. Pairwise comparisons revealed 

that both the LSR and the no stress control group showed higher response bias in Block 4 

relative to Block 1, ps < .02. In the LSR and no stress groups, response bias in Block 3 was 

significantly higher than Block 1, ps < .008, and Block 2, ps < .05. Finally, in the LSR group, 

response bias in Block 4 was significantly higher than Block 2, p = .02, and Block 3, p = .04. 



	 	 	 	 	

	 31 

Combined, these findings indicate that response bias was impaired in HSR rats relative to LSR 

and no stress controls, and unlike their counterparts, HSR rats did not develop a response bais 

over time.  

 

 

3.2.2 Discriminability 

 There were no between- or within-group differences in discriminability across the four 

blocks (Figure 7). Mixed model ANOVA did not show a main effect of either block, F(3,63) = 

.31, p = .82, or group F(2,21) = .26, p = .78. Likewise, there was no significant block by group 

interaction, F(6,63) = .51, p = .80, hp
2 = .05.  

Figure 6. Response bias following Chronic Mild Stress (CMS). Bars represent mean (+SEM) response 
bias of no stress, low stress reactive (LSR), and high stress reactive (HSR) animals. In Block 4, 
response bias in the HSR animals was significantly lower than the LSR and no stress control animals. 
Response bias in the LSR and no stress groups increased over time whereas response bias in the HSR 
group did not change. Response bias was calculated using the following formula: log b = 
0.5*log[([RichCorrect + 0.5]*[LeanIncorrect + 0.5]) / ([RichIncorrect + 0.5]*[LeanCorrect + 0.5])]. (*) denotes 
statistical significance, p < .05. Error bars represent standard error of the mean. 
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3.2.3 Accuracy 

 Relative to LSR and no stress controls, HSR rats showed lower accuracy on the rich 

stimulus compared to the lean stimulus. A 4x3x2 mixed model ANOVA did not show a main 

effect of either block, F(3,63) = .10, p = .96, or group, F(2,21) = .33, p = .72; however, it did 

reveal a significant main effect of stimulus type, F(1,21) = 5.26, p = .03, such that overall 

accuracy on the rich stimulus was greater than the lean stimulus. Furthermore, none of the 2-way 

interactions were significant: block by group, F(6,63) = .57, p = .76 , type by block, F(3,63) = 

1.08, p = .36, or type by group, F(2,63) = 1.71, p = .21. There was a significant 3-way block by 

group by type interaction, F(6,63) = 3.99, p = .002, hp
2 = .28.  
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Figure 7. Discriminability, a measure of task difficulty, following Chronic Mild Stress (CMS). Bars 
represent mean (+SEM) discriminability in no stress, low stress reactive (LSR), and high stress reactive 
(HSR) animals. Across the four blocks, there were no significant differences in discriminability between or 
within treatment groups. Discriminability was calculated using the following formula: log d = 
0.5*log[([RichCorrect + 0.5]*[LeanCorrect + 0.5]) / ([RichIncorrect + 0.5]*[LeanIncorrect + 0.5])]. Error bars 
represent standard error of the mean. 
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To follow up the 3-way interaction, we first analyzed between-group differences within 

each block on the rich (Figure 8A) and lean (Figure 8B) stimulus. There were no group 

differences in accuracy on either the rich or lean stimulus in Blocks 1 to 3, Fs(2,21) < 1.93,        

ps > .17. However, there was a simple main effect of group within Block 4 on the rich stimulus, 

F(2,21) = 4.19, p = .03, hp
2 = .29, and the lean stimulus, F(2,21) = 5.21, p = .02, hp

2 = .33. 

Pairwise comparisons showed that accuracy in Block 4 on the rich stimulus in the HSR group 

was lower than both the LSR group, p = .03, and the no stress group, p = .02. On the other hand, 

accuracy in Block 4 on the lean stimulus in the HSR group was higher than the LSR group,         

p = .005, and the no stress group, p = .03. The LSR group did not differ from the no stress 

control group in accuracy on the rich or lean stimulus in Block 4, ps > .19. 

 

 

Next, we analyzed within-group differences in stimulus type within each block (Figure 

9). None of the groups differed in accuracy between the rich and lean stimulus in Block 1, 

Fs(1,21) < .70, ps > .41, or Block 2, Fs(1,21) < 1.53, ps > .23. There were no significant group 

Figure 8. Accuracy on the rich (A) and lean (B) stimuli following Chronic Mild Stress (CMS). Bars 
represent mean (+SEM) accuracy (# correct responses / # correct + # incorrect responses) in the no stress, 
low stress reactive (LSR) and high stress reactive (HSR) animals. A. In Block 4, accuracy on the rich 
stimulus was significantly lower in the HSR rats than the LSR and no stress rats. B. In Block 4, accuracy on 
the lean stimulus was significantly higher in the HSR rats than the LSR and no stress rats. (*) denotes 
statistical significance, p < .05. Error bars represent standard error of the mean. 
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differences of type within Block 3 in the HSR or LSR groups, Fs(1,21) < 2.48, ps > .13; 

however, there was a significant simple main effect in the no stress group, F(1,21) = 11.34,         

p = .003, hp
2 = .35, such that accuracy on the rich stimulus was higher than the lean stimulus. 

There were significant simple main effects of type within Block 4 in all three treatment groups, 

Fs(1,21) > 5.60, ps < .03, hp
2 > .21. Pairwise comparisons showed that accuracy in Block 4 on 

the rich stimulus was greater than the lean stimulus in the LSR and no stress groups; however, 

accuracy on the rich stimulus in the HSR group was lower than the lean stimulus. Combined, 

these findings show that, unlike HSR rats, LSR and no stress rats show normal responding in 

favour of the rich stimulus (at the cost of accuracy on the lean stimulus). 

 

 

Figure 9. Accuracy on rich and lean stimuli following Chronic Mild Stress (CMS). Bars represent mean         
(+SEM) accuracy (# correct responses / # correct + # incorrect responses) in the no stress, low stress reactive 
(LSR) and high stress reactive (HSR) animals. In the no stress group, accuracy on the rich stimulus was greater 
than the lean stimulus in Blocks 3 and 4. In the LSR group, accuracy on the rich stimulus was greater than the 
lean stimulus in Block 4. In the HSR group, accuracy on the lean stimulus was greater than the rich stimulus in 
Block 4. (*) denotes statistical significance, p < .05. Error bars represent standard error of the mean.  
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3.3 Experiment 3: Dexamethasone impairs reward responsiveness in the PRT 

All rats achieved sufficient accuracy during training (> 70%) and sufficient accuracy on 

both tone stimuli during the task (i.e., > 30%). Thus, N = 36 rats were used in the final analyses. 

The mean (+SEM) days to train rats for Experiment 3 was 26.93 (+ 1.51) days. 

3.3.1 Body Weight 

 Following drug administration, DEX-treated rats weighed significantly less than their 

MIFE- and SAL-treated counterparts (Figure 10). Orthogonal planned comparisons revealed that 

there were no significant group differences in body weight on the day prior to injection day (Day 

27) or on injection day itself (Day 28), ts(462) < .87, ps > .39. However, 48 hr following their 

respective injections (Day 30), the DEX-treated rats weighed significantly less than either the 

MIFE- or SAL-treated rats, ts(462) > 3.73, ps < .001. The MIFE- and SAL-treated rats did not 

differ in body weight 48 hr post injection, t(462) = .31, p = .76. These body weight differences 

were found despite the absence of between-group differences in food intake on Days 27 to 30 

(data not shown). 
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Figure 10. Body weight differences following glucocorticoid manipulations. Values represent mean     
(+ SEM) daily body weight (g). There were no between-group differences in body weight on Days 1 to 
28 (tone discrimination training). On Day 30 (48 hr post-injection), dexamethasone- (DEX) treated rats 
weighed significantly less than both mifepristone- (MIFE) and saline- (SAL) treated rats. All animals 
began the food restriction schedule on Day 1 until Day 31. (*) denotes statistical significance, p < .05. 
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3.3.2 Response Bias 

 As hypothesized, DEX-treated rats showed an impaired response bias relative to MIFE- 

or SAL-treated rats (Figure 11). A 4x3 mixed model ANOVA did not show a main effect of 

group, F(2,33) = 2.25,  p = .12; however, it did reveal a significant main effect of block, F(3,99) 

= 6.85, p = .001, and a block by group interaction, F(6,99) = 2.38, p = .03, hp
2 = .17.  

Follow-up analyses for the interaction showed no significant group differences in 

response bias in Blocks 1 and 2, Fs(2,33) < 1.32, ps > .27, hp
2 < .08; however, there was a 

significant simple main effect of group in Block 3, F(2,33) = 3.61, p = .04, hp
2 = .18, and Block 

4, F(2,33) = 2.13, p = .04, hp
2 = .11. Pairwise comparisons revealed that DEX-treated animals 

showed a lower response bias than SAL-treated animals in Block 3, p = .01, and MIFE-treated 

animals in Block 4, p = .05. MIFE-treated rats did not differ from SAL-treated rats in Blocks 3 or 

4, ps > .28. 

Follow-up analyses also revealed a significant simple main effect of block within the 

SAL-treated group, F(3,31) = 6.22, p = .002, hp
2 = .38. Pairwise comparisons show that response 

bias in Block 1 was significantly lower than Blocks 3 and 4, ps < .008. Likewise, response bias 

in Block 2 was significantly lower than Block 3, p = .002. Response bias in DEX- and MIFE-

treated rats did not differ between blocks, ps > .09. Combined, these findings show that response 

bias was impaired by DEX over time and relative to MIFE and SAL.  
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3.3.3 Discriminability 

 Mixed model ANOVA did not reveal significant between- or within-group differences in 

discriminability across the four blocks (Figure 12). There was no main effect of block, F(3,99) = 

.57, p = .64, or group, F(2,33) = 1.10, p = .35, nor was there a block by group interaction, 

F(6,99) = 1.64, p = .15, h2
p = .09.  

 Although the omnibus ANOVA was not significant, there was a substantial decrease in 

discriminability in SAL-treated rats across the four blocks (Block 1: M = .43, SD = .22, Block 4: 

M = .19, SD = .15). Given that this could be a concern for the interpretation of response bias, we 

Figure 11. Response bias following glucocorticoid manipulations. Bars represent mean (+SEM) response 
bias following administration of saline (SAL, 1ml/kg; n = 12), mifepristone (MIFE, 30mg/kg, i.p.; n = 12), 
or dexamethasone (DEX, 5mg/kg, i.p.; n = 12). Response bias in DEX-treated animals was significantly 
lower than SAL-treated animals in Block 3 and MIFE-treated animals in Block 4. Response bias in SAL-
treated animals increased over time but did not change in DEX- or MIFE-treated animals. Response bias 
was calculated using the following formula: log b = 0.5*log[([RichCorrect + 0.5]*[LeanIncorrect + 0.5]) / 
([RichIncorrect + 0.5]*[LeanCorrect + 0.5])]. (*) denotes statistical significance, p < .05. Error bars represent 
standard error of the mean. 
	



	 	 	 	 	

	 38 

further analyzed this effect using a Bonferroni adjustment for multiple comparisons. There was, 

in fact, a significant simple main effect of block within SAL-treated rats, F(3,31) = 3.01, p = 

.046, but not DEX- or MIFE-treated rats, Fs(3,31) < 1.15, ps > .34. Pairwise comparisons 

(adjusted alpha: .05/6 = .008) revealed that discriminability in SAL-treated rats in Block 4 was 

significantly lower than Block 1, p = .007. 

 

 

3.3.4 Accuracy 

 Compared to the lean stimulus, accuracy on the rich stimulus increased over time in 

SAL-treated and MIFE-treated rats, but did not change in DEX-treated rats. A 4x3x2 mixed 

model ANOVA did not show a main effect of block, F(3,99) = .87, p = .46, or group, F(2,33) = 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

1 2 3 4 

D
is

cr
im

in
ab

ili
ty

 

Block 

SAL 

MIFE 

DEX 

Figure 12. Discriminability, a measure of task difficulty, following glucocorticoid manipulations. Bars 
represent mean (+SEM) discriminability following administration of saline (SAL, n = 12), mifepristone 
(MIFE, n = 12), or dexamethasone (DEX, n = 12). Across the four blocks, there were no significant 
differences in discriminability between or within treatment groups. Discriminability was calculated 
using the following formula: log d = 0.5*log[([RichCorrect + 0.5]*[LeanCorrect + 0.5]) / ([RichIncorrect + 
0.5]*[LeanIncorrect + 0.5])]. Error bars represent standard error of the mean.  
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1.01, p = .38, but there was a main effect of stimulus type, F(1,33) = 26.90, p = .001, such that 

overall accuracy on the rich stimulus was greater than the lean stimulus.  

Furthermore, the type by block interaction was also significant, F(3,99) = 7.82, p = .001, 

hp
2 =.19. There were simple main effects of stimulus type within Blocks 2 to 4, Fs(1,33) > 8.76, 

ps < .006, hp
2 > .21, such that accuracy on the rich stimulus was greater than the lean stimulus 

collapsed across treatment groups. There were no other significant 2-way interactions: block by 

group, F(6,99) = 1.46, p = .20, or type by group, F(2,99) = 2.12, p = .14.  

There was also a significant 3-way block by group by type interaction, F(6,99) = 2.24,    

p = .04, hp
2 = .12. First, we analyzed between-group differences within each block on the rich 

(Figure 13A) and lean (Figure 13B) stimulus. For the rich stimulus, the simple main effect of 

group within Block 3 was not significant, F(2,33) = 3.03, p = .06, hp
2 = .16; however, the effect 

size was large. Therefore, we analyzed the pairwise comparisons for this effect using a more 

stringent alpha correction (i.e., Bonferroni; adjusted alpha: .05/3 = .02). In Block 3, accuracy on 

the rich stimulus in DEX-treated rats was significantly lower than SAL-treated rats, p < .02. 

MIFE-treated rats did not differ from either DEX- or SAL-treated rats on rich stimulus accuracy 

in any of the four blocks, ps > .09. There were no other group differences on the rich stimulus, p 

> .35. 

Furthermore, there was a significant simple main effect of group within Block 1 on the 

lean stimulus, F(2,33) = 4.99, p = .01, hp
2 = .23. Pairwise comparisons revealed that accuracy on 

the lean stimulus in SAL-treated rats was greater than MIFE-treated rats, p = .004. There were no 

other between-group differences on the lean stimulus, ps > .22. 
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Next, we analyzed within-group differences in stimulus type within each block (Figure 

14). None of the groups differed in accuracy between the rich and lean stimulus in Block 1, 

Fs(1,33) < 2.63, ps > .11. There was a significant simple main effect of stimulus type within 

Blocks 2 to 4 in MIFE-treated rats, Fs(1,33) > 10.54, ps < .003, hp
2 > .24, such that accuracy on 

the rich stimulus was higher than the lean stimulus. Likewise, there was a simple main effect of 

type within Blocks 3 and 4 in SAL-treated rats, Fs(1,33) > 8.67, ps < .006, hp
2 > .21, such that 

accuracy on the rich stimulus was higher than the lean stimulus. There were no simple main 

effects of type within any of the four blocks for DEX-treated rats, ps > .06. Combined, these 

findings show that MIFE- and SAL-treated rats show normal responding in favour of the rich 

stimulus (at the cost of accuracy on the lean stimulus) whereas DEX-treated rats show similar 

responding to each stimulus, which signifies impaired reward responsiveness. 

Figure 13. Accuracy on the rich (A) and lean (B) stimuli following glucocorticoid manipulations. Bars 
represent mean (+SEM) accuracy (# correct responses / # correct + # incorrect responses) following 
administration of saline (SAL, n = 12), mifepristone (MIFE, n = 12) or dexamethasone (DEX, n = 12).  
A. There were no group differences in accuracy on the rich stimulus in any of the four blocks. B. In 
Block 1, DEX-treated animals showed lower accuracy on the lean stimulus compared to SAL-treated 
animals, but did not differ from PRAMI-treated animals. (*) denotes statistical significance, p < .05. 
Error bars represent standard error of the mean.  
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Figure 14. Accuracy on rich and lean stimuli following glucocorticoid manipulations. Bars represent 
mean (+SEM) accuracy (# correct responses / # correct + # incorrect responses) following 
administration of saline (SAL, n = 12), mifepristone (MIFE, n = 12) or dexamethasone (DEX, n = 12). 
In SAL-treated animals, accuracy on the rich stimulus was greater than the lean stimulus in Blocks 3 
and 4. In MIFE-treated animals, accuracy on the rich stimulus was greater than the lean stimulus in 
Blocks 2 to 4. In the DEX-treated animals, accuracy between the two stimuli did not differ in any of the 
four blocks. (*) denotes statistical significance, p < .05. Error bars represent standard error of the mean. 
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Chapter 4 
Discussion 

4.1 The Role of DA in Reward Responsiveness  

 The objective of Experiment 1 was to assess the role of DA in reward responsiveness as 

indexed by an increased response bias toward the rich stimulus in the PRT. Importantly, reward 

responsiveness can be measured based on (1) whether or not a response bias is acquired over 

time and (2) the magnitude of response bias relative to control animals. Based on previous work 

(Der-Avakian et al., 2013), we hypothesized that DA activation would increase the response bias 

over time and potentiate it relative to control animals whereas DA inhibition would not change 

the response bias over time and attenuate it relative to controls. Our prediction regarding DA 

activation was confirmed. Although DA inhibition led to a blunted response bias across time, it 

did not attenuate the response bias relative to the control group. The latter finding is inconsistent 

with human studies showing that DA inhibition significantly reduces response bias relative to a 

placebo (Pizzagalli et al., 2008), but consistent with animal studies showing that it does not alter 

response bias relative to SAL injections (Der-Avakian et al., 2013). 

Healthy animals showed a response bias that systematically increased across time, which 

shows an unimpaired ability to modulate decisions based on reinforcement history. In addition, 

these animals showed responding based on reinforcement at the expense of accuracy. Healthy 

humans similarly show reduced accuracy during tasks of reward responsiveness because they 

unconsciously favour the stimulus that produces a higher probability of reward (Barr et al., 2008; 

Pizzagalli et al., 2005). DA activation enhanced response bias and decreased accuracy, which is 

consistent with human participants that receive transdermal nicotine (a drug that enhances DA 

release; Barr et al., 2008). In contrast, DA inhibition impaired response bias, suggesting that 

lower DA is involved in anhedonic-like reward responsiveness. Similar to anhedonic patients 
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with MDD (Pizzagalli et al., 2009), DA inhibition in the current study led to responding based on 

accuracy rather than reinforcement contingencies. Importantly, these changes in response bias 

and accuracy do not reflect a corresponding change in the animals’ ability to differentiate 

between the two stimuli as the test session progressed. In combination, the findings from 

Experiment 1 confirm a role of DA in reward responsiveness, which is consistent with prior 

evidence that mesocorticolimbic DA circuitry plays a role in reward-related behaviours (see 

section 1.2.2). 

4.1.1 Assessing AMPH & PRAMI on striatal DA release 

 AMPH was used in the current study as a tool to measure the effect of increased DA 

activity on response bias in the PRT. Studies using in vivo microdialysis show that the same dose 

of AMPH used in the current study (0.5mg/kg) produces massive DA release in the caudate and 

NAcc (i.e., the striatum) of rats (Kuczenski et al., 1991). In fact, this region-specific DA 

activation is substantially greater than that of cocaine or fencamfamine (other DA agonists; 

Kuczenski et al., 1991). Furthermore, effects of AMPH on response bias in the PRT are similar 

following administration of nicotine (Pizzagalli et al., 2008), which also substantially increases 

DA release in both the NAcc and the dorsal caudate (Chiara & Imperato, 1988). In light of this 

evidence, we speculate that the enhanced reward responsiveness following AMPH 

administration is the result of increased DA in the ventral striatum (i.e., NAcc). Due to the role 

of NAcc DA in motivated behaviours, as well as its interconnections with the OFC, it is 

unsurprising that enhancing striatal DA would potentiate response bias in the PRT.  

Likewise, PRAMI was used in the current study as a tool to investigate decreased DA 

activity in the PRT. Low doses of PRAMI reduce DA through inhibitory feedback of D2 

autoreceptors (West & Grace, 2002). Unlike other D2 receptor agonists (e.g., bromocriptine, 
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lisuride, pergolide), PRAMI predominantly suppresses DA release from VTA neurons that 

project to the mesocorticolimbic system (Piercey et al., 1996). Thus, it is possible that PRAMI-

treated animals in the current study did not develop a response bias because of a subsequent 

reduction of DA in critical VTA projection sites (e.g., NAcc and OFC). This is consistent with 

several lines of research reporting substantial reductions in striatal DA in patients with 

anhedonia. For instance, participants with anhedonia show significantly reduced striatal volume 

bilaterally (more specifically, the NAcc), and these subjects also show marked reward processing 

deficits in a reward-prediction task (Pizzagalli et al., 2009). Nevertheless, future studies should 

closely examine the mechanism of action of both AMPH and PRAMI in order to confirm that 

their involvement in reward responsiveness is unique to striatal DA release rather than some 

other mechanism. 

It is possible that the inability of PRAMI to reduce response bias relative to SAL in 

animal studies (Der-Avakian et al., 2013, current study) is dose-related. As previously 

mentioned, PRAMI has a high affinity for D2 receptors, which are located pre- and post-

synaptically throughout the mesocorticolimbic system (West & Grace, 2002). Low-dose PRAMI 

(e.g., 0.5mg in human studies; Pizzagalli et al., 2008) decreases phasic DA release via 

presynaptic D2 autoreceptor stimulation (Baudry et al., 1977; Fuller et al., 1982; Schmitz et al., 

2003), but high doses produce an opposite effect. In fact, high-dose PRAMI (4.5mg) is effective 

in treating Parkinson’s disease (PD; a condition involving abnormally low DA) when 

administered alongside L-DOPA (a DA precursor; Lemke et al., 2005). Interestingly, PD-related 

anhedonia, depression, and restless leg syndrome (all of which are mediated by low DA) are also 

alleviated by high-dose PRAMI (Jarvis & Golding, 2007; Lemke et al., 2005). Thus, it is 

possible that the PRAMI dosage used in the current study and in Der-Avakian et al. (2013; 
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0.1mg/kg) was slightly high, thus producing behaviour that is consistent with DA release within 

a normal range (i.e., resembling SAL-treated controls). To confirm this hypothesis, future studies 

should investigate the effect of higher and lower doses of PRAMI on response bias in the PRT.  

4.1.2 Rate of response bias acquisition 

 DA activation increased response bias acquisition, which may be explained by the effects 

of DA on incentive learning as well as reward prediction error. Firstly, incentive learning refers 

to cue-triggered motivated responding for a reward (Pecina, Schulkin & Berridge, 2006). Several 

lines of research demonstrate that enhanced DA transmission is associated with increased 

incentive salience toward conditioned stimuli (e.g., a tone) that predict rewards. Unsurprisingly, 

this effect is largely mediated by DAergic projections from the VTA to the NAcc (Kelley & 

Berridge, 2002). Microinfusions of AMPH into the NAcc primes excessive cue-triggered reward 

seeking, such that rats show a 100% increase in lever pressing for the cue previously associated 

with reward (conditioned stimulus), but not for a second cue that is not associated with reward 

(Wyvell & Berridge, 2000). In addition, increased responding for the conditioned stimulus 

following AMPH administration is often accompanied by excessive cue-seeking behaviours 

(e.g., investigatory sniffing), which suggests that mesolimbic DA causes the cue (and by 

association, the reward) to become more attractive to the animal (Berridge & Aldridge, 2009). 

This increased sense of urgency and desire has been found to unconsciously influence decision-

making, as well as learning (Berridge & O’Doherty, 2014). 

Furthermore, phasic DA release in the NAcc regulates reward prediction error (see 

section 1.2.2), which occurs when expectations of reward outcomes are made based on prior 

reinforcement history (Schultz et al., 1997). DA neurons are most active in response to appetitive 

events that are better than expected (i.e., positive prediction error), such as situations that involve 
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an increased probability of reinforcement (Linnet, 2014). Following DA activation (either 

synthetically or as a result of positive prediction error), there is a substantial increase in reward 

learning, as well as an increased ability to detect deviations from previously learned outcomes 

(e.g., when reinforcement contingencies change; Song & Fellous, 2014). Furthermore, reward-

based decision-making is heavily influenced by DA, such that increased DA release is associated 

with an enhanced ability to update decisions based on prior prediction error (Krugel et al., 2009). 

In other words, elevated DA enhances the ability to modulate decisions quickly in order to adapt 

to changing reward contingencies. Therefore, it is possible that DA activation increases the rate 

of acquisition due to a combination of (1) heightened incentive salience, (2) increased reward 

learning, as well as (3) an increased ability to identify reward prediction errors and quickly adapt 

decisions based on those signals. 

4.2 A Case for the Role of Chronic Stress in Mediating Reward Responsiveness  

 The combined objective of Experiments 2 and 3 was to investigate the role of chronic 

stress on reward responsiveness in the PRT. We hypothesized that CMS (Experiment 2) or 

glucocorticoid activation (Experiment 3) would attenuate the response bias relative to no stress 

and glucocorticoid suppression, respectively.  

4.2.1 The effect of CMS on reward responsiveness 

Consistent with our hypotheses, chronic stress impaired response bias, which was 

unrelated to changes in the ability to differentiate between the tone stimuli. Response bias in both 

the LSR and no stress groups systematically increased across the test session, which 

demonstrates a healthy ability to modulate behaviour based on reinforcement history over time. 

In contrast, response bias in the HSR group remained static over time, which implies an impaired 

ability for these animals to process the reinforcement contingencies of the task.  
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Although the HSR group showed greater accuracy on the lean stimulus in Block 4, we 

did not anticipate that any treatment group would show increased accuracy toward the stimulus 

that produced fewer rewards. It is important to consider that the HSR group showed general 

impairment in accuracy throughout testing. Although nonsignificant, accuracy in the HSR group 

waxed and waned across the four blocks, such that animals showed inconsistent accuracy on 

both stimuli. On the other hand, both the LSR and no stress groups showed a consistent trend in 

accuracy (in favour of the rich stimulus) beginning in Block 2. Thus, we interpret the increased 

Block 4 accuracy on the lean stimulus in HSR animals to be representative of a general 

impairment in reward processing, rather than a meaningful CMS-induced effect. 

Reduced DA transmission (Experiment 1) and CMS exposure similarly impaired reward 

responsiveness. Thus, it is possible that CMS alters the DAergic system (specifically, by down-

regulating DA), which produces anhedonic-like behaviour. Further research is needed to 

specifically investigate how these two systems influence one another during chronic stress. 

4.2.1.1 CMS resiliency  

 In many CMS studies, a subpopulation of animals is resilient to the adverse effects of this 

manipulation (Henningsen et al., 2009). Similarly, approximately 40% of CMS rats in our study 

did not show an impaired response bias, matching proportions of stressed animals that do not 

exhibit decreased sucrose preference (for examples of similar distributions, see Bergstrom et al., 

2007; Bisgaard et al., 2007; Gronli et al., 2007; Henningsen et al., 2009; Jayatissa et al., 2010). 

Studies that used the CMS paradigm to assess other behavioural domains (e.g., memory or 

sexual behaviour; Gronli et al., 2005) have found similar distributions. For example, 61% of 

CMS animals showed increased floating in the forced swim test (indicative of hopelessness), as 

well as increased submissive behaviour in a resident-intruder test, whereas 39% showed normal 
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responses in both behavioural measures (Strekalova et al., 2004). In terms of physiological 

parameters, certain subpopulations of CMS-exposed animals (~37%) do not show a typical 

decrease in extracellular 5-HT and neuron density in the prefrontal cortex (Bergstrom et al., 

2007; Gronli et al., 2007). Interestingly, a small but significant proportion of people maintain 

stable and healthy levels of psychological and physical functioning in response to highly 

traumatic events (Bonanno, 2004). Certain circumstances and dispositions, such as low social 

support or preexisting hyperarousal, have been cited as factors that enhance the deleterious 

effects of chronic stress in humans (Bisson et al., 1997; Bonanno, 2004). Others suggest the 

resiliency is attributable to individual differences in the coping and appraisal of stressful 

experiences (Strekalova et al., 2004). Thus, the bimodal distribution in the current study is not 

uncommon, which warranted the analysis of each CMS subgroup independently.  

4.2.2 The role of glucocorticoids in reward responsiveness 

As hypothesized, glucocorticoid activation impaired response bias. Similar to the effects 

of DA inhibition and CMS, accuracy was unimpeded by glucocorticoid activation, suggesting 

that these animals did not show a preference for either stimulus (i.e., they responded to achieve 

task accuracy rather than responding based on reinforcement contingencies). In contrast, 

accuracy on the lean stimulus was impaired in control animals, suggesting a preference for the 

rich stimulus at the expense of accuracy. It is important to note that the control group seemingly 

experienced difficulty differentiating the tone durations as the test session progressed; however, 

it appears that the abnormality was specific to Block 4. Therefore, it is likely that an external 

event or adverse experience (e.g., loud noise) occurred in the last block of testing, which 

hindered the animals’ ability to properly attend to the stimuli. Nevertheless, these animals 

showed a response bias pattern that was consistent with control animals in Experiments 1 and 2; 
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therefore, differences in discriminability in this particular group were not necessarily problematic 

for our interpretations. 

Contrary to our predictions, glucocorticoid suppression did not enhance response bias. In 

fact, it led to increased accuracy on the rich stimulus over time, suggesting that these animals 

responded based on the differential reinforcement payoffs (i.e., in favour of the rich stimulus) at 

the expense of accuracy on the lean stimulus. We present two possible explanations for these 

findings. Firstly, glucocorticoid suppression produced a healthy response bias (albeit, not greater 

than control rats), and a greater accuracy on the rich stimulus an entire block earlier than the 

control rats. This suggests that intrasession learning of the reinforcement schedule was quicker 

following glucocorticoid suppression, which, as hypothesized, is similar to the effect of DA 

activation in Experiment 1. Thus, it is possible that there is a dose-response relationship between 

MIFE and its effects on reward responsiveness; in other words, the 30mg/kg dose used in the 

current study may not have been sufficient to produce an observable effect on reward 

responsiveness. Future studies should investigate the effects of varying doses of MIFE on reward 

responsiveness.  

Secondly, it is possible that, contrary to our hypothesis, glucocorticoid depletion does not 

potentiate reward responsiveness, but instead maintains it within a normal range. MIFE is 

typically used to reduce abnormally high plasma cortisol levels in individuals with Cushing’s 

syndrome (i.e., hypercortisolemia) and has a high binding affinity to GRs, thus reducing HPA 

axis activity (Heikinheimo et al., 2003). Having said that, the effect of MIFE might be not be 

evident in the absence of a hyperactive stress response. Rats in the current study are trained for 

several weeks prior to testing (i.e., tone discrimination training), which allows them to habituate 

to the apparatus and procedure well before the test. For decades, researchers have studied the 
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effects of repeated exposure to experimental procedures on performance during testing. 

Following repeated exposure to experimental procedures (i.e., habituation), rats show reduced 

stress responses both behaviourally (e.g., startle response; Davis, 1970) and physiologically (e.g., 

corticosterone levels; Pitman et al., 1988). Thus, it is possible that the rats’ baseline 

glucocorticoid levels were low during testing (as a result of habituation to the procedure), which 

suggests that behavioural and physiological effects following a glucocorticoid antagonist (i.e., 

MIFE) would be minimal or perhaps nonexistent. Importantly, future studies should measure 

plasma corticosterone in animals prior to testing (and following drug administration) in order to 

verify this hypothesis. Future studies should also investigate whether administration of MIFE can 

recover both CMS- and DEX-induced attenuation of response bias by blocking the associated 

stress response.  

4.2.2.1 Body weight as an indicator of chronic stress 

 Body weight is one of the most reliable parameters used to assess the effectiveness of a 

stress paradigm in an animal model (Alario et al., 1987; Rygula et al., 2005). Typically, a 

substantial decrease in weight gain is observed following CMS, which can be related to a number 

of factors. For instance, disturbances in adrenal gland functioning (i.e., hypercortisolemia; see 

section 1.3.1) is associated with significantly reduced body weight gain (Bhatnagar et al., 2005; 

Meerlo et al., 2009). Likewise, there is a negative correlation between plasma corticosterone 

levels and weight gain in rats that undergo chronic noise stress, which is also found following 

chronic administration of ACTH (Alario et al., 1987). Importantly, most stress-induced decreases 

in body weight are not a consequence of reduced food intake. In fact, despite increased or similar 

quantities of food consumption, rats that undergo chronic social defeat stress lose significantly 

more weight than controls (Furay et al., 2011). Furthermore, rats that show substantial weight 
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loss during CMS show a corresponding decrease in leptin, which is involved in satiety (Zhang et 

al., 1994) as well as the suppression of endocrine responses to stress (Heiman et al., 1997). These 

decreases are thought to reflect a role of CRH disruption in the hypothalamus of stressed animals 

(Harris et al., 2002). Thus, decreases in leptin result in hunger and hyperphagia (i.e., overeating) 

in animals; however, CMS rats show paradoxical decreases in body weight. Consistent with this 

notion, the current study found that glucocorticoid activation resulted in 8% body weight loss 48 

hr following drug injections (i.e., the day of testing). Additionally, these animals weighed 

significantly less than control animals despite similar quantities of food intake. Importantly, all 

treatment groups were food restricted at the same time, for the same duration, and were given a 

fixed quantity of food per day (16 g). Thus, based on this measure, it appears as though DEX 

induces physiological changes that resemble those seen following chronic stress.  

4.3 Implications 

 Elucidating the underlying mechanisms of anhedonia allows researchers to focus on more 

suitable and effective treatments for this condition. SSRIs are currently the first line of 

pharmacotherapy for anhedonia; however, these drugs are largely ineffective for reward 

processing deficits (see section 1.1). Therefore, it is pertinent that other neurotransmitter and 

hormone systems are targeted in the pursuit of effective treatment for anhedonia. The findings of 

the current study suggest that DA plays a critical role in reward responsiveness, particularly the 

ability to modulate decisions based on prior reinforcement history. Recently, Argyropoulos & 

Nutt (2013) hypothesized that MDD will soon be divided into two syndromes: depressed mood 

(i.e., those whose symptoms respond to serotonergic agents; SSRIs) and anhedonia (i.e., those 

whose symptoms respond to DA agents). Furthermore, the authors suggest that patients with 

MDD should receive pro-DAergic agents (e.g., aripiprazole) alongside SSRI treatment, given the 
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comorbidity between the two syndromes (Argyropoulos & Nutt, 2013). Research from clinical 

psychology and pharmacology support this notion. For instance, anhedonia is very common in 

non-depressed patients with PD; moreover, these individuals self-report increased motivation 

following administration of DA agonists (e.g., L-DOPA; Czernecki et al., 2002). In addition, 

control subjects who are given L-DOPA anticipate a greater hedonic response to positive events, 

which suggests that enhanced DA can modulate consummatory pleasure responses in addition to 

enhancing motivated behaviours (Sharot et al., 2009).  

 The current study showed that chronic stress (in the form of both CMS exposure and 

glucocorticoid activation) substantially impairs reward responsiveness. There are two major 

implications of these findings. Firstly, chronic life stress and hypercortisolemia are likely 

involved in the development and maintenance of anhedonia. As discussed previously (see section 

1.3.1), prolonged activation of the HPA axis results in enhanced glucocorticoid secretion, which 

impairs the ability of GRs to inhibit the stress response. Based on our findings, it appears as 

though this process impairs mesolimbic DA functioning, primarily because it results in a blunted 

reward responsiveness that resembles DA inhibition (i.e., response bias in PRAMI-treated 

animals). Although the current study showed preliminary evidence of an interaction between the 

DA and glucocorticoid systems in anhedonia, more research using microdialysis or region-

specific microinfusions could help to further elucidate the precise mechanisms regulating this 

process. Secondly, the fact that a subgroup of animals exposed to CMS were resilient to its 

effects on reward responsiveness suggests that a neuroprotective factor could exist in some 

animals to preserve DAergic functioning following chronic stress. Although we did not examine 

the effects of CMS in other psychological domains (e.g., anxiety), future studies should 

investigate whether the resiliency in the LSR group is specific to DA-mediated motivated 
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behaviours or if it also preserves a broader range of behaviours. Importantly, the HPA axis 

remains hyperactive in animals that show CMS resiliency (Bergstrom et al., 2007), which 

suggests that other neurobiological factors exist to protect the organism from glucocorticoid-

induced harm. Using in situ hybridization, some studies have found an upregulation of brain-

derived neurotrophic factor (BDNF) in the limbic system (e.g., NAcc and hippocampus) of 

animals that were CMS-resilient in a sucrose preference paradigm (Bergstrom et al., 2007; 

Berton et al., 2006; Taliaz et al., 2011). BDNF promotes the survival and growth of neurons and 

glia (Bernd, 2008), which may explain the CMS-induced resiliency demonstrated in this 

subgroup of animals. Therefore, in addition to the protective function of BDNF, studies should 

continue to investigate unique behavioural and physiological characteristics seen in CMS-

resilient animals. Understanding these processes will provide valuable insight into 

neuroprotective factors against chronic stress-induced anhedonia. 

4.4 Limitations & Future Directions 

4.4.1 Sex differences  

 The current study used a sample of male subjects in order to maintain consistency with 

animal studies of reward responsiveness (Casarotto & Andreatini, 2007; Der-Avakian et al., 

2013; Willner, 2005). Nevertheless, human studies of anhedonia using the PRT typically report 

an equal gender ratio in their sample (e.g., Barr et al., 2008, Pizzagalli et al., 2008, 2009) but 

these studies do not analyze, interpret or report gender differences. Anhedonia is a condition that 

may be sexually dimorphic, although this has never been investigated. Sex differences are 

apparent in disorders that involve anhedonia as a core symptom; however, it is currently 

unknown whether anhedonia itself is more prevalent among men or women (Dalla et al., 2010). 

Approximately 37% of MDD patients have anhedonia (Pelizza & Ferrari, 2009) and MDD is 1.5 
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to 3 times more prevalent in women than men (Parker et al., 2014). On the other hand, 

approximately 45% of patients with schizophrenia have anhedonia (Kessler, 2001) and 

schizophrenia is a disorder that is significantly more prevalent among men (Leung & Chue, 

2000). Therefore, there is sufficient justification to investigate anhedonia in males and females 

separately. 

Furthermore, several lines of research support the notion that females are more 

susceptible to the effects of stress than males in both human (Lighthall et al., 2011) and animal 

(Bourke & Neigh, 2011) literature. In rodents, physiological responses to stress are more 

pronounced in females than males (Bourke & Neigh, 2011), and these responses vary according 

to estrous cycle and stressor type. For instance, during proestrus, female rats show substantial 

CRH mRNA in the PVN of the hypothalamus following physical, but not psychological stressors 

(Iwasaki-Sekino et al., 2009). However, during diestrus, CRH mRNA in the PVN is significantly 

greater following psychological, but not physical stressors (Iwasaki-Sekino et al., 2009). In male 

rats, stressor type does not differentially alter CRH release, and baseline CRH mRNA in the 

PVN of males is significantly lower than baseline in females (Iwasaki-Sekino et al., 2009). 

Likewise, HPA axis dysregulation is more pronounced in female rats than males (Bourke & 

Neigh, 2011). In human clinical research, women show exaggerated stress responses relative to 

men, and these effects are even more pronounced in women with MDD and those who have 

experienced early life stress (Heim et al., 2000). Thus, the sexually dimorphic responses to stress 

merit the investigation of stress-induced anhedonia in both male and female animals.   

4.4.2 Interaction between DA and glucocorticoids  

 Although the current study provided novel information regarding the individual roles of 

DA and glucocorticoids on reward responsiveness, further research is required in order to 
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definitively attribute reward processing deficits to an interaction between these two systems. 

Furthermore, the current study administered all substances using systemic (rather than local) 

injections. We must interpret the effects of each drug with caution, as they may have interacted 

with other neurotransmitter or receptor systems to alter the observed behaviour. An important 

future direction is to investigate whether pre-test infusions of AMPH or MIFE into the NAcc or 

OFC would enhance the response bias, and whether PRAMI or DEX infusions into these regions 

would attenuate it. Likewise, future studies should investigate whether CMS-induced impairment 

in reward processing can be reversed by either systemic or local infusions of AMPH or MIFE. 

Such studies would elucidate more precise DA-mediated brain circuitry and interactive 

mechanisms involved in the development and maintenance of anhedonia. 

4.4.3 Chronic vs. acute stress 

 A significant limitation to the current study is the exclusive investigation of chronic stress 

on reward responsiveness without accounting for differential effects following acute stress. The 

rationale for investigating chronic stress in the current study is due to its relevance to human 

clinical literature. Depressive episodes are often triggered by major chronic events (i.e., repeated 

exposure to stressors that are constant and occur over an extended period of time) rather than 

acute events (i.e., single exposure to a stressor that is temporary but significant) (Kendler et al., 

1999, 2010; Monroe et al., 2007). Although acute stress may exacerbate chronic stress-induced 

depression, it is much less likely to trigger the disorder on its own (Hammen et al., 2009). 

Furthermore, in stark contrast to CMS, severe acute stressors are associated with substantial 

increases in DA in the mesolimbic system, particularly the NAcc (Pani, Porcella & Gessa, 2000). 

For example, acute restraint stress leads to elevated NAcc DA within three days of 

implementation; however, following the third day, NAcc DA begins to decline to abnormally 
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low levels (Imperato et al., 1992). These findings reflect differential DA release following acute 

(3 days) and chronic (4+ days) exposure to the same stressor. Interestingly, this effect has an 

adaptive function, such that increased NAcc DA following acute stressors promotes immediate 

behavioural activation and coping (Cabib et al., 2002; Cabib & Puglisi-Allegra, 2012). 

Therefore, future studies should investigate whether acute stressors potentiate the response bias 

and whether the duration and severity of the stressor influences this outcome. In sum, elucidating 

the differential effects of chronic and acute stress on reward responsiveness is important for 

understanding the etiology of anhedonia. Nevertheless, the current study is supported by human 

clinical research in the understanding that chronic stress is responsible for the onset of the 

condition whereas acute stress may exacerbate it. 

4.5 Conclusion 

Anhedonia is a condition that involves an impaired ability to process reinforcement 

(APA, 2000). Using the response bias PRT, the current study found that DA depletion, chronic 

stress and glucocorticoid activation are independently associated with decreased reward 

responsiveness whereas DA activation is associated with enhanced reward responsiveness. These 

findings implicate a role of the DA and stress systems in the development of anhedonia. 

Although current pharmacotherapy for anhedonia focusses on the serotonergic system, the 

current findings suggest that more appropriate forms of treatment should be implemented, such 

as drugs to increase DA or reduce stress. Future studies should continue to use the PRT, as this 

paradigm more accurately assesses the multiple facets of anhedonia than other measures. Rather 

than examining hedonic responsiveness to single rewards (e.g., sucrose preference), the PRT 

examines the subjects’ ability to integrate reinforcement as a function of time. The task has also 

been validated as a translational measure in humans and rodents, which allows findings to be 
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interpreted across species with greater confidence in its translational validity. In effect, this will 

encourage collaboration between neuroscience and clinical researchers to further elucidate the 

underlying mechanisms of anhedonia, thereby advancing effective and appropriate treatments for 

the debilitating condition. 
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Appendix I. Raw data for response bias measure in the CMS group in Block 4. There were 
n=7 rats that showed a response bias below zero and n=5 rats that showed a response bias 
above zero. 


