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Abstract 
Chronic stress is a significant risk factor for the development of numerous psychiatric 

disorders, including major depressive disorder (MDD). Individuals with MDD exhibit 

impairments in reward processing and decreased motivation to engage in previously-

rewarding activities. Importantly, there is a large sex disparity in MDD diagnosis, such 

that it affects nearly twice as many women as men. However, it is still unknown how 

chronic stress contributes to motivational impairments in either men or women with 

MDD. Chronic stress significantly impairs activity of the hypothalamic-pituitary-adrenal 

(HPA) axis in the body, leading to elevated levels of the ‘stress hormone,’ cortisol 

(corticosterone in rodents; ‘CORT’). In a subset of MDD patients, CORT is elevated 

during the rest period. It has remained unclear if, and how, dysregulation of CORT 

during the rest period affects motivation to attain rewards in either sex. 

In this dissertation, I examined how chronic dysregulation of CORT affected motivation 

to attain rewards in male and female mice. Using subcutaneous pellet implants, I found 

that the HPA axes of male and female mice respond differently to the same dose of 

exogenous CORT, consistent with documented sex differences in HPA axis function. I 

further went on to show that chronic CORT dysregulation impaired motivation to attain 

rewards in an operant task in both sexes, but this behavioral deficit was associated with 

sex-specific alterations in dopaminergic transmission in a part of the brain called the 

dorsomedial striatum (DMS). In females, CORT dysregulation decreased the amount of 

dopamine within the DMS. In males, CORT dysregulation impaired activity of the 

dopamine transporter (DAT) in the DMS. The results of this study indicate there are 

latent sex differences in how CORT dysregulation impairs DMS dopaminergic 
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transmission to drive deficits in reward-guided motivation. This work provides the 

scaffolding for future experiments disentangling the molecular bases for sex-specific 

effects of glucocorticoids on dopaminergic transmission. 
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Chapter 1: Introduction 
1.1 Stress and major depressive disorder 

Major depressive disorder (MDD) is a significant public health problem, affecting five 

percent of adults worldwide, with nearly twice as many women diagnosed with the 

disorder compared to men (Kuehner, 2016; NIMH, 2022; World Health Organization, 

2021). Individuals with MDD often present with debilitating symptoms that significantly 

decrease their quality of life. Notably, individuals with MDD exhibit deficits in positive 

valence behaviors, such as a loss of pleasure (anhedonia) and decreased motivation to 

engage in previously rewarding activities (American Psychiatric Association, 2022). 

However, it remains unclear why individuals with MDD exhibit deficits in positive 

valence behaviors.   

Both genetic and environmental risk factors contribute to the development of MDD 

(Klengel & Binder, 2013; Lohoff, 2010). Chronic stress, especially, has been shown to 

be a significant risk factor for MDD (Hammen et al., 2009; Kessler, 1997; McGonagle & 

Kessler, 1990). Thus, to understand how deficits in positive valence behaviors arise in 

individuals with MDD, many preclinical researchers have used chronic stress paradigms 

in rodents to infer the neurobiological and behavioral effects of chronic stress in humans 

(Cabeza et al., 2021; Dias-Ferreira et al., 2009; Dieterich et al., 2021; Friedman et al., 

2017; Lopez & Bagot, 2021). 

1.2  How does the body respond to stress? 

To understand the effects of stress on reward-related behaviors, we must understand 

what stress is, and how the body responds to stress. “Stress” is the physical and 

psychological response to challenging (often uncontrollable) situations, resulting in 
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feelings of distress. Acute stressors, such as public speaking or being chased by a lion, 

are adaptive. To deal with acute stressors, the body enacts a transient physiological 

response that affects all biological systems to cope with the challenge, and then returns 

to homeostasis (McEwen, 1998, 2000). However, chronic activation of the stress 

response— as occurs in individuals who experience chronic stress—can be harmful to 

biological systems, leading to physical illness and decreased psychological well-being 

(McEwen, 1998, 2000, 2019; McEwen & Akil, 2020).   

The hypothalamic-pituitary-adrenal (HPA) axis governs the body’s stress response and 

is active in both a circadian rhythm and during times of stress (Russell & Lightman, 

2019; Figure 1-1). Upon the perception of a stressor, activation of the HPA axis begins. 

First, corticotropin-releasing factor (CRF) is released from the paraventricular nucleus of 

the hypothalamus, and then travels through the hypophyseal portal system and 

activates CRF receptors in the anterior pituitary. CRF acts in the anterior pituitary to 

cause release of adrenocorticotropic hormone (ACTH), which then enters the 

bloodstream and eventually binds to ACTH receptors in the adrenal glands, above the 

kidneys. Activation of ACTH receptors in the adrenal glands causes synthesis and 

release of the “stress hormone,” cortisol (corticosterone in rodents; ‘CORT’), which 

enters the bloodstream for widespread circulation. CORT acts on target tissues 

throughout the body and brain by binding to two types of corticosteroid receptors: the 

high-affinity mineralocorticoid receptor and low-affinity glucocorticoid receptor (McEwen 

et al., 1986; Reul & Kloet, 1985). While mineralocorticoid receptors are activated by low 

levels of circulating CORT, activation of glucocorticoid receptors is only achieved when 

CORT levels are significantly elevated, such as during times of stress, and when 
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endogenous circadian CORT is at its peak (Reul & De Kloet, 1986; Reul & Kloet, 1985). 

Activation of glucocorticoid receptors mobilizes energy stores and alters neuronal 

functioning in numerous brain regions so that an organism can respond to a change in 

its environment (McEwen et al., 1986). Critically, CORT binds to glucocorticoid 

receptors in the hypothalamus and pituitary to inhibit further HPA axis activation, a 

process termed “negative feedback” (Figure 1-1A). Negative feedback of the HPA axis 

ensures that CORT release ceases after an organism experiences an acute stressor, 

thus allowing the body to return to homeostasis. Chronic stress, however, can 

dysregulate negative feedback of the HPA axis, resulting in chronically elevated levels 

of CORT (Gómez et al., 2008; Makino et al., 1995; McEwen, 1998; Sze & Brunton, 

2020). Furthermore, stressors can alter pharmacodynamics of CORT by decreasing the 

amount of corticosteroid binding globulin (CBG) in the blood (Fleshner et al., 1995; 

Spencer et al., 1996). Approximately 90-95% of CORT in the blood is bound by CBG 

and albumin (another blood protein), leaving it inaccessible for activity in target tissues 

(Spencer & Deak, 2017). The other 5-10% of CORT is not bound by protein (“free” 

CORT), and can freely bind to mineralocorticoid and glucocorticoid receptors throughout 

the body and brain. Thus, when stressors decrease CBG levels in the blood, they 

indirectly elevate levels of free CORT, which can act on corticosteroid receptors in 

target tissues. 
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Figure 1-1: The Hypothalamic-Pituitary-Adrenal (HPA) Axis. A) The HPA axis, its hormonal 
effectors, and relevant blood proteins. CRF= corticotropin-releasing factor, ACTH= 
adrenocorticotropic hormone, CORT= corticosterone/cortisol, CBG= corticosteroid-binding 
globulin. B) Circadian rhythm of CORT. C) CORT release in response to a stressor. 

 

Importantly, there are numerous sex differences in HPA axis function, encompassing 

sensitivity to negative feedback, magnitude of CORT released by stressors, and rates of 

CORT clearance from the blood (an exceptional review of sex differences in HPA axis 

function can be found here: Kokras et al., 2019). For these reasons, it is possible that 

similar stressors, or similar levels of exogenously-administered CORT, can have 

different effects on HPA axis function, neurobiology, and behavior of males and 

females. However, very few studies have examined the effects of exogenous CORT on 

males and females simultaneously.  
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1.3 Modeling CORT dysregulation in rodents 

In the 1990s, researchers formulated the corticosteroid receptor hypothesis of 

depression, which posited that dysregulation of HPA axis function was a key 

mechanism for the development of MDD (Holsboer, 2000). Indeed, numerous studies 

have reported increased levels of circulating CORT in patients with MDD, especially 

during the evening hours (aka, ‘rest period’) when CORT levels are normally low 

(Deuschle et al., 1997; Jarcho et al., 2013; Lamers et al., 2013; Linkowski et al., 1985; 

Sachar et al., 1973; Wong et al., 2000).  Elevated CORT during the rest period in 

individuals with MDD causes a “flattening” of the circadian CORT rhythm by decreasing 

the difference between circadian peak and nadir (trough) levels of CORT. However, it 

has remained unclear if, and how, CORT dysregulation during the rest period 

contributes to symptoms of MDD, such as decreased motivation to engage in 

previously-rewarding activities. 

To understand how CORT dysregulation affects behavior, researchers directly 

manipulate plasma CORT levels in rodents by administering exogenous CORT via 

drinking water, injection, or pellet implantation. Previous studies have shown that CORT 

dysregulation decreases reward-guided motivation in male rodents, but no such study 

has reported the effect of CORT dysregulation on reward-guided motivation in females 

(Dieterich et al., 2019; Gourley et al., 2012). Few studies have examined the effect of 

CORT dysregulation on reward-guided behaviors in females due to reports that CORT 

dysregulation has little or no effect on anxiety-like behavior of female mice, but  

significantly impairs anxiety-like and reward-guided behaviors in males (Dieterich et al., 

2019; Mekiri et al., 2017; Yohn et al., 2019). However, it is critical to recognize that not 
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all behavioral tests are cross-predictive for each other: even if female anxiety-like 

behavior is unaffected by CORT dysregulation, it does not mean that reward-guided 

motivation will be similarly unaffected by CORT dysregulation in females. Furthermore, 

mechanisms for CORT-induced impairments in reward-seeking have not been 

elucidated in either sex. Altogether, two important questions remain open regarding the 

effects of CORT dysregulation on reward-guided behavior: 1) does CORT dysregulation 

similarly affect reward-guided motivation in both sexes; and 2) how does CORT 

dysregulation affect the brain to induce changes in motivation to attain rewards in either 

sex? 

1.4 Using operant conditioning to measure reward-guided behaviors in rodents 

While psychologists and psychiatrists use questionnaires to solicit self-reported 

measures of motivation in patients, researchers must use behavioral tests to assess 

motivation in rodents. One common method for measuring reward-guided motivation in 

rodents is operant conditioning. Since the work of B.F. Skinner, researchers have found 

that animals will complete an action to receive a reward in the form of food, sucrose, or 

water (among others) – this is the basis of operant conditioning (Skinner, 1948). There 

are multiple psychological processes under scrutiny in operant conditioning, including 

reward learning and motivation. Reward learning in reward-based operant conditioning 

is assessed by gauging the ability of an organism to learn which action results in 

delivery of a reward in an operant session (Reward Learning, n.d.). If an animal can 

learn the action-outcome contingency in an operant task, then the animal will repeat the 

specific action necessary to receive a desired outcome (Yin & Knowlton, 2006). Another 

important cognitive process under examination during reward-based operant 
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conditioning is reward-guided motivation. For the purposes of this dissertation, I will 

refer to motivation as the psychological process underlying the allocation of effort to 

attain a reward. Importantly, in the context of reward-guided operant conditioning, 

motivation is apparent in two phases of the task. Motivation in the instrumental phase of 

the task is reflected in the rate of actions that a subject will perform in order to cause 

delivery of a reward, while motivation in the consummatory phase of the task is reflected 

in the rate of actions that a subject will perform to directly interact with the reward 

stimulus. Thus, motivation during the instrumental phase is regarded as a measure of 

reward-seeking, and motivation during the consummatory phase is regarded as a 

measure of hedonic response to the reward stimulus (Salamone & Correa, 2012). When 

analyzing behavioral outcomes of operant conditioning, it is important to precisely 

delineate when reward learning is affected vs when reward-guided motivation is 

affected, as the two processes are thought to be governed by different neurobiological 

processes, but impairments in either may result in similar behavioral deficits (i.e., 

decreased operant responding). 

1.5 Dopaminergic regulation of reward-guided operant conditioning 

Since Skinner’s introduction of the concept of operant conditioning to the field of 

psychology, researchers have dissected the neural mechanisms underlying operant 

conditioning for rewards, with particular focus on the role of a part of the basal ganglia 

called the striatum. Due to its combination of cortical and limbic afferents, the striatum is 

perfectly poised to integrate information about an animal’s external environment with its 

internal state and translate these inputs into a motor output that satisfies its needs 

(Balleine et al., 2009; Redgrave et al., 2010; Yin & Knowlton, 2006). Based on 
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functional connectivity, the striatum is subdivided into the dorsal striatum and nucleus 

accumbens (analogous the human ventral striatum) (Collins & Saunders, 2020; Voorn 

et al., 2004). The dorsal striatum can be further subdivided into the dorsomedial and 

dorsolateral subregions (analogous to the human caudate and putamen, respectively), 

while the nucleus accumbens is subdivided into core and shell subregions (Collins & 

Saunders, 2020; Lerner et al., 2015). The dorsomedial striatum (DMS) and nucleus 

accumbens core (NAcc) are particularly crucial for the acquisition and maintenance of 

operant responding (Corbit et al., 2001; Yin, Knowlton, et al., 2005; Yin, Ostlund, et al., 

2005). Critically, the NAcc and DMS receive dense dopaminergic innervation from the 

ventral tegmental area (VTA) and substantia nigra pars compacta (SNc), respectively 

(Fallon & Moore, 1978). Due to its role as a neuromodulator, dopamine in the NAcc and 

DMS shapes plasticity of the connections between afferents to striatal subregions and 

the principal neurons in the striatum, D1- and D2-receptor-expressing medium spiny 

neurons (Lahiri & Bevan, 2020; Surmeier et al., 2007). Thus, it is no surprise that 

lesioning dopaminergic projections to the NAcc or DMS significantly impairs operant 

conditioning. Specifically, lesioning dopaminergic projections to the NAcc impairs 

effortful responding for rewards, while lesioning dopaminergic projections to DMS 

impairs action-outcome learning (Lex & Hauber, 2010a; Sokolowski & Salamone, 1998). 

Importantly, dopaminergic transmission in the striatum occurs in two modes: tonic and 

phasic (Floresco et al., 2003; Lodge & Grace, 2006). Tonic dopamine release results 

from the regular, low-frequency firing of dopamine neurons, and is thought to encode 

motivation (Cagniard et al., 2006; Niv et al., 2007; Sokolowski et al., 1998). Phasic 

dopamine release results from burst firing of dopamine neurons, occurring in discrete 
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bouts on top of tonic dopamine (Floresco et al., 2003; Zweifel et al., 2009). Phasic 

dopamine release is crucial for reward learning, as it mediates the pairing of rewards to 

their antecedent predictive stimuli or actions (Brown et al., 2011; Saunders et al., 2018; 

Seiler et al., 2022; Tsai et al., 2009; Willuhn et al., 2012). The magnitude of tonic and 

phasic dopamine release in the striatum is directly controlled by activity of the dopamine 

transporter ('DAT'; Ferris et al., 2014; Jones et al., 1998). DAT functions at dopamine 

axon terminals to reuptake dopamine, which is then repackaged into synaptic vesicles 

for release. When DAT activity is high, large amounts of dopamine are taken back up 

into axon terminals and repackaged for release, resulting in large dopamine transients 

upon depolarization of dopamine neuron axons, and vice versa for when DAT activity is 

low (Ferris et al., 2014; Jones et al., 1998). Furthermore, DAT activity itself is regulated 

by post-translational modifications, particularly phosphorylation (Foster & Vaughan, 

2017). Numerous studies have demonstrated that phosphorylation of DAT at threonine-

53 regulates reuptake capacity of the transporter, with high levels of phosphorylation at 

threonine-53 being associated with faster rates of reuptake, and vice versa (Alonso et 

al., 2021; Calipari et al., 2017; Challasivakanaka et al., 2017). Thus, dopamine neuron 

firing, as well as DAT activity and phosphorylation status, directly affect dopamine 

release in striatal subregions, such as the NAc and DMS, which can then influence 

operant responding for rewards. 

With the experiments in this dissertation, I sought to understand if, and how, 

dysregulation of CORT affected reward-guided operant conditioning in male and female 

mice. Equipped with the knowledge that dopamine release in the NAcc and DMS is 

critical for the acquisition and maintenance of operant responding for rewards, I 
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questioned if CORT dysregulation impacted reward-guided operant conditioning in 

either sex by altering tonic or phasic dopaminergic transmission in the NAcc and/or 

DMS. The results presented here have significant implications for our understanding of 

how stress hormones affect reward-guided behavior and dopamine transmission in 

each sex.   
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Chapter 2: Chronically dysregulated corticosterone impairs 
dopaminergic transmission via sex-specific mechanisms 

This chapter was published as Holloway, et al., 2023 in Neuropsychopharmacology 

(PMID: 36810463); it was reproduced with permission from the authors. 

2.1 Introduction 

Major depressive disorder (MDD) is a leading cause of disability worldwide, affecting an 

estimated 5% of adults (World Health Organization, 2021). Individuals with MDD exhibit 

decreased motivation and deficits in reward processing (American Psychiatric 

Association, 2022; Pizzagalli et al., 2019). One important factor that precipitates and 

exacerbates MDD is stress (McGonagle & Kessler, 1990). CORT (corticosterone in 

rodents, cortisol in humans) is the body’s primary stress hormone, released by the 

adrenal gland both in a regular circadian rhythm and in response to stressful events. In 

a subset of individuals with MDD, the circadian regulation of CORT is altered, with 

chronically elevated levels observed during the rest period (i.e., evening and night; 

Jarcho et al., 2013; Wong et al., 2000). Increased resting period CORT is particularly 

evident in psychotic and melancholic depression, and is associated with symptoms of 

anhedonia and general distress (Deuschle et al., 1997; Doane et al., 2013; Lamers et 

al., 2013; Linkowski et al., 1985; Nandam et al., 2020; Sachar et al., 1973; Veen et al., 

2011). However, it remains unclear how this CORT dysregulation contributes to MDD 

symptomology. 

 

In rodent preclinical models, chronic elevation of circulating CORT impairs operant 

responding for rewards, suggesting that elevated CORT may cause impaired reward 
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processing in humans (Dieterich et al., 2019; Gourley et al., 2012). However, rodent 

studies have only been carried out in males, leaving open the question of sex 

differences in the effects of dysregulated CORT. Since MDD is twice as common in 

women vs men, sex differences in biological responses to dysregulated CORT are 

important to assess. Furthermore, the biological mechanisms underlying CORT-induced 

impairments in operant responding in either sex remain unclear.   

 

We hypothesized that CORT dysregulation impacts operant responding by altering 

dopaminergic transmission. Dopaminergic transmission in the striatum regulates reward 

processing, motivation, and associative learning (Collins & Saunders, 2020; Lex & 

Hauber, 2010b, 2010a; Seiler et al., 2022; Sokolowski & Salamone, 1998). 

Dopaminergic transmission within the striatum occurs in two modes: tonic and phasic 

(Floresco et al., 2003; Lodge & Grace, 2006). Tonic dopamine is the sustained level of 

extracellular dopamine in the striatum. It arises from the tonic firing activity of dopamine 

neurons and is also tightly regulated by dopamine reuptake into terminals by the 

dopamine transporter, DAT (Ferris et al., 2014; Jones et al., 1998). Tonic dopamine is 

hypothesized to govern motivation (Niv et al., 2007; Sokolowski et al., 1998). Phasic 

dopamine transmission occurs when dopamine neurons fire bursts of action potentials 

in discrete epochs on top of tonic dopamine. Phasic dopamine transients facilitate 

associative learning about cues and actions that precede rewards (Brown et al., 2011; 

Saunders et al., 2018; Tsai et al., 2009; Willuhn et al., 2012). We examined whether 

impaired operant responding for rewards following chronic CORT treatment was 

associated with impaired tonic and phasic dopaminergic transmission in two striatal 



28 
 
subregions critical for effortful operant responding: the nucleus accumbens core (NAcc) 

and the dorsomedial striatum (DMS). 
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2.2 Results 

2.2.1 Chronic corticosterone (CORT) treatment increases total plasma CORT in 
male mice and decreases plasma corticosteroid binding globulin (CBG) levels in 
both sexes 

To chronically elevate plasma CORT levels during the rest period, we implanted male 

and female mice with subcutaneous slow-release CORT pellets (35 mg, 60-day 

release); control groups received Placebo pellets of the same size. Slow-release pellets 

were used to increase circulating CORT levels during the rest period (the light phase for 

mice), thereby disrupting circadian rhythms of CORT (Leitch et al., 2003; Sarabdjitsingh 

et al., 2010) as observed in some individuals with MDD (Jarcho et al., 2013; Wong et 

al., 2000). This approach differs from another commonly used approach, CORT 

administration via drinking water, which preferentially increases circulating CORT levels 

during the active phase, when mice drink more often (Godynyuk et al., 2019). To test if 

slow-release CORT pellet treatment chronically elevated plasma CORT levels during 

the rest period, we collected blood from Placebo- and CORT-treated mice at zeitgeber 

time 4-6 (ZT4-6, 4-6 hours after lights on) four weeks after implantation and used an 

enzyme-linked immunosorbent assay (ELISA) to quantify total plasma CORT (Figure 

2-1). There was a significant effect of treatment (Two-way ANOVA, F(1,37)=41.18, 

p<0.0001), a significant effect of sex (F(1,37)=11.78, p<0.01), and a significant interaction 

between treatment and sex (F(1,37)=17.25, p<0.001). Notably, we found that CORT pellet 

implant increased total plasma CORT in male mice only and resulted in higher levels of 

resting CORT in male vs female mice (Placebo Male vs CORT Male, Tukey’s multiple 

comparisons p<0.0001; CORT Male vs CORT Female, p<0.0001; Figure 2-1B). This 

sex difference in total plasma CORT four weeks after pellet implantation is consistent 



30 
 
with previous studies in rats (Kott et al., 2016), and likely occurs due to sex differences 

in hypothalamic-pituitary-adrenal (HPA) axis responsivity (Kokras et al., 2019). 

However, a limitation of measuring total plasma CORT is that it includes both free and 

protein-bound CORT. Free CORT can cross the blood-brain barrier, while protein-bound 

CORT cannot (Breuner & Orchinik, 2002; Lewis et al., 2005; Qian et al., 2011). 

Corticosteroid binding globulin (CBG) is the primary blood protein that binds CORT. 

Thus, we questioned if chronic CORT treatment decreased CBG, which could augment 

circulating levels of free CORT, even in the absence of changes in total levels. Chronic 

CORT treatment decreased CBG levels with no evidence of sex difference (Figure 

2-1C; Two-way ANOVA, significant effect of treatment, F(1,30)=16.30, p<0.001; no sex x 

treatment interaction). Treatment did not affect estrous cyclicity of females (Figure 

2-2).  We concluded that circulating levels of free CORT are likely elevated in both male 

and female mice after treatment with subcutaneous slow-release CORT pellets but to 

differing degrees of severity. Due to the significant sex difference in plasma CORT 

levels after CORT treatment, we separated the sexes for analysis in all following 

experiments. 
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Figure 2-1. Chronic corticosterone (CORT) pellet treatment significantly increases 
plasma CORT in male mice and decreases plasma corticosteroid-binding globulin 
(CBG) in both sexes. 
A) Experimental timeline for pellet implantation and plasma CORT and CBG 
measurements.  
B) Plasma corticosterone (ng/mL) in male and female mice implanted with a placebo or 
corticosterone (35 mg; CORT) pellet. Two-way ANOVA, main effect of treatment 
****p<0.0001, main effect of sex p<0.01, main effect of treatment x sex interaction 
p<0.001, multiple comparisons ####p<0.0001.  
C) Plasma CBG (ng/mL) in male and female mice implanted with a placebo or 
corticosterone (35 mg; CORT) pellet. Two-way ANOVA, main effect of treatment 
***p<0.001. 
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Figure 2-2. Chronic corticosterone treatment does not affect estrous cyclicity of 
female mice. 
Percent of time spent in each phase of the estrous cycle over the course of eight days 
of sampling. Placebo N=7, CORT N=8.  
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2.2.2 Chronic CORT treatment impairs motivated reward-seeking in male and 
female mice 

Chronic CORT treatment has previously been shown to impair reward-seeking 

behaviors in male mice (Dieterich et al., 2019; Gourley et al., 2012). However, it was 

unclear what effect chronic CORT treatment would have on female mice. To assess 

reward-seeking behaviors in both sexes, we used operant training. Four weeks after 

Placebo or CORT pellet implantation, mice began training on a fixed ratio-1 (FR-1) 

schedule, then advanced to FR-3 and FR-5 (Figure 2-3A). We found that CORT 

treatment significantly increased the number of days it took both sexes to reach criterion 

on the FR-1 task (Figure 2-3B,C; Unpaired two-tailed t-test, p<0.05 male, p<0.0001 

female). However, CORT-treated mice readily learned the association between the 

active nosepoke and reward. CORT- and Placebo-treated mice similarly discriminated 

between the active and inactive nosepokes during the initial days of FR-1 training 

(Figure 2-3D,E), but CORT-treated mice were slower to use this associative knowledge 

to reach the criterion of obtaining 30 rewards per session. This finding suggests that 

CORT-treated mice have intact reward learning but are less motivated to attain rewards 

than Placebo-treated mice. After FR-1 criterion was met, CORT-treated mice exhibited 

decreased rates of nosepoking across FR-3 and FR-5 sessions (Figure 2-3F,G; males: 

significant effects of treatment [Two-way ANOVA F(1,15)=5.554, p<0.05], day of training 

[F(2.513,37.70)=37.70, p<0.0001], and an interaction between treatment and day of training 

[F(5,75)=4.749, p<0.001]; females: significant effects of treatment [Two-way ANOVA 

F(1,12)=5.098, p<0.05], day of training [F(3.267,39.20)=87.47, p<0.0001], and an interaction 

between treatment and day of training [Two-way ANOVA F(5,60)=7.294, p<0.0001]). 
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Again, no deficit in active nosepoke discrimination was observed (in fact, CORT-treated 

males made significantly fewer inactive nosepokes than Placebo-treated males, Figure 

2-3H,I; males: Two-way ANOVA, significant effect of treatment [F(1,15)=6.123, p<0.05]; 

females: no significant effect of treatment). Therefore, as for initial FR1 training, 

decreased rates of active nosepoking in CORT-treated mice do not stem from impaired 

learning, but likely arise due to decreased motivation. Motivational deficits in CORT-

treated mice are further supported by their impaired rate of rewards earned, particularly 

on the final days of FR-3 and FR-5 (Figure 2-3J,K; males: Two-way ANOVA, significant 

effects of day of training [F(3.422,51.34)=7.968, p<0.0001], and an interaction between day 

of training and treatment [F(5,75)=3.320, p<0.01); females: Two-way ANOVA, significant 

effects of treatment [F(1,12)=16.15, p<0.01], day of training [F(3.275,39.30)=5.835, p<0.01], 

and an interaction between day of training and treatment [F(5,60)=4.427, p<0.01]). While 

CORT-treated males earned the same number of rewards as Placebo-treated males 

across operant training (Figure 2-4A), they took longer to earn those rewards, especially 

on the final days of FR-3 and FR-5 (Figure 2-3L; Two-way ANOVA, significant effect of 

an interaction between treatment and day of training, p<0.01). CORT-treated females 

also took longer to earn rewards (Figure 2-3M; Two-way ANOVA, significant effects of 

treatment [F(1,12)=19.20, p<0.001], day of training [F(3.360,40.32)=3.978, p<0.05], and an 

interaction between treatment and day of training [F(5,60)=2.648, p<0.05]) and earned 

significantly fewer total rewards (Figure 2-4B) than Placebo-treated females. These 

results suggest continued motivational impairments throughout training. In female mice 

only, CORT treatment significantly decreased reward port entry rates (i.e., actions to 
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retrieve earned rewards, Figure 2-4C,D), suggesting that CORT treatment may also 

induce anhedonia in females. 
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Figure 2-3. Chronic corticosterone treatment impairs motivation in both sexes. 
A) Experimental timeline for pellet implantation and operant behavior paradigms with 
schematic of fixed ratio (FR) paradigms.  
B) Days to reach criterion for FR1 in male mice. Unpaired two-tailed t-test *p<0.05. 
Each point represents an individual.  
C) Days to reach criterion for FR1 in female mice. Unpaired two-tailed t-test 
****p<0.0001. Each point represents an individual.  
D) Percent active nosepokes over days of FR1 until criterion was met in Placebo- (grey) 
and CORT-treated (pink) male mice. Each point represents mean ± SEM percent active 
nosepokes for a given day of FR1 training. 
E) Percent active nosepokes over days of FR1 until criterion was met in Placebo- 
(black) and CORT-treated (purple) female mice. Each point represents mean ± SEM 
percent active nosepokes for a given day of FR1 training. 
F) Active nosepoking rates of Placebo- (N=8) and CORT- (N=9) treated male mice 
across operant behavior paradigms. Two-way ANOVA, main effect of treatment 
*p<0.05, main effect of treatment x paradigm interaction p<0.001.  
G) Active nosepoking rates of Placebo- (N=7) and CORT- (N=7) treated female mice 
across operant behavior paradigms. Two-way ANOVA, main effect of treatment 
*p<0.05, main effect of treatment x paradigm interaction p<0.001.  
H) Inactive nosepoking rates of Placebo- and CORT-treated male mice across operant 
behavior paradigms. Two-way ANOVA, main effect of treatment *p<0.05.  
I) Inactive nosepoking rates of Placebo- and CORT-treated female mice across operant 
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behavior paradigms. 
J) Reward rates of Placebo- and CORT-treated male mice across operant behavior 
paradigms. 
K) Reward rates of Placebo- and CORT-treated female mice across operant behavior 
paradigms Two-way ANOVA, main effect of treatment **p<0.01, main effect of treatment 
x paradigm interaction p<0.01, multiple comparisons #p<0.05. 
L) Time to completion of operant session (in minutes) for Placebo- and CORT-treated 
male mice across operant behavior paradigms. Two-way ANOVA, main effect of 
treatment x paradigm interaction p<0.05. 
M) Time to completion of operant sessions (in minutes) for Placebo- and CORT-treated 
female mice across operant behavior paradigms. Two-way ANOVA, main effect of 
treatment ***p<0.001, main effect of treatment x paradigm interaction p<0.05. 
Data presented as mean ± SEM. 
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Figure 2-4. Chronic corticosterone treatment decreases number of rewards 
earned and port entry rate in female mice. 
A) Number of rewards earned by Placebo- (grey) and CORT-treated (pink) male mice 
across days of operant training. 
B) Number of rewards earned by Placebo- (black) and CORT-treated (purple) female 
mice across days of operant training. Two-way ANOVA, main effect of treatment 
*p<0.05, multiple comparisons #p<0.05. 
C) Port entry rate of Placebo- (grey) and CORT-treated (pink) male mice across days of 
operant training. 
D) Port entry rate of Placebo- (black) and CORT-treated (purple) female mice across 
days of operant training. Two-way ANOVA, main effect of treatment *p<0.05. 
Data presented as mean ± SEM.  
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2.2.3 Chronic CORT treatment does not impair phasic dopamine transmission 
during reward-seeking 

After observing an effect of CORT treatment on reward-seeking in both sexes, we 

questioned if CORT treatment was impairing phasic dopamine transmission in the 

striatum. To examine phasic dopamine transients in Placebo- and CORT-treated mice, 

we injected a virus encoding the fluorescent dopamine sensor, dLight1.3b (AAV9-CAG-

dLight1.3b), into the NAcc and DMS. We implanted a fiber optic over each injection site 

and recorded dLight1.3b transients during operant training using fiber photometry. We 

found that CORT treatment did not affect phasic dLight1.3b transients in the NAcc or 

DMS (Figure 2-5), thus we pursued measures of tonic dopamine activity.  
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Figure 2-5. Chronic corticosterone treatment does not affect phasic dopamine 
transmission during operant training. 
Peri-stimulus time histograms of dLight1.3b fluorescence recorded from nucleus 
accumbens core (NAcc; top) and dorsomedial striatum (DMS; bottom) aligned to the 
time of a rewarded nosepoke (left) and rewarded port entry (right) during FR-5 training. 
Data from male mice only. Data presented as mean ± SEM.  
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2.2.4 Chronic CORT treatment decreases tissue dopamine content of the 
dorsomedial striatum (DMS) in female mice   

To investigate whether chronic CORT treatment influenced dopamine content of the 

striatum, we analyzed tissue samples from the NAcc and DMS of Placebo- and CORT-

treated mice using high-performance liquid chromatography and electrochemical 

detection (HPLC-ECD) of dopamine. CORT treatment did not affect NAcc dopamine 

content in either sex (Figure 2-6B), but significantly decreased DMS dopamine content 

in female mice (Figure 2-6C; Unpaired two-tailed t-test, p<0.01). Therefore, although 

acute CORT has effects on NAcc dopamine (Wheeler et al., 2017), DMS dopamine is 

more sensitive to chronic CORT treatment in females. 
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Figure 2-6. Chronic corticosterone treatment significantly decreases tissue 
dopamine content of the dorsomedial striatum (DMS) in female mice.  
A) Experimental timeline for pellet implantation, tissue punches, and HPLC-ECD of 
dopamine.  
B) Tissue dopamine content of the nucleus accumbens core (NAcc) of placebo- and 
CORT-treated male and female mice.  
C) Tissue dopamine content of the DMS of placebo- and CORT-treated male and 
female mice. Unpaired two-tailed t-test, **p<0.01.  
Each point represents an individual. Data presented as mean ± SEM.  
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2.2.5 Chronic CORT treatment impairs ex vivo dopamine transporter (DAT) 
function in the DMS of male mice 

One mechanism that regulates levels of tonic dopamine in the striatum is modulation of 

dopamine transporter (DAT) function (Jones et al., 1998). By altering decay rates of 

phasic dopamine transients, changes in DAT function can alter the timescale for 

integration of phasic dopamine signals, allowing or disallowing the buildup of tonic 

levels when dopamine neurons are active. Chronic DAT impairment can also cause 

compensation in the dopamine system, altering the rate of synthesis of new dopamine 

(Jones et al., 1998). To investigate DAT function in mice chronically treated with CORT, 

we assayed dopamine dynamics in an ex vivo slice preparation. We injected a virus 

encoding the fluorescent dopamine sensor, dLight1.3b (AAV9-CAG-dLight1.3b), into the 

NAcc and DMS, and implanted Placebo or CORT pellets during the same surgery. Four 

weeks later, we prepared striatal tissue sections and electrically evoked dopamine 

release while imaging dLight1.3b fluorescence (Figure 2-7A; Figure 2-8). To mimic tonic 

and phasic dopamine neuron firing, we used a single stimulation pulse or a burst of 5 

pulses at 20 Hz, respectively. We quantified the decay of evoked dLight1.3b transients 

by calculating a ‘tau-off’ value and used it as a measure of the speed of extracellular 

dopamine clearance (Patriarchi et al., 2018; Salinas et al., 2022). CORT treatment did 

not significantly increase tau-off in male (Figure 2-7B,L) or female (Figure 2-7G,Q) mice 

in response to either one or five pulses at baseline in the DMS or NAcc (Figure 2-9). 

However, the lack of change could be due to compensation for chronic DAT impairment. 

To elucidate how DAT activity was contributing to tau-off, we washed a DAT inhibitor, 

GBR12909 (1µM, ‘DATi’), onto the slice. We also tested the contribution of another 

monoamine transporter, Organic Cation Transporter 3 (OCT3) (Graf et al., 2013), to 
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dopamine clearance by washing on an OCT3 inhibitor, normetanephrine (50µM; ‘OCTi’). 

OCT3 is a low-affinity, high-capacity non-specific monoamine transporter (Gasser, 

2019). Although OCT3 does not regulate synaptic dopamine levels as effectively as 

DAT, CORT binds OCT3 directly and inhibits reuptake, making it important to examine 

in our studies (Gasser & Lowry, 2018; Graf et al., 2013; Holleran et al., 2020; 

McReynolds et al., 2017). In the NAcc, we did not observe any significant effect of 

CORT treatment on tau-off after DAT and OCT3 inhibition in either sex (Figure 2-9). 

Using one stimulation pulse in the DMS, we did not observe significant differences in 

tau-off between Placebo- and CORT-treated mice after DAT and OCT3 inhibition 

(Figure 2-7D-F,I-K), although there was a trending effect of CORT treatment in male 

mice (Figure 2-7D, Two-way ANOVA, F(1,16)=3.636, p=0.07). In response to five pulses 

in the DMS, DAT inhibition slowed dopamine clearance in Placebo-treated males, but 

had no effect in CORT-treated males, indicating DAT function is impaired in the DMS of 

CORT-treated males (Figure 2-7N-P; Two-way ANOVA, significant effect of treatment, 

F(1,14)=8.566, p<0.05). In females, CORT treatment did not impair DAT or OCT3 function 

in the DMS (Figure 2-7S-U). CORT treatment did not affect the amplitude of dLight1.3b 

fluorescence elicited by one or five stimulation pulses in the DMS of either sex (Figure 

2-10). 
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Figure 2-7. Chronic corticosterone treatment impairs ex vivo dopamine 
transporter (DAT) function in the dorsomedial striatum (DMS) of male mice.  
A) Experimental timeline for viral injection, pellet implantation, and slice imaging 
experiments.  
B) dLight1.3b fluorescence tau-off values after a single electrical stimulation of the DMS 
in acute tissue slices from male mice.  
C) Average dLight1.3b fluorescence traces, normalized to the peak of dLight1.3b 
fluorescence. after a single electrical stimulation of the DMS in acute tissue slices from 
male mice.  
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D) Fold change of tau-off values of dLight1.3b fluorescence in the presence of inhibitors 
for the dopamine transporter (DATi) and organic cation transporter 3 (OCTi), normalized 
to tau-off values of dLight1.3b fluorescence in the absence of any transporter inhibitors, 
after a single electrical stimulation of the DMS in acute tissue slices from male mice. 
Two-Way ANOVA, trending effect of treatment p=0.07.  
E, F) Average dLight1.3b fluorescence traces, normalized to the peak of dLight1.3b 
fluorescence, after a single electrical stimulation of the DMS in acute slices from 
Placebo- (E) and CORT- (F) treated male mice, in the presence and absence of DATi 
and OCTi.  
G) dLight1.3b fluorescence tau-off values after a single electrical stimulation of the DMS 
in acute tissue slices from female mice.  
H) Average dLight1.3b fluorescence traces, normalized to the peak of dLight1.3b 
fluorescence, after a single electrical stimulation of the DMS in acute tissue slices from 
female mice.  
I) Fold change of tau-off values of dLight1.3b fluorescence in the presence of DATi and 
OCTi, normalized to tau-off values of dLight1.3b fluorescence in the absence of any 
transporter inhibitors, after a single electrical stimulation of the DMS in acute tissue 
slices from female mice.  
J, K) Average dLight1.3b fluorescence traces, normalized to the peak of dLight1.3b 
fluorescence, after a single electrical stimulation of the DMS in acute tissue slices from 
Placebo- (J) and CORT- (K) treated female mice, in the presence and absence of DATi 
and OCTi.  
L) dLight1.3b fluorescence tau-off values after a 20 Hz, 5 pulse electrical stimulation of 
the DMS in acute tissue slices from male mice.  
M) Average dLight1.3b fluorescence traces, normalized to the peak of dLight1.3b 
fluorescence, after a 20 Hz, 5 pulse electrical stimulation of the DMS in acute tissue 
slices from male mice.  
N) Fold change of tau-off values of dLight1.3b fluorescence in the presence of DATi and 
OCTi, normalized to tau-off values of dLight1.3b fluorescence in the absence of any 
transporter inhibitors, after a 20 Hz, 5 pulse electrical stimulation of the DMS in acute 
tissue slices from male mice. Two-Way ANOVA, main effect of treatment p<0.05, 
multiple comparisons *p<0.05.  
O, P) Average dLight1.3b fluorescence traces, normalized to the peak of dLight1.3b 
fluorescence, after a 20 Hz, 5 pulse electrical stimulation of the DMS in acute tissue 
slices from Placebo- (O) and CORT- (P) treated male mice, in the presence and 
absence of DATi and OCTi.  
Q) dLight1.3b fluorescence tau-off values after a 20 Hz, 5 pulse electrical stimulation of 
the DMS in acute tissue slices from female mice.  
R) Average dLight1.3b fluorescence traces, normalized to the peak of dLight1.3b 
fluorescence, after a 20 Hz, 5 pulse electrical stimulation of the DMS in acute tissue 
slices from female mice.  
S) Fold change of tau-off values of dLight1.3b fluorescence in the presence of DATi and 
OCTi, normalized to tau-off values of dLight1.3b fluorescence in the absence of any 
transporter inhibitors, after a 20 Hz, 5 pulse electrical stimulation of the DMS in acute 
tissue slices from female mice.  
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T, U) Average dLight1.3b fluorescence traces, normalized to the peak of dLight1.3b 
fluorescence, after a 20 Hz, 5 pulse electrical stimulation of the DMS in acute tissue 
slices from Placebo- (T) and CORT- (U) treated female mice, in the presence and 
absence of DATi and OCTi.  
Points represent the average of 2-3 sweeps from a single individual. Data presented as 
mean ± SEM.  
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Figure 2-8. Ex vivo dLight1.3b recording sites in the dorsomedial striatum (DMS). 
Recording sites from Placebo-treated males (gray), CORT-treated males (pink), Placebo-treated 
females (black), and CORT-treated females (purple). AP coordinate indicates slice position 
relative to bregma.  
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Figure 2-9. Chronic corticosterone treatment does not affect ex vivo dopamine 
transporter (DAT) function in the nucleus accumbens core (NAcc) of either male 
or female mice. 
Top: tau-off of dLight1.3b signal in the NAcc after a single or phasic stimulation, in 
males (left) and females (right). Bottom: fold change of tau-off values of dLight1.3b 
fluorescence in the presence of DATi and OCTi, normalized to tau-off values of 
dLight1.3b fluorescence in the absence of any transporter inhibitors, after a single or 
phasic stimulation in the NAcc of males (left) and females (right).  
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Figure 2-10. Chronic corticosterone treatment does not affect amplitude of 
electrically-evoked dLight1.3b fluorescence in the dorsomedial striatum (DMS) of 
male or female mice.  
Amplitudes of electrically-evoked dLight1.3b events, normalized to baseline 
fluorescence, in the DMS of male (left) and female (right) mice, in response to a single 
electrical stimulation (top) or phasic electrical stimulation (bottom).  
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2.2.6 Chronic CORT treatment impairs in vivo dopamine transporter (DAT) 
function in the DMS of male mice 

To verify our ex vivo results, we designed an experiment to examine DAT function in 

vivo using fiber photometry. We injected a virus encoding dLight1.3b (AAV9-CAG-

dLight1.3b) into the DMS of male and female mice and implanted a fiber optic in DMS 

for in vivo recording during behavior (Figure 2-12). Four weeks later, mice were placed 

in an open field to collect baseline locomotor and dLight1.3b fluorescence data (Figure 

2-11A). After ten minutes of baseline data collection, mice were injected with the DAT 

inhibitor, GBR12909 (20 mg/kg, i.p.), and returned to the open field for forty minutes. In 

mice with high DAT activity, injection of a DAT inhibitor should increase locomotion, with 

a concordant increase in extracellular dopamine in DMS (measured as a change in the 

dLight1.3b fluorescence area-under-the-curve (AUC)). After DAT inhibition, locomotion 

of CORT-treated male mice was blunted relative to Placebo-treated male mice (Figure 

2-11D; Two-way ANOVA, significant effect of treatment [F(1,17)=6.776, p<0.05], trending 

effect of time [F(2.344,39.86)=2.835, p=0.06]). Furthermore, CORT-treated male mice 

exhibited significant blunting of dLight1.3b AUC after DAT inhibition compared to 

Placebo-treated male mice (Figure 2-11E; Two-way ANOVA, significant effects of 

treatment [F(1,9)=5.418, p<0.05], time [F(2.439,21.95)=7.083, p<0.01], and the interaction 

between treatment and time [F(49,441)=2.979, p<0.0001]). 

DAT inhibition could increase dLight1.3b AUC by increasing the decay constant 

of dLight1.3b transients, leading to a larger AUC per transient. Longer dopamine 

clearance times (indicated by higher decay constants) could then slowly increase 

baseline dLight1.3b fluorescence, reflecting a slow buildup of tonic dopamine. Such an 

increase in baseline fluorescence would also contribute to an increase in dLight1.3b 
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AUC following DAT inhibition. To differentiate between these two effects, we analyzed 

the decay constants of dLight1.3b transients recorded during open field behavior before 

and after DAT inhibition. We found that DAT inhibition increased both the decay time 

constants of in vivo dLight1.3b transients and led to a buildup of baseline dLight1.3b 

fluorescence (Figure 2-13). We observed non-significant trends in which both of these 

effects were greater in Placebo-treated males than CORT-treated males (Figure 2-13; 

Two-way ANOVA, effect of treatment p=0.06 for decay constants, p=0.08 for baseline 

fluorescence). Thus, we concluded that the significant difference in DMS dLight1.3b 

AUC between Placebo- and CORT-treated males after DAT inhibition (Figure 2-11E) is 

the result of a combined effect on the decay of individual dLight1.3b transients and an 

increase in the baseline dLight1.3b fluorescence due to integration of slowly decaying 

transients. 

In female mice, we did not observe differences between treatment conditions 

(Figure 2-11F-H). We observed a significant effect of time on locomotion (Figure 2-11G; 

Two-way ANOVA, F(2.062,24.75)=9.222, p<0.001) and on dLight1.3b AUC (Figure 2-11H; 

Two-way ANOVA, F(2.642,23.78)=7.124, p<0.01) after DAT inhibition in both Placebo- and 

CORT-treated groups. We concluded that CORT treatment impairs DAT function in the 

DMS of male, but not female, mice. However, from these data it was unclear how CORT 

treatment impaired DAT function. 
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Figure 2-11. Chronic corticosterone treatment impairs in vivo dopamine 
transporter (DAT) function in the dorsomedial striatum (DMS) of male mice.  
A) Experimental timeline for viral injection, fiber optic implant, pellet implantation, and 
open field behavior.  
B) Representative image of dLight1.3b viral spread and fiber optic implantation site 
(outlined in dashed white line). Scale bar equals 500 micrometers.  
C) Representative activity traces of male mice (Placebo, top; CORT, bottom) during the 
ten-minute baseline period (‘Baseline’) and the last ten minutes of recorded activity after 
injection of the DAT inhibitor GBR12909 (20 mg/kg, i.p., ‘DATi’).  
D) Velocity of Placebo- (N=10) and CORT- (N=9) treated male mice, in averaged five-
minute bins, before and after injection with the DAT inhibitor, GBR12909 (20 mg/kg, i.p.; 
injection time indicated by vertical dashed line). Two-Way ANOVA, main effect of 
treatment *p<0.05, trending effect of time p=0.06.   
E) Change in dLight1.3b area-under-the-curve (AUC) relative to the minute average of 
the ten-minute baseline period prior to injection with the DAT inhibitor, GBR12909 (20 
mg/kg, i.p.; injection time indicated by vertical dashed line) in male mice. Two-Way 
ANOVA, main effect of treatment *p<0.05, main effect of time p<0.01, main effect of 
treatment x time interaction p<0.0001. Placebo N=5, CORT N=6.  
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F) Representative activity traces of female mice (Placebo, top; CORT, bottom) during 
the ten-minute baseline period (‘Baseline’) and the last ten minutes of recorded activity 
after injection of the DAT inhibitor GBR12909 (20 mg/kg, i.p., ‘DATi’).  
G) Velocity of Placebo- (N=6) and CORT- (N=8) treated female mice, in averaged five-
minute bins, before and after injection with the DAT inhibitor, GBR12909 (20 mg/kg, i.p.; 
injection time indicated by vertical dashed line). Two-Way ANOVA, main effect of time 
p<0.001.   
H) Change in dLight1.3b AUC relative to the average of the ten-minute baseline period 
prior to injection with the DAT inhibitor, GBR12909 (20 mg/kg, i.p.; injection time 
indicated by vertical dashed line) in female mice. Two-Way ANOVA, main effect of time 
p<0.01. Placebo N=5, CORT N=6.  
Data presented as mean ± SEM.  
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Figure 2-12. Fiber optic probe implant sites. 
Terminal sites of fiber optic probes in Placebo-treated males (gray), CORT-treated 
males (pink), Placebo-treated females (black), and CORT-treated females (purple). 
Each point represents one individual. AP coordinate indicates slice position relative to 
bregma. 
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Figure 2-13. Chronic corticosterone treatment tends to blunt increased baseline 
fluorescence and decay constant of dLight1.3b after DAT inhibition in the 
dorsomedial striatum (DMS) of male mice.  
A) Change in baseline z-score of dLight1.3b fluorescence in the DMS after DAT 
inhibition in males (Two-Way ANOVA, main effect of time p<0.01, trending effect of 
treatment p=0.08). Placebo N=5, CORT N=6.  
B) Decay constant of dLight1.3b in the DMS before and after DAT inhibition in males 
(Two-Way ANOVA, main effect of time p<0.001, trending effect of treatment p=0.06).  
C) Average dLight1.3b decay during the 10 minutes before DAT inhibition (‘Baseline’) 
and during the last 10 minutes of recorded dLight1.3b fluorescence after DAT inhibition 
(‘DATi’) in the DMS of male mice.  
D) Change in baseline z-score of dLight1.3b fluorescence in the DMS after DAT 
inhibition in females (Two-Way ANOVA, main effect of time p<0.01). Placebo N=5, 
CORT N=6.  
E) Decay constant of dLight1.3b in the DMS before and after DAT inhibition in females 
(Two-Way ANOVA, main effect of time p<0.001).  
F) Average dLight1.3b decay during the 10 minutes before DAT inhibition (‘Baseline’) 
and during the last 10 minutes of recorded dLight1.3b fluorescence after DAT inhibition 
(‘DATi’) in the DMS of female mice.  
Data presented as mean ± SEM.  
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2.2.7 Chronic CORT treatment decreases phosphorylation of DAT at threonine-
53 in the DMS of males 

To assess how CORT treatment impaired DAT function, we examined DAT expression 

and post-translational modifications of DAT, which regulate reuptake activity (Foster & 

Vaughan, 2017; Gowrishankar et al., 2018; Jones et al., 1998). Specifically, we 

examined phosphorylation at threonine-53, a known regulatory site (Alonso et al., 2021; 

Calipari et al., 2017; Gowrishankar et al., 2018; Stewart et al., 2021). We collected DMS 

tissue punches from Placebo- and CORT-treated male and female mice and 

fractionated the tissue homogenate to isolate membrane-bound proteins. We then 

performed western blots probing for DAT and Thr53 phospho-DAT (pDAT). We found 

that CORT treatment had no effect on total levels of membrane-bound DAT in males or 

females (Figure 2-14C,D). However, CORT treatment significantly decreased pDAT in 

male mice (Unpaired two-tailed t-test, p<0.05), but not female mice (Figure 2-14E,F). 

These results suggest that CORT treatment impairs DMS DAT function in male mice by 

decreasing phosphorylation of DAT at threonine-53, and further supports the conclusion 

that DMS DAT is unaffected by CORT treatment in female mice. 
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Figure 2-14. Chronic corticosterone treatment decreases phosphorylation of the 
dopamine transporter (DAT) at threonine-53 in the dorsomedial striatum (DMS) of 
male mice.  
A) Experimental timeline for pellet implantation, tissue punches, and western blot 
experiments.  
B) Representative western blots for phosphorylated DAT at threonine-53 (‘pDAT’), DAT, 
and beta-actin (‘Actin’) from DMS tissue samples of male mice (top) and female mice 
(bottom).  
C) Membrane-bound DAT expression, normalized to Actin and plotted as a percent of 
Placebo expression, from DMS tissue samples of male mice.  
D) Membrane-bound DAT expression, normalized to Actin and plotted as a percent of 
Placebo expression, from DMS tissue samples of female mice.  
E) pDAT expression, normalized to DAT and plotted as a percent of Placebo 
expression, from DMS tissue samples of male mice. Unpaired two-tailed t-test *p<0.05.  
F) pDAT expression, normalized to DAT and plotted as a percent of Placebo 
expression, from DMS tissue samples of female mice.  
Each point represents a single individual. Data presented as mean ± SEM.  
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2.3 Discussion 

Previous studies in rodents have shown that chronic dysregulation of circulating CORT 

– a condition that also occurs in subsets of human MDD patients – impairs reward 

processing, but there was little mechanistic insight into how CORT dysregulation 

impairs reward processing. Further, preclinical literature previously reported effects of 

CORT on operant responding for rewards only in male rodents, yet humans with MDD 

are majority female. Here, we specifically set out to study both male and female mice 

and to identify mechanisms by which chronic CORT dysregulation might impact 

dopaminergic transmission, which is known to underlie operant responding for rewards. 

We found that chronic CORT treatment impairs motivation to attain rewards in operant 

paradigms in both male and female mice (Figure 2-3F,G), but by sex-divergent 

mechanisms. In females, CORT treatment decreases tissue dopamine content in the 

dorsomedial striatum (DMS; Figure 2-6C). In males, CORT treatment impairs dopamine 

transporter (DAT) function in DMS (Figure 2-7,11,14). Despite differing mechanisms, 

both males and females experienced changes in dopaminergic transmission specifically 

in DMS, tying dopaminergic function in this striatal subregion to the observed deficits in 

motivation. This discovery is consistent with studies showing that DMS dopamine 

governs goal-directed operant responding for rewards and tying tonic dopamine to 

motivation (Grospe et al., 2018; Lex & Hauber, 2010a; Niv et al., 2007; Seiler et al., 

2022; Sokolowski et al., 1998).  Critically, chronic CORT treatment did not affect 

dopaminergic transmission in the NAcc, consistent with reports that adrenalectomy and 
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CORT replacement do not affect NAcc extracellular dopamine levels (Barrot et al., 

2000).  

Our discovery of a latent sex difference in the mechanism by which DMS 

dopamine transmission is affected by CORT treatment adds to a growing body of 

literature indicating that males and females can display different underlying mechanisms 

to achieve similar functional or behavioral outcomes (De Vries, 2004; Oberlander & 

Woolley, 2017). Therefore, it is important not to assume that a lack of observed sex 

differences at a high level of analysis precludes sex differences in mechanism. Indeed, 

we must continue to probe for sex differences at the molecular level if we are to 

appropriately translate preclinical discoveries into medicines that act at the molecular 

level. 

Based on our results, we speculate that reward processing deficits observed in 

MDD patients with dysregulated CORT may similarly be due to impaired DMS 

dopamine transmission, caused by distinct mechanisms in males and females. Our 

speculation is consistent with recent studies showing that individuals with MDD exhibit 

decreased DAT expression and tonic dopamine within the dorsal striatum (Hamilton et 

al., 2018; Pizzagalli et al., 2019). However, to address the aspect of our hypothesis 

dealing with sex differences, human data must be analyzed by sex. If the sex-divergent 

mechanisms by which DMS dopamine transmission is impaired in mice hold true for 

humans, this would suggest that medications for MDD should be tailored by sex. 

Further, it may be valuable to distinguish MDD patient populations by phenotyping for 

CORT dysregulation. Notably, previous failed attempts to translate HPA axis-based 

therapies from rodent models to humans failed to account for sex differences (Kokras et 
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al., 2019). They also did not include analyses of CORT status or other aspects of HPA 

axis function, which could help segregate patient populations most amenable to an HPA 

axis-focused therapeutic approach. 

One caveat of our studies is that the chronic CORT treatment we applied 

significantly increased total plasma CORT in males only. This finding suggests that 

CORT elevation drives the behavioral and neurobiological effects observed in males, 

but it is less clear whether CORT elevation is achieved in females. Free CORT, which 

crosses the blood-brain barrier, may be increased in females due to lower CBG levels, 

but this hypothesis is not fully confirmed. The sex difference in total plasma CORT 

levels in response to CORT pellet implantation is consistent with an extensive literature 

demonstrating sex differences in feedback regulation of the hypothalamic-pituitary-

adrenal (HPA) axis, which may be fundamental to consider in a variety of stress studies, 

not only ours (Bangasser, 2013; Kokras et al., 2019). Further, at least one clinical report 

associated lower CBG levels with MDD in female patients only, which our CORT 

treatment model intriguingly recapitulates (Maes et al., 1996). Follow-up studies are 

necessary to understand how CORT dosage affects total and free plasma CORT levels 

in males and females. The dose-response effects of CORT on behavior are known to 

follow an ‘inverted U’ wherein levels of CORT that are either too high or too low are 

problematic (McEwen & Akil, 2020). While we focused these studies on understanding 

the effects of elevated CORT, on the downswing of the inverted U, clinical studies have 

also found that some individuals with MDD exhibit insufficient CORT levels (Bremmer et 

al., 2007). Therefore, understanding the dose-response relationship between CORT 

and dopaminergic system function in males and females is important for understanding 
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the full spectrum of MDD etiology. By testing the effects of a range of CORT doses in 

males and females, we will better understand potential sex differences (or similarities) in 

CORT’s effects on dopaminergic system function and behavior.  

Our findings inspire two related questions regarding CORT’s effects on females: 

1) how does chronic CORT treatment decrease DMS dopamine content in females, and 

2) why are females resistant to changes in DAT function? CORT treatment’s lack of 

effect on DMS DAT function in females is likely not due to an interaction with the 

estrous cycle, as the estrous cycle modulates dopamine reuptake in the ventral, but not 

dorsal, striatum (Calipari et al., 2017; Walker et al., 1999). Female resistance to CORT-

induced impairments in DAT function could be due to their faster metabolism of CORT 

(Woodward et al., 1991), which could change how chronic CORT treatment impacts 

gene expression changes in dopamine neurons (among other cell types) through 

pharmacodynamic differences in glucocorticoid receptor activation. Future studies are 

needed to address glucocorticoid receptor occupancy and downstream signaling 

changes that may underlie the effects of CORT on DAT function in males, and 

dopamine content in females. Sex differences in feedback inhibition of the HPA axis 

could also lead to a variety of complex effects. For example, chronic CORT treatment 

could lead to sex differences in expression and secretion of corticotropin releasing 

hormone (CRH), a neuropeptide that mediates HPA axis activity and has been shown to 

modulate dopaminergic transmission and decrease operant responding for rewards 

(Hupalo et al., 2019; Joëls & Baram, 2009; Kelly & Fudge, 2018; Lemos et al., 2012; 

Wanat et al., 2013). This possibility is supported by previous observations that 

depressive-like behaviors in females (e.g., immobility in the forced swim test) are less 
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directly dependent on CORT levels than the same behaviors in males (Kokras et al., 

2021). Future studies are necessary to determine if, and how, levels of CRH or other 

HPA axis-related signaling molecules are affected by CORT pellet implantation in both 

sexes. 

In sum, our studies suggest that impairment of DMS dopaminergic transmission 

is a key mechanism underlying stress-induced deficits caused by CORT dysregulation. 

Our studies lay the groundwork for further dissecting the relationship between CORT 

signaling and dopaminergic circuit function. It will also be interesting to investigate how 

chronic CORT treatment affects downstream DMS circuit function and corticostriatal 

plasticity to sustain the effects of chronic CORT treatment (Surmeier et al., 2007). The 

more we elucidate these pathways, identifying common mechanisms as well as sex 

differences, the more we will progress towards new therapeutic approaches for stress-

related psychiatric disorders such as MDD.  
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Chapter 3: Methods 
3.1 Animals & housing 

Adult (10+ weeks) male and female C57BL/6J mice were group-housed by sex and 

treatment (2-5 mice per cage) and given ad libitum access to food and water, unless 

otherwise specified. Mice were housed on a 14:10 hour light/dark cycle, in a 

temperature- and humidity-controlled environment. All experimental procedures were 

approved by the Northwestern University Animal Care and Use Committee. All 

experiments were completed at zeitgeber time 4-6 (4-6 hours after lights-on).  

3.2 Subcutaneous pellet implant 

At 10+ weeks of age, mice were anesthetized with isoflurane and given analgesics to 

minimize pain after surgery. Hair was removed from the lateral portion of the neck using 

Nair, and the skin was swabbed with alcohol and iodine. A small incision was made, 

and Placebo or Corticosterone (35 mg; 60-day release; Innovative Research of 

America) slow-release pellets were implanted subcutaneously in the space between the 

shoulder and neck. The incision was closed with non-absorbable sutures. For ex vivo 

slice imaging and in vivo photometry experiments, pellets were implanted during 

stereotaxic surgeries.  

3.3 Tail blood sampling & enzyme-linked immunosorbent assays (ELISAs) 

Mice were gently restrained, and 30 µL of blood was sampled from the lateral tail vein. 

Plasma was separated out of blood by centrifugation at 4°C. Plasma samples were 

stored at -80°C prior to corticosterone and corticosteroid binding globulin (CBG) 

quantification. Blood draws occurred between zeitgeber times 4-6 (4-6 hours after lights 

turned on). Plasma corticosterone was quantified using a Corticosterone ELISA kit from 
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Enzo Life Sciences (ADI-900-097), according to the manufacturer’s instructions. Plasma 

CBG levels were quantified using a CBG ELISA kit from LifeSpan BioSciences, Inc. 

(LS-F11038), according to the manufacturer’s instructions. 

3.4 Estrus cycle tracking 
To determine estrus cycle stage, cell samples were collected from the vaginas of female 

mice using vaginal lavage. Briefly, 100 microliters of ddH20 was aspirated into a 200 

microliter pipette tip using a bulb. Mice were gently grasped by the tail and 

approximately 50 microliters of ddH20 was dispensed into the mouse’s vaginal opening 

(without touching the opening to avoid inducing pseudopregnancy), then aspirated back 

into the pipette tip; this process was repeated 2-3 times. After the sample was collected, 

it was dispensed onto a clean glass microscope slide and covered with a glass 

coverslip. The sample was immediately viewed under a light microscope and estrus 

cycle stage was determined by cytology (Byers et al., 2012; McLean et al., 2012). 

3.5 Stereotaxic surgeries 

At 10+ weeks of age, mice were anesthetized with isoflurane and given analgesics to 

minimize pain. Hair on the skin of the top of the head was removed using Nair, then 

swabbed with alcohol and iodine. A single incision was made down the midline of the 

skull, then a hole was drilled above the injection site for the dorsomedial striatum (DMS; 

+0.8 A/P, 1.5 M/L, -2.8 D/V, relative to bregma) and nucleus accumbens core (NAcc: 

+1.6 A/P, 0.8 M/L, -4.1 D/V). 500 nL of AAV9-CAG-dLight1.3b (7x1011 VG/mL) 

(Patriarchi et al., 2018) was injected into the DMS and NAcc at a rate of 100 nL/min 

using a Hamilton syringe. The needle remained in place for five minutes after injection 

before being slowly retracted. For fiber photometry experiments, a fiber optic (Doric, 400 
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µm core, 0.66 NA) was implanted over the DMS injection site. The hemispheres of 

injection sites were counterbalanced across treatment groups and sexes.  

3.6 Operant conditioning 

Mice were food restricted to 85% of their ad libitum weight and monitored for 

maintenance of this weight throughout operant training. Operant sessions lasted 60 

minutes, or until mice received the maximum number of rewards available (50 rewards). 

Mice were initially trained to acquire sucrose rewards from the reward port of an operant 

box (Med Associates) in the absence of any contingency. Mice then advanced to a 

fixed-ratio (FR) schedule of training during which they had to nosepoke once for one 

sucrose pellet (FR-1). After earning at least 30 rewards for two consecutive days 

(criterion for advancement), mice were advanced to FR-3 training, in which they had to 

nosepoke three times for one sucrose pellet. After reaching criterion for advancement, 

mice were advanced to FR-5 training.  

3.7 Sample preparation for high performance liquid chromatography-
electrochemical detection and western blot 

After 4+ weeks after pellet implantation, mice were sacrificed by cervical dislocation and 

brains were flash-frozen in liquid nitrogen. Using a brain matrix, brains were sectioned 

into 1mm-thick sections and tissue punches of the nucleus accumbens core (NAcc) and 

dorsomedial striatum (DMS) were removed from tissue sections. Tissue punches were 

stored at -80ºC. For HPLC-ECD, samples were sent to the Neurochemistry Core at 

Vanderbilt University for quantification of dopamine and its metabolites. For western 

blot, tissue punches were membrane fractionated using a Mem-PER Plus Protein 

Extraction kit from ThermoFisher, according to the manufacturer’s instructions. A BCA 
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Assay (ThermoFisher) was used to quantify protein content of samples. Samples were 

combined with Laemmli buffer and heated at 95ºC for five minutes. 

3.8 High performance liquid chromatography and electrochemical detection 
(HPLC-ECD) of dopamine 

Biogenic amines were measured in the Vanderbilt University Neurochemistry Core. 

Tissue Extraction: Tissues were kept frozen at -80°C and were held on dry ice prior to 

the addition of homogenization buffer in order to prevent degradation of biogenic 

amines. Tissues were homogenized, using a handheld sonic tissue dismembrator, in 

100-750 µl of 0.1M TCA containing 0.01M sodium acetate, 0.1mM EDTA, and 10.5 % 

methanol (pH 3.8).  Ten microliters of homogenate was used for the protein assay. The 

samples were then spun in a microcentrifuge at 10,000 g for 20 minutes.  Supernatant 

was removed for HPLC-ECD analysis. HPLC was performed using a Kinetix 2.6um C18 

column (4.6 x 100 mm, Phenomenex, Torrance, CA USA). The same buffer used for 

tissue homogenization is used as the HPLC mobile phase. 

Protein assay: Protein concentration in cell pellets was determined by BCA Protein 

Assay Kit (Thermo Scientific). Ten microliter tissue homogenate was distributed into 96-

well plate and 200 µl of mixed BCA reagent (25 ml of Protein Reagent A is mixed with 

500 μl of Protein Reagent B) was added. The plate was incubated at room temperature 

for two hours for the color development. A BSA standard curve was run at the same 

time. Absorbance was measured by a plate reader (POLARstar Omega), purchased 

from BMG LABTECH Company.  
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3.9 Ex vivo dLight1.3b imaging 

At least 4 weeks after pellet implantation and stereotaxic surgery, mice were 

anesthetized with Euthasol (Virbac, 1 mg/kg) and transcardially perfused with ice-cold 

N-methyl-D-glucamine (NMDG) (Ting et al., 2014) artificial cerebrospinal fluid (ACSF). 

Coronal tissue sections (300 µm thick) containing the DMS were cut using a vibratome 

(Leica VT1200) and transferred to NMDG ACSF at 33°C. Slices recovered in HEPES 

ACSF and holding ACSF, as described previously (Ambrosi & Lerner, 2022; Ting et al., 

2014). All solutions were saturated with carbogen (95% Oxygen, 5% Carbon Dioxide) 

and their pH and osmolarity were adjusted to 7.3-7.4 and 300±5 mOsm, respectively. 

Slices were transferred to a recording chamber in ACSF, held at 30-32°C. For 

recording, ACSF contained blockers for AMPARs (NBQX, 5µM), NMDARs (D-AP5, 

50µM), nAChRs (DHβE, 1µM), GABAARs (Picrotoxin, 50µM), and GABABRs (CGP-

54626, 2µM). Dopamine release was evoked using a bipolar stimulating electrode 

(FHC, Inc.) placed ~300 microns from the imaging site. All stimulations were 4V, with a 

pulse width of 0.5ms. After baseline recordings, the DAT inhibitor GBR-12909 (1µM) 

was applied to slices, followed by the OCT3 inhibitor Normetanephrine (50µM). 

dLight1.3b fluorescence was imaged using a scientific CMOS camera (Hamamatsu 

Orca-Flash 4.0LT), with a sampling rate of 33 Hz. dLight1.3b tau-off values were 

calculated using a custom MATLAB script. 

3.10 In vivo dLight1.3b fiber photometry 

Fiber photometry experiments occurred at least four weeks after pellet implantation and 

stereotaxic surgeries. Mice were attached to a fiber optic patch cord (Doric, 400 µm 

core, 0.66 NA) and gently placed in an open field (28 x 28 cm). After 10 minutes in the 
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open field, mice were injected with the DAT inhibitor, GBR-12909 (20 mg/kg), and 

returned to the open field for another 40 minutes. Fiber photometry data was collected 

throughout the entire time that mice were in the open field. GuPPy, an open-source 

Python-based photometry data analysis pipeline, was used to determine dLight1.3b 

transient timepoints (Sherathiya et al., 2021). Locomotor activity was recorded using 

Noldus Ethovision XT 16.  

To calculate dLight1.3b area-under-the-curve (AUC), dLight1.3b fluorescence was 

normalized by fitting it with the isosbestic fluorescence curve, filtered with a 1 second 

median filter, downsampled to 1Hz, then dLight1.3b AUC was calculated in one-minute 

bins for the entire trace, and normalized to the average 1-minute AUC of the drug-free 

period by subtraction (Moya et al., 2022). 

To calculate the baseline change in dLight1.3b fluorescence and the change in 

dLight1.3b decay after DAT inhibition in vivo, we normalized the dLight1.3b 

fluorescence by fitting it with the isosbestic fluorescence curve, then made peri-stimulus 

time histograms (PSTHs) of dLight1.3b transients in 10-minute intervals before and after 

injection with the DAT inhibitor, GBR12909. PSTHs included z-score data from 5 

seconds prior to each dLight1.3b transient. We defined the ‘baseline z-score’ as the 

average z-score of first second of this 5 second pre-transient period. To calculate the 

decay constant of in vivo dLight1.3b transients, we normalized the average binned 

dLight1.3b decays to their peak z-score, then fit the decay of dLight1.3b transients with 

a double exponential. The timepoint in the normalized dLight1.3b decay where the z-

score decreased to 36.8% of the fitted curve peak was defined as the decay constant. 
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3.11 Western blotting 

An equal amount of protein from each sample was loaded in a Tris-Glycine gel 

(Invitrogen). Protein was transferred to a PVDF membrane and blocked in either 5% 

bovine serum albumin (BSA) in Tris-buffered saline + 0.1% Tween-20 (TBS-T) for 

phospho-DAT, or 5% non-fat milk (NFM) in TBS-T for DAT and Beta-Actin. Membranes 

were blocked for one hour at room temperature, then incubated in primary antibody in 

blocking buffer overnight at 4°C. Membranes were washed in TBS-T, then incubated in 

secondary antibody in blocking buffer for 1-2 hours at room temperature. Membranes 

were imaged using a Licor Odyssey Fc Imaging System. Densitometric analysis was 

completed using ImageJ. Protein expression was normalized to the average of the sex-

matched Placebo group for statistical analysis.  

3.12 Statistical analysis 

All statistical analyses were completed using GraphPad Prism. Two-way ANOVAs, with 

sex and treatment as factors, were used for analysis of plasma CORT and CBG; 

Tukey’s multiple comparisons test was used for analyzing multiple comparisons. For all 

other datasets, sex was included as a factor, but no significant effects of the interaction 

between sex and treatment were found. Due to a lack of sex x treatment interaction, 

and the a priori observation that CORT pellet implantation differently affected plasma 

CORT levels in males and females, the data in all figures except Figure 2-1 were 

disaggregated and analyzed by sex. Operant data were analyzed using Two-way 

ANOVAs, with treatment and training session as factors, and multiple comparisons were 

completed using Sidak’s multiple comparisons test. HPLC-ECD data, ex vivo dLight1.3b 

tau-off values (in the absence of any transporter inhibitors), and western blot data were 
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analyzed using Two-tailed Unpaired t-tests. Ex vivo dLight tau-off values in the 

presence of transporter inhibitors were analyzed using Two-way ANOVAs, with 

treatment and inhibitors as factors, and Sidak’s multiple comparisons test was used for 

analyzing multiple comparisons. Locomotor activity and in vivo dLight1.3b AUC 

analyses were completed using Two-way ANOVAs, with treatment and time as factors, 

and multiple comparisons were completed using Sidak’s multiple comparisons test. P-

values less than 0.05 were considered statistically significant. 
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Chapter 4: Conclusions and Future Directions 
As with all scientific endeavors, the work presented here has inspired numerous 

questions that remain to be answered. While primary conclusions from this work were 

laid out in Chapter 2, they bear repeating and contextualizing here. 

4.1 The HPA axes of male and female mice respond differently to exogenous 
CORT treatment 

In this study, subcutaneous CORT pellet implantation significantly increased total 

plasma CORT levels in male mice only; the same dose of exogenous CORT did not 

affect total plasma CORT in female mice. The sex difference in total plasma CORT 

levels after CORT pellet implantation is consistent with previous literature that has 

shown a similar increase in total plasma CORT levels in males (at the same circadian 

time point), but no change in plasma CORT levels in females (Kott et al., 2016; Leitch et 

al., 2003). So, why did the sexes respond differently to the same dose of CORT? One 

potential reason why females do not exhibit increased CORT levels four weeks after 

pellet implantation may be due to the fact that females exhibit a higher rate of CORT 

clearance than males (Colby & Kitay, 1972). Future studies are necessary to 

understand how the HPA axes of males and females differentially respond to CORT 

dysregulation, as this will have significant implications for how the field interprets sex 

differences in stress-induced behavioral and neurobiological deficits. 

4.2 Chronic CORT dysregulation impairs reward-guided motivation in both sexes 

The primary behavioral finding from my dissertation work is that chronic CORT 

dysregulation impairs reward-guided motivation in both male and female C57BL/6J 

mice. While previous studies had reported little or no effect of CORT administration on 
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anxiety-like behaviors in females, my work showed that chronic CORT administration 

impaired reward-guided motivation in females (Mekiri et al., 2017; Yohn et al., 2019). 

So, why did I see an effect of CORT dysregulation on reward-guided motivation in 

females, while others report little or no effect in anxiety-like behaviors? Again, it’s 

important to recognize that not all behavioral tests are cross-predictive for each other, 

likely due to different neural circuits underlying distinct behaviors (Morel et al., 2022; 

Ortiz et al., 2022). Therefore, it’s likely that CORT dysregulation in females affects the 

neural circuits underlying reward-seeking, but not those responsible for anxiety-like 

behaviors. Another reason I may have observed an effect of CORT treatment on 

reward-seeking in females is the route of administration of CORT. Previous studies 

administered CORT in the drinking water (Mekiri et al., 2017; Yohn et al., 2019), a route 

of administration that may retain the circadian rhythm of plasma CORT levels. In 

contrast, pellet implantation abolishes circadian (and ultradian) CORT rhythmicity 

(Leitch et al., 2003; Sarabdjitsingh et al., 2010). Future studies are necessary to 

understand if abolishing CORT rhythmicity is necessary to observe behavioral effects of 

chronic CORT administration in females.   

4.3 Chronic CORT dysregulation impairs DMS dopamine transmission via sex-
divergent mechanisms 

Notably, in the work presented here, CORT-induced deficits in reward-guided motivation 

in males and females were associated with sex-divergent impairments in DMS 

dopaminergic transmission. However, it’s unclear if the CORT-induced changes in DMS 

dopaminergic transmission present in each sex caused the motivational deficits 

observed in operant conditioning. Future studies restoring DAT phosphorylation at 
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threonine-53 in the DMS of CORT-treated males are necessary to address causality, 

but currently there are no methods for precisely and exclusively restoring DAT 

phosphorylation at threonine-53 in specific striatal subregions. Future studies centered 

on restoring normal dopamine levels exclusively in the DMS of CORT-treated females 

are needed to address the question of whether or not CORT-induced changes in DMS 

dopamine content cause deficits in motivation in females. Regardless, the present work 

adds to a growing body of literature demonstrating sex differences in DAT regulation in 

the dorsal striatum (Gowrishankar et al., 2018; Stewart et al., 2022). 

Another open question is how chronic CORT treatment decreases DMS dopamine 

content in females. CORT treatment in females could impair vesicular monoamine 

transporter 2 (VMAT2) function since VMAT2 exhibits greater activity in females than 

males, and impaired VMAT2 function would be predicted to decrease tonic dopamine 

(Dluzen & McDermott, 2008). Future studies are necessary to identify the molecular 

mechanisms responsible for decreased DMS dopamine content in CORT-treated 

females. 

4.4 Future Directions 

Dopamine is a key neuromodulator between afferents and D1- and D2-Receptor 

expressing medium spiny neurons (MSNs) in the striatum. Previous work has shown 

that chronic stress decreases neuronal density in the DMS (Dias-Ferreira et al., 2009), 

but it’s unclear how stress affects the plasticity between afferents and MSNs in the 

dorsal striatum. Since CORT is elevated by stress, and we show that CORT treatment 

impairs dopamine transmission in the DMS, it will be especially interesting for future 

studies to examine if, and how, CORT dysregulation affects plasticity between afferents 
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and D1- and D2R-MSNs within the DMS of males and females to sustain behavioral 

deficits in reward-seeking.  

The observation that CORT dysregulation impairs DMS dopamine transmission in both 

sexes is a significant advancement for our understanding of how chronic stress may 

alter reward-guided behaviors. However, it’s unclear where CORT is acting to exert its 

effects on dopamine transmission. Dopamine neurons express glucocorticoid receptors 

(Harfstrand et al., 1986), so is CORT directly altering dopamine transmission via 

glucocorticoid receptor signaling in dopamine neurons? Or is CORT perhaps altering 

dopamine neuron physiology by acting via glucocorticoid receptors on afferents to 

dopamine neurons? Notably, alterations in CORT levels do not happen in a vacuum. 

Changes in CORT can alter levels of CRF, another neuropeptide that has been shown 

to impair operant responding for rewards (Lemos et al., 2012; Wanat et al., 2013). Thus, 

future studies interrogating the molecular mechanisms underlying CORT-induced 

dysfunction of DMS dopaminergic transmission are critical for elucidation of novel 

targets for treatment of stress-induced motivational impairments. 

Perhaps the most interesting finding from the work presented here is the latent sex 

difference in CORT-induced impairments of DMS dopaminergic transmission. Why does 

CORT dysregulation impair DMS DAT function in males, but not females? Could it be 

due to the sex difference in total plasma CORT after CORT treatment? Or might it be 

that CORT dysregulation affects different molecular pathways in dopamine neurons of 

males and females, thus leading to different effects on DMS dopamine transmission. 

Future studies focused on the relationship between CORT dose and DMS dopamine 
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transmission are necessary to clarify if higher levels of plasma CORT would impair DMS 

DAT function in females, as it does in males. Additionally, future studies examining how 

CORT dysregulation alters molecular signaling pathways within dopamine neurons of 

males and females will be illuminating for our understanding of how sex and CORT 

dysregulation interact to affect dopamine transmission in the brain. 

Final Remarks 
As a whole, the work presented in this dissertation revealed that CORT dysregulation 

impairs reward-seeking in both sexes, albeit with sex-divergent effects on DMS 

dopamine transmission. These findings are critically important for future studies on the 

behavioral effects of CORT dysregulation because they demonstrate that, contrary to 

previous belief, CORT dysregulation can significantly impair behavior of females, but 

impairments are task-specific. Moreover, these studies reveal potential mechanisms for 

CORT-induced reward-seeking deficits in both sexes. Overall, this dissertation provides 

the basis for future studies to further dissect the latent sex difference in CORT 

dysregulation’s effects on DMS dopaminergic transmission, which may contribute to 

CORT-induced deficits in reward-seeking in both sexes. 

 

  



77 
 
References 
Alonso, I. P., Pino, J. A., Kortagere, S., Torres, G. E., & España, R. A. (2021). 
Dopamine transporter function fluctuates across sleep/wake state: Potential impact for 
addiction. Neuropsychopharmacology, 46(4), Article 4. https://doi.org/10.1038/s41386-
020-00879-2 
Ambrosi, P., & Lerner, T. N. (2022). Striatonigrostriatal circuit architecture for 
disinhibition of dopamine signaling. Cell Reports, 40(7), 111228. 
https://doi.org/10.1016/j.celrep.2022.111228 
American Psychiatric Association. (2022). Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition, Text Revision. 
https://dsm.psychiatryonline.org/doi/book/10.1176/appi.books.9780890425787 
Balleine, B. W., Liljeholm, M., & Ostlund, S. B. (2009). The integrative function of the 
basal ganglia in instrumental conditioning. Behavioural Brain Research, 199(1), 43–52. 
https://doi.org/10.1016/j.bbr.2008.10.034 
Bangasser, D. A. (2013). Sex differences in stress-related receptors: “micro” differences 
with “macro” implications for mood and anxiety disorders. Biology of Sex Differences, 
4(1), 2. https://doi.org/10.1186/2042-6410-4-2 
Barrot, M., Marinelli, M., Abrous, D. N., Rougé-Pont, F., Le Moal, M., & Piazza, P. V. 
(2000). The dopaminergic hyper-responsiveness of the shell of the nucleus accumbens 
is hormone-dependent: Corticosterone influence on nucleus accumbens. European 
Journal of Neuroscience, 12(3), 973–979. https://doi.org/10.1046/j.1460-
9568.2000.00996.x 
Bremmer, M. A., Deeg, D. J. H., Beekman, A. T. F., Penninx, B. W. J. H., Lips, P., & 
Hoogendijk, W. J. G. (2007). Major Depression in Late Life Is Associated with Both 
Hypo- and Hypercortisolemia. Biological Psychiatry, 62(5), 479–486. 
https://doi.org/10.1016/j.biopsych.2006.11.033 
Breuner, C. W., & Orchinik, M. (2002). BEYOND CARRIER PROTEINS Plasma binding 
proteins as mediators of corticosteroid action in vertebrates. Journal of Endocrinology, 
175, 99–112. https://doi.org/10.1677/joe.0.1750099 
Brown, H. D., McCutcheon, J. E., Cone, J. J., Ragozzino, M. E., & Roitman, M. F. 
(2011). Primary food reward and reward-predictive stimuli evoke different patterns of 
phasic dopamine signaling throughout the striatum. The European Journal of 
Neuroscience, 34(12), 1997–2006. https://doi.org/10.1111/j.1460-9568.2011.07914.x 
Byers, S. L., Wiles, M. V., Dunn, S. L., & Taft, R. A. (2012). Mouse Estrous Cycle 
Identification Tool and Images. PLoS ONE, 7(4), e35538. 
https://doi.org/10.1371/journal.pone.0035538 
Cabeza, L., Ramadan, B., Cramoisy, S., Houdayer, C., Haffen, E., Risold, P.-Y., 
Fellmann, D., & Peterschmitt, Y. (2021). Chronic Distress in Male Mice Impairs 
Motivation Compromising Both Effort and Reward Processing With Altered Anterior 
Insular Cortex and Basolateral Amygdala Neural Activation. Frontiers in Behavioral 
Neuroscience, 15, 717701. https://doi.org/10.3389/fnbeh.2021.717701 



78 
 
Cagniard, B., Balsam, P. D., Brunner, D., & Zhuang, X. (2006). Mice with Chronically 
Elevated Dopamine Exhibit Enhanced Motivation, but not Learning, for a Food Reward. 
Neuropsychopharmacology, 31(7), Article 7. https://doi.org/10.1038/sj.npp.1300966 
Calipari, E. S., Juarez, B., Morel, C., Walker, D. M., Cahill, M. E., Ribeiro, E., Roman-
Ortiz, C., Ramakrishnan, C., Deisseroth, K., Han, M.-H., & Nestler, E. J. (2017). 
Dopaminergic dynamics underlying sex-specific cocaine reward. Nature 
Communications, 8(1), 13877. https://doi.org/10.1038/ncomms13877 
Challasivakanaka, S., Zhen, J., Smith, M. E., Reith, M. E. A., Foster, J. D., & Vaughan, 
R. A. (2017). Dopamine transporter phosphorylation site threonine 53 is stimulated by 
amphetamines and regulates dopamine transport, efflux, and cocaine analog binding. 
Journal of Biological Chemistry, 292(46), 19066–19075. 
https://doi.org/10.1074/jbc.M117.787002 
Colby, H. D., & Kitay, J. I. (1972). Sex and Substrate Effects on Hepatic Corticosteroid 
Metabolism in the Rat. Endocrinology, 90(2), 473–478. https://doi.org/10.1210/endo-90-
2-473 
Collins, A. L., & Saunders, B. T. (2020). Heterogeneity in striatal dopamine circuits: 
Form and function in dynamic reward seeking. Journal of Neuroscience Research, 
98(6), 1046–1069. https://doi.org/10.1002/jnr.24587 
Corbit, L. H., Muir, J. L., & Balleine, B. W. (2001). The Role of the Nucleus Accumbens 
in Instrumental Conditioning: Evidence of a Functional Dissociation between 
Accumbens Core and Shell. The Journal of Neuroscience, 21(9), 3251–3260. 
https://doi.org/10.1523/JNEUROSCI.21-09-03251.2001 
De Vries, G. J. (2004). Minireview: Sex Differences in Adult and Developing Brains: 
Compensation, Compensation, Compensation. Endocrinology, 145(3), 1063–1068. 
https://doi.org/10.1210/en.2003-1504 
Deuschle, M., Schweiger, U., Weber, B., Gotthardt, U., Körner, A., Schmider, J., 
Standhardt, H., Lammers, C.-H., & Heuser, I. (1997). Diurnal Activity and Pulsatility of 
the Hypothalamus-Pituitary-Adrenal System in Male Depressed Patients and Healthy 
Controls. The Journal of Clinical Endocrinology & Metabolism, 82(1), 234–238. 
https://doi.org/10.1210/jcem.82.1.3689 
Dias-Ferreira, E., Sousa, J. C., Melo, I., Morgado, P., Mesquita, A. R., Cerqueira, J. J., 
Costa, R. M., & Sousa, N. (2009). Chronic Stress Causes Frontostriatal Reorganization 
and Affects Decision-Making. Science, 325(5940), 621–625. 
https://doi.org/10.1126/science.1171203 
Dieterich, A., Liu, T., & Samuels, B. A. (2021). Chronic non-discriminatory social defeat 
stress reduces effort-related motivated behaviors in male and female mice. 
Translational Psychiatry, 11(1), 1–12. https://doi.org/10.1038/s41398-021-01250-9 
Dieterich, A., Srivastava, P., Sharif, A., Stech, K., Floeder, J., Yohn, S. E., & Samuels, 
B. A. (2019). Chronic corticosterone administration induces negative valence and 
impairs positive valence behaviors in mice. Translational Psychiatry, 9(1), 337. 
https://doi.org/10.1038/s41398-019-0674-4 



79 
 
Dluzen, D. E., & McDermott, J. L. (2008). Sex Differences in Dopamine- and Vesicular 
Monoamine-Transporter Functions. Annals of the New York Academy of Sciences, 
1139(1), 140–150. https://doi.org/10.1196/annals.1432.010 
Doane, L. D., Mineka, S., Zinbarg, R. E., Craske, M., Griffith, J. W., & Adam, E. K. 
(2013). Are flatter diurnal cortisol rhythms associated with major depression and anxiety 
disorders in late adolescence? The role of life stress and daily negative emotion. 
Development and Psychopathology, 25(3), 629–642. 
https://doi.org/10.1017/S0954579413000060 
Fallon, J. H., & Moore, R. Y. (1978). Catecholamine innervation of the basal forebrain 
IV. Topography of the dopamine projection to the basal forebrain and neostriatum. The 
Journal of Comparative Neurology, 180(3), 545–579. 
https://doi.org/10.1002/cne.901800310 
Ferris, M. J., España, R. A., Locke, J. L., Konstantopoulos, J. K., Rose, J. H., Chen, R., 
& Jones, S. R. (2014). Dopamine transporters govern diurnal variation in extracellular 
dopamine tone. Proceedings of the National Academy of Sciences, 111(26), E2751–
E2759. https://doi.org/10.1073/pnas.1407935111 
Fleshner, M., Deak, T., Spencer, R. L., Laudenslager, M. L., Watkins, L. R., & Maier, S. 
F. (1995). A long-term increase in basal levels of corticosterone and a decrease in 
corticosteroid-binding globulin after acute stressor exposure. Endocrinology, 136(12), 
5336–5342. https://doi.org/10.1210/endo.136.12.7588279 
Floresco, S. B., West, A. R., Ash, B., Moore, H., & Grace, A. A. (2003). Afferent 
modulation of dopamine neuron firing differentially regulates tonic and phasic dopamine 
transmission. Nature Neuroscience, 6(9), Article 9. https://doi.org/10.1038/nn1103 
Foster, J. D., & Vaughan, R. A. (2017). Phosphorylation Mechanisms in Dopamine 
Transporter Regulation. Journal of Chemical Neuroanatomy, 83–84, 10–18. 
https://doi.org/10.1016/j.jchemneu.2016.10.004 
Friedman, A., Homma, D., Bloem, B., Gibb, L. G., Amemori, K., Hu, D., Delcasso, S., 
Truong, T. F., Yang, J., Hood, A. S., Mikofalvy, K. A., Beck, D. W., Nguyen, N., Nelson, 
E. D., Toro Arana, S. E., Vorder Bruegge, R. H., Goosens, K. A., & Graybiel, A. M. 
(2017). Chronic Stress Alters Striosome-Circuit Dynamics, Leading to Aberrant 
Decision-Making. Cell, 171(5), 1191-1205.e28. 
https://doi.org/10.1016/j.cell.2017.10.017 
Gasser, P. J. (2019). Roles for the uptake2 transporter OCT3 in regulation of 
dopaminergic neurotransmission and behavior. Neurochemistry International, 123, 46–
49. https://doi.org/10.1016/j.neuint.2018.07.008 
Gasser, P. J., & Lowry, C. A. (2018). Organic cation transporter 3: A cellular mechanism 
underlying rapid, nongenomic glucocorticoid regulation of monoaminergic 
neurotransmission, physiology, and behavior. Hormones and Behavior, 104, 173–182. 
https://doi.org/10.1016/j.yhbeh.2018.05.003 
Godynyuk, E., Bluitt, M. N., Tooley, J. R., Kravitz, A. V., & Creed, M. C. (2019). An 
Open-Source, Automated Home-Cage Sipper Device for Monitoring Liquid Ingestive 
Behavior in Rodents. ENeuro, 6(5). https://doi.org/10.1523/ENEURO.0292-19.2019 



80 
 
Gómez, F., Lahmame, A., de Kloet, R., & Armario, A. (2008). Hypothalamic-Pituitary-
Adrenal Response to Chronic Stress in Five Inbred Rat Strains: Differential Responses 
Are Mainly Located at the Adrenocortical Level. Neuroendocrinology, 63(4), 327–337. 
https://doi.org/10.1159/000126973 
Gourley, S. L., Swanson, A. M., Jacobs, A. M., Howell, J. L., Mo, M., DiLeone, R. J., 
Koleske, A. J., & Taylor, J. R. (2012). Action control is mediated by prefrontal BDNF and 
glucocorticoid receptor binding. Proceedings of the National Academy of Sciences, 
109(50), 20714–20719. https://doi.org/10.1073/pnas.1208342109 
Gowrishankar, R., Gresch, P. J., Davis, G. L., Katamish, R. M., Riele, J. R., Stewart, A. 
M., Vaughan, R. A., Hahn, M. K., & Blakely, R. D. (2018). Region-Specific Regulation of 
Presynaptic Dopamine Homeostasis by D2 Autoreceptors Shapes the In Vivo Impact of 
the Neuropsychiatric Disease-Associated DAT Variant Val559. Journal of Neuroscience, 
38(23), 5302–5312. https://doi.org/10.1523/JNEUROSCI.0055-18.2018 
Graf, E. N., Wheeler, R. A., Baker, D. A., Ebben, A. L., Hill, J. E., McReynolds, J. R., 
Robble, M. A., Vranjkovic, O., Wheeler, D. S., Mantsch, J. R., & Gasser, P. J. (2013). 
Corticosterone Acts in the Nucleus Accumbens to Enhance Dopamine Signaling and 
Potentiate Reinstatement of Cocaine Seeking. Journal of Neuroscience, 33(29), 11800–
11810. https://doi.org/10.1523/JNEUROSCI.1969-13.2013 
Grospe, G. M., Baker, P. M., & Ragozzino, M. E. (2018). Cognitive Flexibility Deficits 
Following 6-OHDA Lesions of the Rat Dorsomedial Striatum. Neuroscience, 374, 80–
90. https://doi.org/10.1016/j.neuroscience.2018.01.032 
Hamilton, J. P., Sacchet, M. D., Hjørnevik, T., Chin, F. T., Shen, B., Kämpe, R., Park, J. 
H., Knutson, B. D., Williams, L. M., Borg, N., Zaharchuk, G., Camacho, M. C., Mackey, 
S., Heilig, M., Drevets, W. C., Glover, G. H., Gambhir, S. S., & Gotlib, I. H. (2018). 
Striatal dopamine deficits predict reductions in striatal functional connectivity in major 
depression: A concurrent 11C-raclopride positron emission tomography and functional 
magnetic resonance imaging investigation. Translational Psychiatry, 8(1), Article 1. 
https://doi.org/10.1038/s41398-018-0316-2 
Hammen, C., Kim, E. Y., Eberhart, N. K., & Brennan, P. A. (2009). Chronic and acute 
stress and the prediction of major depression in women. Depression and Anxiety, 26(8), 
718–723. https://doi.org/10.1002/da.20571 
Harfstrand, A., Fuxe, K., Cintra, A., Agnati, L. F., Zini, I., Wikstrom, A. C., Okret, S., Yu, 
Z. Y., Goldstein, M., & Steinbusch, H. (1986). Glucocorticoid receptor immunoreactivity 
in monoaminergic neurons of rat brain. Proceedings of the National Academy of 
Sciences, 83(24), 9779–9783. https://doi.org/10.1073/pnas.83.24.9779 
Holleran, K. M., Rose, J. H., Fordahl, S. C., Benton, K. C., Rohr, K. E., Gasser, P. J., & 
Jones, S. R. (2020). Organic cation transporter 3 and the dopamine transporter 
differentially regulate catecholamine uptake in the basolateral amygdala and nucleus 
accumbens. The European Journal of Neuroscience. https://doi.org/10.1111/ejn.14927 
Holsboer, F. (2000). The Corticosteroid Receptor Hypothesis of Depression. 
Neuropsychopharmacology, 23(5), Article 5. https://doi.org/10.1016/S0893-
133X(00)00159-7 



81 
 
Hupalo, S., Bryce, C. A., Bangasser, D. A., Berridge, C. W., Valentino, R. J., & 
Floresco, S. B. (2019). Corticotropin-Releasing Factor (CRF) circuit modulation of 
cognition and motivation. Neuroscience & Biobehavioral Reviews, 103, 50–59. 
https://doi.org/10.1016/j.neubiorev.2019.06.010 
Jarcho, M. R., Slavich, G. M., Tylova-Stein, H., Wolkowitz, O. M., & Burke, H. M. (2013). 
Dysregulated diurnal cortisol pattern is associated with glucocorticoid resistance in 
women with major depressive disorder. Biological Psychology, 93(1), 150–158. 
https://doi.org/10.1016/j.biopsycho.2013.01.018 
Joëls, M., & Baram, T. Z. (2009). The neuro-symphony of stress. Nature Reviews. 
Neuroscience, 10(6), 459–466. https://doi.org/10.1038/nrn2632 
Jones, S. R., Gainetdinov, R. R., Jaber, M., Giros, B., Wightman, R. M., & Caron, M. G. 
(1998). Profound neuronal plasticity in response to inactivation of the dopamine 
transporter. Proceedings of the National Academy of Sciences, 95(7), 4029–4034. 
https://doi.org/10.1073/pnas.95.7.4029 
Kelly, E. A., & Fudge, J. L. (2018). The neuroanatomic complexity of the CRF and DA 
systems and their interface: What we still don’t know. Neuroscience & Biobehavioral 
Reviews, 90, 247–259. https://doi.org/10.1016/j.neubiorev.2018.04.014 
Kessler, R. C. (1997). The Effects of Stressful Life Events on Depression. Annual 
Review of Psychology, 48(1), 191–214. https://doi.org/10.1146/annurev.psych.48.1.191 
Klengel, T., & Binder, E. B. (2013). Gene—Environment Interactions in Major 
Depressive Disorder. The Canadian Journal of Psychiatry, 58(2), 76–83. 
https://doi.org/10.1177/070674371305800203 
Kokras, N., Hodes, G. E., Bangasser, D. A., & Dalla, C. (2019). Sex differences in the 
hypothalamic–pituitary–adrenal axis: An obstacle to antidepressant drug development? 
British Journal of Pharmacology, 176(21), 4090–4106. 
https://doi.org/10.1111/bph.14710 
Kokras, N., Krokida, S., Varoudaki, T. Z., & Dalla, C. (2021). Do corticosterone levels 
predict female depressive-like behavior in rodents? Journal of Neuroscience Research, 
99(1), 324–331. https://doi.org/10.1002/jnr.24686 
Kott, J. M., Mooney-Leber, S. M., Shoubah, F. A., & Brummelte, S. (2016). 
Effectiveness of different corticosterone administration methods to elevate 
corticosterone serum levels, induce depressive-like behavior, and affect neurogenesis 
levels in female rats. Neuroscience, 312, 201–214. 
https://doi.org/10.1016/j.neuroscience.2015.11.006 
Kuehner, C. (2016). Why is depression more common among women than among 
men? - ClinicalKey. Lancet Psychiatry, 4(2), 146–158. http://dx.doi.org/10.1016/ 
Lahiri, A. K., & Bevan, M. D. (2020). Dopaminergic Transmission Rapidly and 
Persistently Enhances Excitability of D1 Receptor-Expressing Striatal Projection 
Neurons. Neuron, 106(2), 277-290.e6. https://doi.org/10.1016/j.neuron.2020.01.028 
Lamers, F., Vogelzangs, N., Merikangas, K. R., de Jonge, P., Beekman, A. T. F., & 
Penninx, B. W. J. H. (2013). Evidence for a differential role of HPA-axis function, 



82 
 
inflammation and metabolic syndrome in melancholic versus atypical depression. 
Molecular Psychiatry, 18(6), Article 6. https://doi.org/10.1038/mp.2012.144 
Leitch, M. M., Ingram, C. D., Young, A. H., McQuade, R., & Gartside, S. E. (2003). 
Flattening the Corticosterone Rhythm Attenuates 5-HT1A Autoreceptor Function in the 
Rat: Relevance for Depression. Neuropsychopharmacology, 28(1), 119–125. 
https://doi.org/10.1038/sj.npp.1300016 
Lemos, J. C., Wanat, M. J., Smith, J. S., Reyes, B. A. S., Hollon, N. G., Van Bockstaele, 
E. J., Chavkin, C., & Phillips, P. E. M. (2012). Severe stress switches CRF action in the 
nucleus accumbens from appetitive to aversive. Nature, 490(7420), Article 7420. 
https://doi.org/10.1038/nature11436 
Lerner, T. N., Shilyansky, C., Davidson, T. J., Evans, K. E., Beier, K. T., Zalocusky, K. 
A., Crow, A. K., Malenka, R. C., Luo, L., Tomer, R., & Deisseroth, K. (2015). Intact-Brain 
Analyses Reveal Distinct Information Carried by SNc Dopamine Subcircuits. Cell, 
162(3), 635–647. https://doi.org/10.1016/j.cell.2015.07.014 
Lewis, J. G., Bagley, C. J., Elder, P. A., Bachmann, A. W., & Torpy, D. J. (2005). 
Plasma free cortisol fraction reflects levels of functioning corticosteroid-binding globulin. 
Clinica Chimica Acta, 359(1), 189–194. https://doi.org/10.1016/j.cccn.2005.03.044 
Lex, B., & Hauber, W. (2010a). The Role of Dopamine in the Prelimbic Cortex and the 
Dorsomedial Striatum in Instrumental Conditioning. Cerebral Cortex, 20(4), 873–883. 
https://doi.org/10.1093/cercor/bhp151 
Lex, B., & Hauber, W. (2010b). The role of nucleus accumbens dopamine in outcome 
encoding in instrumental and Pavlovian conditioning. Neurobiology of Learning and 
Memory, 93(2), 283–290. https://doi.org/10.1016/j.nlm.2009.11.002 
Linkowski, P., MENDLEWICZ, J., LECLERCQ, R., BRASSEUR, M., HUBAIN, P., 
GOLSTEIN, J., COPINSCHI, G., & CAUTER, E. V. (1985). The 24-Hour Profile of 
Adrenocorticotropin and Cortisol in Major Depressive Illness*. The Journal of Clinical 
Endocrinology & Metabolism, 61(3), 429–438. https://doi.org/10.1210/jcem-61-3-429 
Lodge, D. J., & Grace, A. A. (2006). The Hippocampus Modulates Dopamine Neuron 
Responsivity by Regulating the Intensity of Phasic Neuron Activation. 
Neuropsychopharmacology, 31(7), Article 7. https://doi.org/10.1038/sj.npp.1300963 
Lohoff, F. W. (2010). Overview of the Genetics of Major Depressive Disorder. Current 
Psychiatry Reports, 12(6), 539–546. https://doi.org/10.1007/s11920-010-0150-6 
Lopez, J., & Bagot, R. C. (2021). Defining Valid Chronic Stress Models for Depression 
With Female Rodents. Biological Psychiatry, 90(4), 226–235. 
https://doi.org/10.1016/j.biopsych.2021.03.010 
Maes, M., Van Gastel, A., Blockx, P., Martin, M., Cosyns, P., Scharpé, S., Ranjan, R., & 
Desnyder, R. (1996). Lower serum transcortin (CBG) in major depressed females: 
Relationships with baseline and postdexamethasone cortisol values. Journal of Affective 
Disorders, 38(1), 47–56. https://doi.org/10.1016/0165-0327(95)00093-3 
Makino, S., Smith, M. A., & Gold, P. W. (1995). Increased expression of corticotropin-
releasing hormone and vasopressin messenger ribonucleic acid (mRNA) in the 



83 
 
hypothalamic paraventricular nucleus during repeated stress: Association with reduction 
in glucocorticoid receptor mRNA levels. Endocrinology, 136(8), 3299–3309. 
https://doi.org/10.1210/endo.136.8.7628364 
McEwen, B. S. (1998). Protective and Damaging Effects of Stress Mediators. New 
England Journal of Medicine, 338(3), 171–179. 
https://doi.org/10.1056/NEJM199801153380307 
McEwen, B. S. (2000). The neurobiology of stress: From serendipity to clinical 
relevance. Brain Research, 886(1), 172–189. https://doi.org/10.1016/S0006-
8993(00)02950-4 
McEwen, B. S. (2019). What Is the Confusion With Cortisol? Chronic Stress, 3, 
2470547019833647. https://doi.org/10.1177/2470547019833647 
McEwen, B. S., & Akil, H. (2020). Revisiting the Stress Concept: Implications for 
Affective Disorders. The Journal of Neuroscience, 40(1), 12–21. 
https://doi.org/10.1523/JNEUROSCI.0733-19.2019 
McEwen, B. S., De Kloet, E. R., & Rostene, W. (1986). Adrenal steroid receptors and 
actions in the nervous system. Physiological Reviews, 66(4), 1121–1188. 
https://doi.org/10.1152/physrev.1986.66.4.1121 
McGonagle, K. A., & Kessler, R. C. (1990). Chronic stress, acute stress, and depressive 
symptoms. American Journal of Community Psychology, 18(5), 681–706. 
https://doi.org/10.1007/BF00931237 
McLean, A. C., Valenzuela, N., Fai, S., & Bennett, S. A. L. (2012). Performing Vaginal 
Lavage, Crystal Violet Staining, and Vaginal Cytological Evaluation for Mouse Estrous 
Cycle Staging Identification. JoVE (Journal of Visualized Experiments), 67, e4389. 
https://doi.org/10.3791/4389 
McReynolds, J. R., Taylor, A., Vranjkovic, O., Ambrosius, T., Derricks, O., Nino, B., 
Kurtoglu, B., Wheeler, R. A., Baker, D. A., Gasser, P. J., & Mantsch, J. R. (2017). 
Corticosterone Potentiation of Cocaine-Induced Reinstatement of Conditioned Place 
Preference in Mice is Mediated by Blockade of the Organic Cation Transporter 3. 
Neuropsychopharmacology, 42(3), Article 3. https://doi.org/10.1038/npp.2016.187 
Mekiri, M., Gardier, A. M., David, D. J., & Guilloux, J.-P. (2017). Chronic corticosterone 
administration effects on behavioral emotionality in female c57bl6 mice. Experimental 
and Clinical Psychopharmacology, 25(2), 94. https://doi.org/10.1037/pha0000112 
Morel, C., Montgomery, S. E., Li, L., Durand-de Cuttoli, R., Teichman, E. M., Juarez, B., 
Tzavaras, N., Ku, S. M., Flanigan, M. E., Cai, M., Walsh, J. J., Russo, S. J., Nestler, E. 
J., Calipari, E. S., Friedman, A. K., & Han, M.-H. (2022). Midbrain projection to the 
basolateral amygdala encodes anxiety-like but not depression-like behaviors. Nature 
Communications, 13(1), Article 1. https://doi.org/10.1038/s41467-022-29155-1 
Moya, N. A., Yun, S., Fleps, S. W., Martin, M. M., Nadel, J. A., Beutler, L. R., Zweifel, L. 
S., & Parker, J. G. (2022). The effect of selective nigrostriatal dopamine excess on 
behaviors linked to the cognitive and negative symptoms of schizophrenia. 
Neuropsychopharmacology, 1–10. https://doi.org/10.1038/s41386-022-01492-1 



84 
 
Nandam, L. S., Brazel, M., Zhou, M., & Jhaveri, D. J. (2020). Cortisol and Major 
Depressive Disorder—Translating Findings From Humans to Animal Models and Back. 
Frontiers in Psychiatry, 10. https://www.frontiersin.org/articles/10.3389/fpsyt.2019.00974 
NIMH. (2022, January). Major Depression. National Institute of Mental Health (NIMH). 
https://www.nimh.nih.gov/health/statistics/major-depression 
Niv, Y., Daw, N. D., Joel, D., & Dayan, P. (2007). Tonic dopamine: Opportunity costs 
and the control of response vigor. Psychopharmacology, 191(3), 507–520. 
https://doi.org/10.1007/s00213-006-0502-4 
Oberlander, J. G., & Woolley, C. S. (2017). 17β-Estradiol Acutely Potentiates 
Glutamatergic Synaptic Transmission in the Hippocampus through Distinct Mechanisms 
in Males and Females. Journal of Neuroscience, 37(50), 12314–12327. 
https://doi.org/10.1523/JNEUROSCI.3011-17.2017 
Ortiz, V., Costa Campos, R., Fofo, H., Fernandez, S. P., & Barik, J. (2022). Nicotinic 
receptors promote susceptibility to social stress in female mice linked with 
neuroadaptations within VTA dopamine neurons. Neuropsychopharmacology, 47(9), 
Article 9. https://doi.org/10.1038/s41386-022-01314-4 
Patriarchi, T., Cho, J. R., Merten, K., Howe, M. W., Marley, A., Xiong, W.-H., Folk, R. 
W., Broussard, G. J., Liang, R., Jang, M. J., Zhong, H., Dombeck, D., von Zastrow, M., 
Nimmerjahn, A., Gradinaru, V., Williams, J. T., & Tian, L. (2018). Ultrafast neuronal 
imaging of dopamine dynamics with designed genetically encoded sensors. Science, 
360(6396), eaat4422. https://doi.org/10.1126/science.aat4422 
Pizzagalli, D. A., Berretta, S., Wooten, D., Goer, F., Pilobello, K. T., Kumar, P., Murray, 
L., Beltzer, M., Boyer-Boiteau, A., Alpert, N., El Fakhri, G., Mechawar, N., Vitaliano, G., 
Turecki, G., & Normandin, M. (2019). Assessment of Striatal Dopamine Transporter 
Binding in Individuals With Major Depressive Disorder: In Vivo Positron Emission 
Tomography and Postmortem Evidence. JAMA Psychiatry, 76(8), 854–861. 
https://doi.org/10.1001/jamapsychiatry.2019.0801 
Qian, X., Droste, S. K., Gutièrrez-Mecinas, M., Collins, A., Kersanté, F., Reul, J. M. H. 
M., & Linthorst, A. C. E. (2011). A Rapid Release of Corticosteroid-Binding Globulin 
from the Liver Restrains the Glucocorticoid Hormone Response to Acute Stress. 
Endocrinology, 152(10), 3738–3748. https://doi.org/10.1210/en.2011-1008 
Redgrave, P., Rodriguez, M., Smith, Y., Rodriguez-Oroz, M. C., Lehericy, S., Bergman, 
H., Agid, Y., DeLong, M. R., & Obeso, J. A. (2010). Goal-directed and habitual control in 
the basal ganglia: Implications for Parkinson’s disease. Nature Reviews Neuroscience, 
11(11), 760–772. https://doi.org/10.1038/nrn2915 
Reul, J. M. H. M., & De Kloet, E. R. (1986). Anatomical resolution of two types of 
corticosterone receptor sites in rat brain with in vitro autoradiography and computerized 
image analysis. Journal of Steroid Biochemistry, 24(1), 269–272. 
https://doi.org/10.1016/0022-4731(86)90063-4 
Reul, J. M. H. M., & Kloet, E. R. D. (1985). Two Receptor Systems for Corticosterone in 
Rat Brain: Microdistribution and Differential Occupation. Endocrinology, 117(6), 2505–
2511. https://doi.org/10.1210/endo-117-6-2505 



85 
 
Reward Learning. (n.d.). National Institute of Mental Health (NIMH). Retrieved June 21, 
2023, from https://www.nimh.nih.gov/research/research-funded-by-
nimh/rdoc/constructs/reward-learning 
Russell, G., & Lightman, S. (2019). The human stress response. Nature Reviews 
Endocrinology, 15(9), 525–534. https://doi.org/10.1038/s41574-019-0228-0 
Sachar, E. J., Hellman, L., Roffwarg, H. P., Halpern, F. S., Fukushima, D. K., & 
Gallagher, T. F. (1973). Disrupted 24-hour Patterns of Cortisol Secretion in Psychotic 
Depression. Archives of General Psychiatry, 28(1), 19–24. 
https://doi.org/10.1001/archpsyc.1973.01750310011002 
Salamone, J. D., & Correa, M. (2012). The Mysterious Motivational Functions of 
Mesolimbic Dopamine. Neuron, 76(3), 470–485. 
https://doi.org/10.1016/j.neuron.2012.10.021 
Salinas, A. G., Lee, J. O., Augustin, S. M., Zhang, S., Patriarchi, T., Tian, L., Morales, 
M., Mateo, Y., & Lovinger, D. M. (2022). Sub-second striatal dopamine dynamics 
assessed by simultaneous fast-scan cyclic voltammetry and fluorescence biosensor (p. 
2022.01.09.475513). bioRxiv. https://doi.org/10.1101/2022.01.09.475513 
Sarabdjitsingh, R. A., Spiga, F., Oitzl, M. S., Kershaw, Y., Meijer, O. C., Lightman, S. L., 
& De Kloet, E. R. (2010). Recovery from Disrupted Ultradian Glucocorticoid Rhythmicity 
Reveals a Dissociation Between Hormonal and Behavioural Stress Responsiveness. 
Journal of Neuroendocrinology, 22(8), 862–871. https://doi.org/10.1111/j.1365-
2826.2010.02004.x 
Saunders, B. T., Richard, J. M., Margolis, E. B., & Janak, P. H. (2018). Dopamine 
neurons create Pavlovian conditioned stimuli with circuit-defined motivational properties. 
Nature Neuroscience, 21(8), 1072–1083. https://doi.org/10.1038/s41593-018-0191-4 
Seiler, J. L., Cosme, C. V., Sherathiya, V. N., Schaid, M. D., Bianco, J. M., 
Bridgemohan, A. S., & Lerner, T. N. (2022). Dopamine signaling in the dorsomedial 
striatum promotes compulsive behavior. Current Biology, S0960982222001178. 
https://doi.org/10.1016/j.cub.2022.01.055 
Sherathiya, V. N., Schaid, M. D., Seiler, J. L., Lopez, G. C., & Lerner, T. N. (2021). 
GuPPy, a Python toolbox for the analysis of fiber photometry data. Scientific Reports, 
11(1), Article 1. https://doi.org/10.1038/s41598-021-03626-9 
Skinner, B. F. (1948). “Superstition” in the pigeon. Journal of Experimental Psychology, 
38(2), 168–172. https://doi.org/10.1037/h0055873 
Sokolowski, J. D., Conlan, A. N., & Salamone, J. D. (1998). A microdialysis study of 
nucleus accumbens core and shell dopamine during operant responding in the rat. 
Neuroscience, 86(3), 1001–1009. https://doi.org/10.1016/S0306-4522(98)00066-9 
Sokolowski, J. D., & Salamone, J. D. (1998). The Role of Accumbens Dopamine in 
Lever Pressing and Response Allocation: Effects of 6-OHDA Injected into Core and 
Dorsomedial Shell. Pharmacology Biochemistry and Behavior, 59(3), 557–566. 
https://doi.org/10.1016/S0091-3057(97)00544-3 



86 
 
Spencer, R. L., & Deak, T. (2017). A users guide to HPA axis research. Physiology & 
Behavior, 178, 43–65. https://doi.org/10.1016/j.physbeh.2016.11.014 
Spencer, R. L., Miller, A. H., Moday, H., McEwen, B. S., Blanchard, R. J., Blanchard, D. 
C., & Sakai, R. R. (1996). Chronic social stress produces reductions in available splenic 
type II corticosteroid receptor binding and plasma corticosteroid binding globulin levels. 
Psychoneuroendocrinology, 21(1), 95–109. https://doi.org/10.1016/0306-
4530(95)00020-8 
Stewart, A., Mayer, F. P., Gowrishankar, R., Davis, G. L., Areal, L. B., Gresch, P. J., 
Katamish, R. M., Peart, R., Stilley, S. E., Spiess, K., Rabil, M. J., Diljohn, F. A., Wiggins, 
A. E., Vaughan, R. A., Hahn, M. K., & Blakely, R. D. (2021). Sex and Circuit Specific 
Dopamine Transporter Regulation Underlies Unique Behavioral Trajectories of 
Functional SLC6A3 Coding Variation [Preprint]. Neuroscience. 
https://doi.org/10.1101/2021.11.02.466932 
Stewart, A., Mayer, F. P., Gowrishankar, R., Davis, G. L., Areal, L. B., Gresch, P. J., 
Katamish, R. M., Peart, R., Stilley, S. E., Spiess, K., Rabil, M. J., Diljohn, F. A., Wiggins, 
A. E., Vaughan, R. A., Hahn, M. K., & Blakely, R. D. (2022). Behaviorally penetrant, 
anomalous dopamine efflux exposes sex and circuit dependent regulation of dopamine 
transporters. Molecular Psychiatry, 1–12. https://doi.org/10.1038/s41380-022-01773-7 
Surmeier, D. J., Ding, J., Day, M., Wang, Z., & Shen, W. (2007). D1 and D2 dopamine-
receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons. 
Trends in Neurosciences, 30(5), 228–235. https://doi.org/10.1016/j.tins.2007.03.008 
Sze, Y., & Brunton, P. J. (2020). Sex, stress and steroids. European Journal of 
Neuroscience, 52(1), 2487–2515. https://doi.org/10.1111/ejn.14615 
Ting, J. T., Daigle, T. L., Chen, Q., & Feng, G. (2014). Acute brain slice methods for 
adult and aging animals: Application of targeted patch clampanalysis and optogenetics. 
Methods in Molecular Biology (Clifton, N.J.), 1183, 221–242. 
https://doi.org/10.1007/978-1-4939-1096-0_14 
Tsai, H.-C., Zhang, F., Adamantidis, A., Stuber, G. D., Bonci, A., Lecea, L. de, & 
Deisseroth, K. (2009). Phasic Firing in Dopaminergic Neurons Is Sufficient for 
Behavioral Conditioning. Science, 324(5930), 1080–1084. 
https://doi.org/10.1126/science.1168878 
Veen, G., van Vliet, I. M., DeRijk, R. H., Giltay, E. J., van Pelt, J., & Zitman, F. G. 
(2011). Basal cortisol levels in relation to dimensions and DSM-IV categories of 
depression and anxiety. Psychiatry Research, 185(1), 121–128. 
https://doi.org/10.1016/j.psychres.2009.07.013 
Voorn, P., Vanderschuren, L. J. M. J., Groenewegen, H. J., Robbins, T. W., & Pennartz, 
C. M. A. (2004). Putting a spin on the dorsal–ventral divide of the striatum. Trends in 
Neurosciences, 27(8), 468–474. https://doi.org/10.1016/j.tins.2004.06.006 
Walker, Q. D., Rooney, M. B., Wightman, R. M., & Kuhn, C. M. (1999). Dopamine 
release and uptake are greater in female than male rat striatum as measured by fast 
cyclic voltammetry. Neuroscience, 95(4), 1061–1070. https://doi.org/10.1016/S0306-
4522(99)00500-X 



87 
 
Wanat, M. J., Bonci, A., & Phillips, P. E. M. (2013). CRF acts in the midbrain to 
attenuate accumbens dopamine release to rewards but not their predictors. Nature 
Neuroscience, 16(4), Article 4. https://doi.org/10.1038/nn.3335 
Wheeler, D. S., Ebben, A. L., Kurtoglu, B., Lovell, M. E., Bohn, A. T., Jasek, I. A., Baker, 
D. A., Mantsch, J. R., Gasser, P. J., & Wheeler, R. A. (2017). Corticosterone regulates 
both naturally occurring and cocaine-induced dopamine signaling by selectively 
decreasing dopamine uptake. European Journal of Neuroscience, 46(10), 2638–2646. 
https://doi.org/10.1111/ejn.13730 
Willuhn, I., Burgeno, L. M., Everitt, B. J., & Phillips, P. E. M. (2012). Hierarchical 
recruitment of phasic dopamine signaling in the striatum during the progression of 
cocaine use. Proceedings of the National Academy of Sciences, 109(50), 20703–
20708. https://doi.org/10.1073/pnas.1213460109 
Wong, M.-L., Kling, M. A., Munson, P. J., Listwak, S., Licinio, J., Prolo, P., Karp, B., 
McCutcheon, I. E., Geracioti, T. D., DeBellis, M. D., Rice, K. C., Goldstein, D. S., 
Veldhuis, J. D., Chrousos, G. P., Oldfield, E. H., McCann, S. M., & Gold, P. W. (2000). 
Pronounced and sustained central hypernoradrenergic function in major depression with 
melancholic features: Relation to hypercortisolism and corticotropin-releasing hormone. 
Proceedings of the National Academy of Sciences, 97(1), 325–330. 
https://doi.org/10.1073/pnas.97.1.325 
Woodward, C. J. H., Hervey, G. R., Oakey, R. E., & Whitaker, E. M. (1991). The effects 
of fasting on plasma corticosterone kinetics in rats. British Journal of Nutrition, 66(1), 
117–127. https://doi.org/10.1079/BJN19910015 
World Health Organization. (2021, September 13). Depression. 
https://www.who.int/news-room/fact-sheets/detail/depression 
Yin, H. H., & Knowlton, B. J. (2006). The role of the basal ganglia in habit formation. 
Nature Reviews Neuroscience, 7(6), 464–476. https://doi.org/10.1038/nrn1919 
Yin, H. H., Knowlton, B. J., & Balleine, B. W. (2005). Blockade of NMDA receptors in the 
dorsomedial striatum prevents action–outcome learning in instrumental conditioning. 
European Journal of Neuroscience, 22(2), 505–512. https://doi.org/10.1111/j.1460-
9568.2005.04219.x 
Yin, H. H., Ostlund, S. B., Knowlton, B. J., & Balleine, B. W. (2005). The role of the 
dorsomedial striatum in instrumental conditioning: Striatum and instrumental 
conditioning. European Journal of Neuroscience, 22(2), 513–523. 
https://doi.org/10.1111/j.1460-9568.2005.04218.x 
Yohn, C. N., Ashamalla, S. A., Bokka, L., Gergues, M. M., Garino, A., & Samuels, B. A. 
(2019). Social instability is an effective chronic stress paradigm for both male and 
female mice. Neuropharmacology, 160, 107780. 
https://doi.org/10.1016/j.neuropharm.2019.107780 
Zweifel, L. S., Parker, J. G., Lobb, C. J., Rainwater, A., Wall, V. Z., Fadok, J. P., Darvas, 
M., Kim, M. J., Mizumori, S. J. Y., Paladini, C. A., Phillips, P. E. M., & Palmiter, R. D. 
(2009). Disruption of NMDAR-dependent burst firing by dopamine neurons provides 
selective assessment of phasic dopamine-dependent behavior. Proceedings of the 



88 
 
National Academy of Sciences, 106(18), 7281–7288. 
https://doi.org/10.1073/pnas.0813415106 
 
  



89 
 

 VITA 
 

Ashley Lynn Holloway was born on June 25th, 1992 in Palos Heights, Illinois. She 
attended Amos Alonzo Stagg High School before matriculating at the University of 
Illinois at Urbana-Champaign (UIUC) in August 2010, where she designed her own 
major in Neuroscience. While at UIUC, Ashley worked in the lab of Dr. Justin Rhodes 
investigating the role of hippocampal neurogenesis in exercise-accelerated extinction of 
conditioned place preference for cocaine in mice. She also helped characterize a 
genetic mouse model of attention-deficit hyperactivity disorder. Ashley was a James 
Scholar Honors Student and earned Dean’s List recognition for numerous semesters 
while at UIUC. A portion of Ashley’s undergraduate research was funded by the Erik 
Haferkamp Memorial Scholarship from Beckman Institute at UIUC. After graduating 
from UIUC in May of 2014, Ashley went on to work with Dr. Mark Wainwright at Ann and 
Robert H. Lurie Children’s Hospital of Chicago. As a research associate in Dr. Mark 
Wainwright’s lab, Ashley investigated the intracellular mechanisms underlying thrombin-
induced downregulation of glutamate transporters in hippocampal astrocytes, and 
probed their role in ‘depressive-like’ behaviors after traumatic brain injury in mice. In 
September of 2017, after three years as a research associate, Ashley went on to pursue 
her doctorate in Neuroscience at Northwestern University. In June 2018, Ashley joined 
Dr. Talia Lerner’s lab for her thesis work, investigating the mechanisms by which 
chronic dysregulation of the stress hormone, corticosterone, impaired reward-seeking 
behaviors in male and female mice. Ashley’s dissertation work was funded by a 
National Science Foundation Graduate Research Fellowship (2019-2022), NIH NINDS 
F99 Award (2022-2023), and a donation from the Gordon and Rose McAlpine 
Foundation for Neuroscience Research (2023).  

Publications: 

• Holloway A.L., Schaid M.D., & Lerner T.N. (2023). Chronically dysregulated 
corticosterone impairs dopaminergic transmission in the dorsomedial striatum by sex-
divergent mechanisms. Neuropsychopharmacology. doi: 10.1038/s41386-023-01551-
1. PMID: 36810463. 

• Lerner, T.N., Holloway, A.L., & Seiler, J.L. (2021). Dopamine, updated: Reward 
prediction error and beyond. Current Opinion in Neurobiology, 67:123-130. 

• Holloway, A.L., & Lerner, T.N. (2019). The cerebellum shows its stripes. eLife 
2019;8:e52631. 

 


	Abstract
	Acknowledgments
	List of Abbreviations
	Table of Contents
	List of Tables, Illustrations, Figures, and Graphs
	Chapter 1: Introduction
	1.1 Stress and major depressive disorder
	1.2  How does the body respond to stress?
	1.3 Modeling CORT dysregulation in rodents
	1.4 Using operant conditioning to measure reward-guided behaviors in rodents
	1.5 Dopaminergic regulation of reward-guided operant conditioning

	Chapter 2: Chronically dysregulated corticosterone impairs dopaminergic transmission via sex-specific mechanisms
	2.1 Introduction
	2.2 Results
	2.2.1 Chronic corticosterone (CORT) treatment increases total plasma CORT in male mice and decreases plasma corticosteroid binding globulin (CBG) levels in both sexes
	2.2.2 Chronic CORT treatment impairs motivated reward-seeking in male and female mice
	2.2.3 Chronic CORT treatment does not impair phasic dopamine transmission during reward-seeking
	2.2.4 Chronic CORT treatment decreases tissue dopamine content of the dorsomedial striatum (DMS) in female mice
	2.2.5 Chronic CORT treatment impairs ex vivo dopamine transporter (DAT) function in the DMS of male mice
	2.2.6 Chronic CORT treatment impairs in vivo dopamine transporter (DAT) function in the DMS of male mice
	2.2.7 Chronic CORT treatment decreases phosphorylation of DAT at threonine-53 in the DMS of males

	2.3 Discussion

	Chapter 3: Methods
	3.1 Animals & housing
	3.2 Subcutaneous pellet implant
	3.3 Tail blood sampling & enzyme-linked immunosorbent assays (ELISAs)
	3.4 Estrus cycle tracking
	3.5 Stereotaxic surgeries
	3.6 Operant conditioning
	3.7 Sample preparation for high performance liquid chromatography-electrochemical detection and western blot
	3.8 High performance liquid chromatography and electrochemical detection (HPLC-ECD) of dopamine
	3.9 Ex vivo dLight1.3b imaging
	3.10 In vivo dLight1.3b fiber photometry
	3.11 Western blotting
	3.12 Statistical analysis

	Chapter 4: Conclusions and Future Directions
	4.1 The HPA axes of male and female mice respond differently to exogenous CORT treatment
	4.2 Chronic CORT dysregulation impairs reward-guided motivation in both sexes
	4.3 Chronic CORT dysregulation impairs DMS dopamine transmission via sex-divergent mechanisms
	4.4 Future Directions

	Final Remarks
	References
	VITA

