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Lay Abstract 

Cancer patients are at a high risk of developing depression. In addition to 

the psychological stress caused by a cancer diagnosis, there is evidence that 

cancer causes depression through biological pathways. To investigate these 

pathways, a mouse model of cancer-induced depression (CID) was developed. 

This model showed comparable behavioural and structural brain deficits to those 

observed in a stress model of depression. Cancer cells secrete elevated levels of 

glutamate, a signalling molecule that is involved in depression. In CID mice, 

inhibiting glutamate release had an antidepressant effect similar to that of 

fluoxetine, a standard clinical antidepressant. A genetic analysis on brain samples 

from the CID model revealed significant overlap with the stress model of 

depression. CID mice had additional changes relevant to learning, memory, and 

brain cell development that were not detected in the stress model. A better 

understanding of CID will lead to better treatment strategies developed 

specifically for cancer patients.  
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Abstract 

 Despite the lack of robust clinical response, treatment strategies for 

cancer-induced depression (CID) are currently limited to those developed for non-

cancer-related depression. The work presented in this dissertation conceptualizes 

CID as a pathophysiologically distinct form of depression. To investigate CID at 

the most basic level, we first developed a preclinical model that was validated by 

comparison to an established model of stress-induced depressive-like behaviours. 

The positive control model was developed by chronically treating female BALB/c 

mice with oral corticosterone (CORT). The CID model was developed using 

subcutaneous inoculation with 4T1 mammary carcinoma cells. Anhedonia, 

behavioural despair, and dendritic atrophy in the medial prefrontal cortex (mPFC) 

were observed in both models. Similar to many human cancer cell lines, 4T1 cells 

were shown to secrete significant amounts of glutamate, which was markedly 

attenuated using the system xc
- inhibitor sulfasalazine (SSZ). In CID mice, oral 

treatment with SSZ was at least as effective as fluoxetine, a popular clinical 

antidepressant, at preventing depressive-like behaviours. This effect was primarily 

attributable to intact SSZ, rather than its anti-inflammatory metabolite. RNA-

sequencing was performed on hippocampal samples from CID and CORT animals. 

Analysis of differential expressed genes (DEGs) revealed significant overlap 

between the two models. Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways and biological process gene ontologies (GO:BP) terms related to ion 

homeostasis and neuronal communication were enriched for both models. CID 
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was associated with additional DEGs that were not identified in the CORT model. 

These DEGs were enriched in KEGG pathways and GO:BP terms related to 

neuronal development, intracellular signalling cascade, learning, and memory. 

These studies suggest that CID may involve a distinct aetiology, and that 

glutamate secretion by cancer cells presents a viable target for antidepressant 

treatment. The development of mechanism-based therapeutics for CID will 

dramatically improve the quality of life for cancer patients.   
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Preface 

This doctoral dissertation is presented as a sandwich thesis, and consists of 

four manuscripts that were prepared for publication during the author’s Ph.D. 

candidacy. Two manuscripts have been published (Chapters 1 and 2), and two 

manuscripts have been submitted for publication (Chapters 3 and 4). Each 

manuscript is presented as a separate chapter and includes a preface detailing each 

author’s contributions, as well as a description of the underlying context for the 

manuscript. The first manuscript presented in Chapter 1 was prepared as a book 

chapter for Oncodynamics: Effects of Cancer Cells on the Body. This manuscript 

provides a conceptual overview and comprehensive background information on 

the pathophysiology of depression, the role of cancer in depression, and related 

topics. The three chapters that follow (Chapters 2, 3, and 4) detail experiments 

that were performed during the author’s Ph.D. candidacy. A concluding chapter 

(Chapter 5) summarizes the major findings of this dissertation and discusses 

future directions to be considered in the study of cancer-induced depression. 

 Literature cited within each manuscript are independent and consistent 

with the requirements of their corresponding journal. Literature cited elsewhere 

use the American Psychological Association (5th edition) style, and appear in a 

separate References section at the end of the dissertation. Appendices are included, 

which describe relevant optimization experiments and provide details for certain 

methodologies used in this research. 
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CHAPTER 1 

Oncodynamic Effect of Cancer on Depression 
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Preface 

 In this chapter, an author-generated version of the manuscript entitled 

“Oncodynamic Effect of Cancer on Depression”, published as a book chapter in G. 

Singh (Ed.), Oncodynamics: Effects of Cancer Cells on the Body (pp. 105-127). 

Cham: Springer International Publishing, Switzerland, is presented. This chapter 

is reprinted with permission from Springer Publishing (see Appendix 3 for 

Licence Agreement). 

 For this manuscript, I performed a thorough literature review on all topics 

discussed. I wrote the manuscript, generated the table and figure therein, and 

modified the manuscript based on editor suggestions. Dr. Benicio Frey and Dr. 

Patricia Rosebush provided clinical input on the content of the manuscript. They 

also reviewed and provided feedback on the structure of the chapter. Dr. Gurmit 

Singh provided intellectual direction and edited the manuscript.  

Context and Background Information  

The book for which this chapter was written introduces the term 

oncodynamics to the field of oncology and defines the term as “the impact of 

abnormal cues generated by tumors on the physiological functioning of the body”. 

This chapter specifically focuses on the oncodynamic effect that cancer has on the 

development of depression. A detailed discussion is provided for topics that are 

relevant for the rationale of this dissertation.   
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The chapter begins with an introduction highlighting the prevalence of 

depression in cancer patients, and the lack of specific treatment strategies 

developed for cancer-induced depression (CID). A discussion of the history of 

depression is provided and highlights the 19th century shift in our understanding of 

depression as a biologically mediated illness. The modern clinical criteria of 

major depressive disorder (MDD) are provided, followed by a detailed discussion 

of the major neurobiological theories of depression. This discussion covers the 

monoamine hypothesis of affective disorders, the involvement of neurotrophins 

(such as brain derived neurotrophic factor; BDNF), stress, inflammation, and 

glutamatergic signalling. Antidepressants are considered in the context of the 

neurobiology of depression. In particular, the benefits and limitations of modern 

antidepressants based on the monoamine hypothesis of the 1950s’ are emphasised. 

Antidepressant treatment for cancer patients is then considered, and it is 

concluded that more high quality clinical trials are needed to assess the efficacy of 

antidepressants for CID. The last section of the chapter reviews the common 

physiological abnormalities associated with both cancer and depression. The 

common pro-inflammatory state, physiological stress, and glutamatergic 

dysregulation associated with cancer and depression are considered as plausible 

oncodynamic mechanisms of CID. This dissertation predominantly focuses on 

glutamatergic dysregulation in CID. 
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Since this manuscript was prepared as a book chapter, it does not include 

the hypothesis and objectives of this dissertation. Therefore, the hypothesis is 

stated here:  

Cancer can induce depression through defined biological mechanisms, 

which represent a distinct subtype of depression. Glutamatergic signalling 

is involved in the induction and maintenance of cancer-induced depression, 

and is modifiable by pharmacological intervention at the tumour site.   

This hypothesis was investigated through 3 objectives, which are explored in 

Chapters 2, 3, and 4: 

Objective 1: To develop a validated behavioural mouse model of CID. 

Objective 2: To investigate the antidepressant efficacy of 

pharmacologically inhibiting system xc
- glutamate release at the tumour 

site.   

Objective 3: To investigate the CID model at the level of gene expression 

in comparison to a stress model of depressive-like behaviours.  
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Abstract 

Depressive disorders are among the most prevalent psychiatric illnesses in 

the general population. In cancer patients, the prevalence of depression is 

dramatically increased. In addition to the psychosocial impact of a negative 

diagnosis, recent evidence suggests that cancer-induced depression is mediated by 

biological processes. This oncodynamic effect of cancer on the development of 

depression is poorly understood, leading to ineffective treatment of cancer-

induced depression with drugs that are developed for depressive disorders in the 

general population. This chapter begins by outlining the clinical profile of major 

depressive disorder. We then provide a discussion of the most prominent 

neurobiological hypotheses of depression, including the monoamine hypothesis, 

the role of neurotrophins, physiological stress, inflammation, and glutamatergic 

signalling. The efficacy of current antidepressants is then discussed for depression 

in the general population and in cancer patients. This leads to a discussion of the 

biological basis of cancer-induced depression, including the effects of 

physiological stress, inflammation, and glutamatergic signalling. We conclude 

that more research is needed to determine oncodynamic events in the development 

of cancer-induced depression. Development of validated animal models is the first 

step in delineating contributing biological mechanisms, which will ultimately lead 

to more targeted drug development and improved efficacy. 
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Introduction 

The psychosocial impact of a cancer diagnosis undoubtedly contributes to 

co-morbid depression in cancer patients. While depression in the general 

population occurs with a lifetime prevalence of  ~8 – 12% [4], it can reach as high 

as 57% in breast cancer patients and can be a staggering 95% in high grade 

glioma [77].  In addition to the psychosocial contribution, recent preclinical and 

clinical evidence suggests the involvement of biological mechanisms in cancer-

induced depression (CID). This biological underpinning, and the development of 

the capacity to investigate it at the basic level, has a potentially profound impact 

on the quality of life of cancer patients. Currently, treatment for CID is limited to 

therapies developed for non-cancer-related major depressive disorder (MDD) 

despite lack of convincing evidence for the efficacy of these treatments in cancer 

patients [73]. A more effective strategy for treating CID begins with the 

investigation of the oncodynamic effect of cancer on depression at the most basic 

level. A better understanding of this interaction would provide the framework for 

developing new pharmacotherapy aimed at novel targets. This chapter will discuss 

what is currently known about the oncodynamic effect of cancer on depression by 

first reviewing depression at the clinical and etiological level, then examining 

cancer signalling events that are likely to contribute to CID.  
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Depression 

 The term melancholia (ancient Greek for “black bile”) was first used by 

Hippocrates around 400 B.C. to describe a disease state of persistent fear and 

despair [101]. According to the humoral theory, this disease state arose from 

excess black bile—one of the four bodily liquids, or humors. In the early 19th 

century, a “clinico-anatomical” view of disease asserted that symptoms of 

illnesses could be correlated with anatomical lesions [10]. During the second half 

of the 19th century, this conceptual shift led to greater focus on the brain in an 

effort to better understand melancholia. Today, insight from preclinical, 

biochemical, genetic, post-mortem, and neuroimaging studies have led to a greater 

understanding and classification of mood disorders. In addition to developing 

cognitive behavioural therapy, the last several decades have seen a proliferation of 

psychotropic drugs, which target specific biological pathways, enter the market. 

In the case of antidepressants, while the efficacy and tolerance have generally 

improved, low clinical response rates underscore the importance of continued 

progress in understanding the neurobiology of depression.   

Diagnosis & Classification of Depression 

 Mood disorders are characterized by persistent periods of intensely 

reduced or elevated mood that interfere with normal functioning. The subcategory 

of mood disorders that is defined by reduced mood is termed depressive disorders. 

According to the current fifth edition of the Diagnostic and Statistical Manual of 
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Mental Disorders (DSM-5) of the American Psychiatric Association (APA), the 

common feature of this subcategory is the presence of sad, empty, or irritable 

mood [5]. This can be accompanied by various somatic and cognitive changes that 

impede day-to-day functioning. Differences between depressive disorders depend 

on duration and timing of symptoms, as well as presumed aetiology.  

In the case of Major Depressive Disorder (MDD; commonly called major 

depression, clinical depression, or simply depression), changes in affect, cognition, 

and neurovegetative function occur in discrete episodes with inter-episodic 

remission [5]. Episodes must persist for at least 2 weeks, although typically last 

considerably longer, and at least one episode is required to make a diagnosis of 

MDD. If the mood disturbances persist for 2 or more years without periods of 

remission, a diagnosis of persistent depressive disorder (or dysthymia) is given. 

The depressive episodes required to make a diagnosis of MDD or dysthymia are 

characterized by the presence of 5 (or more) of 9 symptoms, summarized in Table 

1 below. In addition, at least one of the symptoms must be either (1) depressed 

mood or (2) anhedonia (loss of interest or pleasure). 
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Table 1. Symptoms for major depressive episode 

1. Depressed mood most of the day, nearly every day 
2. Markedly diminished interest or pleasure in all, or almost all, activities most of 
the day, nearly every day 
3. Significant weight loss when not dieting or weight gain, or decrease or increase 
in appetite nearly every day. 
4. Insomnia or hypersomnia nearly every day. 
5. Psychomotor agitation or retardation nearly every day 
6. Fatigue or loss of energy nearly every day. 
7. Feelings of worthlessness or excessive or inappropriate guilt nearly every day 
8. Diminished ability to think or concentrate, or indecisiveness, nearly every day 
9. Recurrent thoughts of death, recurrent suicidal ideation without a specific plan, 
or a suicide attempt or a specific plan for committing suicide. 

Neurobiology of Depression 

 There are several neurochemical and neuroanatomical correlates of 

depression, which have led to multiple etiological hypotheses. In reviewing these 

hypotheses, it is worth noting that no single model can sufficiently account for all 

aspects and variations of depression. Rather than a unified hypothesis of 

depression, it is likely that the true aetiology of a complex and heterogeneous 

mental disorder such as depression incorporates components from all current 

theories. 

The Monoamine Hypothesis of Affective Disorders 

 Monoamine neurotransmitters are a class of neurotransmitters derived 

from aromatic amino acids, and most notably include serotonin, norepinephrine, 

and dopamine.  In the 1950’s, the role of monoamines in mood disorders became 

apparent through a series of inadvertent discoveries, which eventually culminated 

in the monoamine hypothesis of affective disorders [101]. In 1955, some patients 
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being treated with the antihypertensive agent reserpine were found to become 

depressed after treatment [48, 95]. It was later shown that reserpine depletes 

vesicular storage of brain serotonin, which in turn reduces the available serotonin 

for synaptic transmission [48, 101, 135]. Conversely, the antimycobacterial agent 

iproniazid was shown to improve mood in tubercular patients with depression [22, 

48]. Iproniazid inhibits monoamine oxidase (MAO), the enzyme that degrades 

free monoamines in the presynaptic nerve terminal. By inhibiting MAO, 

iproniazid enhances central serotonin and norepinephrine transmission. This 

discovery prompted the development of other monoamine oxidase inhibitors 

(MAOIs). Further support for the monoamine hypothesis came when imipramine, 

a drug initially developed as an anxiolytic for agitated patients with psychosis, 

was shown to have antidepressant effects [48, 69]. Imipramine, now classified as 

a tricyclic antidepressant (TCA), acts by blocking monoamine reuptake 

transporters, thereby increasing the level of serotonin and norepinephrine in the 

synapse. Together, MOAIs and TCAs constitute first generation antidepressants. 

In the late 1980’s, momentum for the monoamine hypothesis prompted a second 

generation of antidepressants to enter development. These drugs aimed to increase 

receptor specificity and, therefore, decrease adverse side effects and increase 

tolerability. This second generation of antidepressants includes selective serotonin 

reuptake inhibitors (SSRIs), which are currently the most prescribed class of 

antidepressants, as well as serotonin-norepinephrine reuptake inhibitors (SNRIs). 

Although current antidepressants that target monoamine transmission are 
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clinically efficacious for some patients, their delayed antidepressant effect has 

proven to be problematic for the monoamine hypothesis. SSRIs increase 

monoamine transmission within hours of administration and begin to cause side 

effects within hours or days [48, 68]. However, enhanced mood requires weeks of 

chronic treatment. Additionally, monoamine depletion studies have found that 

acute reduction of monoamines can decrease mood in patients with a personal or 

family history of depression but not in healthy controls [68, 104, 123]. Rather 

than a direct effect of monoamine neurotransmission on mood state, it is now 

thought that antidepressants induce secondary transcriptional and translational 

changes that ultimately lead to synaptogenesis and neurogenesis [68, 101, 113]. 

For example, the transcription factor CREB (cAMP response element binding 

protein) is downstream of serotonin receptors and regulates expression of brain-

derived neurotrophic factor (BDNF). Clinical studies report decreased levels of 

CREB in the cortex of depressed patients, and experimentally increased CREB 

activity in the hippocampus of rodents has been reported to induce antidepressant-

like effects on behavioural tests [12, 101]. Additionally, CREB levels in the 

hippocampus are increased following chronic administration of antidepressants, 

such as the SSRI fluoxetine [12, 106]. These neuroplastic changes require several 

weeks and are necessary to achieve behavioural changes, which is consistent with 

the delayed response to antidepressants. Although the monoamine hypothesis has 

been the most clinically relevant theory of depression, leading to the development 

of first and second generation antidepressants, the delayed clinical response to 
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increased monoamines suggests that monoamine deficiency is not a primary 

abnormality in the aetiology of depression. 

Neurotrophins, BDNF, and the Anatomy of Depression 

In the brain, the monoamines serotonin and norepinephrine are largely 

released by the raphe nuclei and the locus coeruleus, respectively. These 

brainstem structures project to regions in the cerebral cortex and limbic system 

that regulate emotion, reward, attention, and executive function. Specifically, 

neuroimaging and volumetric post-mortem studies have identified reduced neural 

activity and dendritic atrophy in the hippocampus and the prefrontal cortex (PFC) 

[25, 60, 102, 134]. Although functional imagining studies have produced limited 

overlap in the brain regions identified in depression, meta-analytic results suggest 

that the regions with the most consistently reduced neural activity include the PFC, 

insula, cerebellum, and the parahippocampal gyrus (PHG; the major inflow tract 

to the hippocampus) [32, 45]. More consistent results have been provided through 

structural neuroimaging studies. These results were summarized in a meta-

analysis, which revealed consistent volume reductions in frontal regions (anterior 

cingulate, orbitofrontal, and prefrontal cortex), as well as in the hippocampus and 

dorsal striatum [45, 63]. Moreover, volume reductions have been shown to be 

attenuated with antidepressant treatment [134].  

The precise mechanism of region-specific volume reductions in depression 

has not been established. However, the role of BDNF has attracted interest in 

recent years. Stress-induced downregulation in hippocampal BDNF expression 
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has been well documented in preclinical studies [26]. Conversely, chronic 

treatment with antidepressants has been shown to upregulate hippocampal and 

PFC BDNF expression [87]. Post-mortem studies on humans support preclinical 

results, showing decreased levels of hippocampal BDNF in untreated subjects 

compared to subjects treated with antidepressant at the time of death [16, 26, 58, 

87]. These correlation studies have prompted investigation into a more causal role 

of BDNF regulation in depression. To explore the possibility of a causal 

association, a single-nucleotide polymorphism (SNP) in BDNF was investigated, 

which substitutes methionine for valine at amino acid 66 (Val66Met), leading to 

improper storage of BDNF in neurons [30, 68]. Consequently, less BDNF is 

secreted from the nerve terminals. When implemented into a biological system, 

knock-in mice with this polymorphism exhibited increased anxiety-related 

behaviours when exposed to stressors [17, 68]. Antidepressants have also been 

shown to increase other growth factors in the hippocampus, such as vascular 

endothelial growth factor (VEGF), likely through the activation of transcriptional 

regulators such as CREB [68, 143]. However, a direct neuroprotective role of 

growth factors such as BDNF has not been straightforward to establish due to 

region-specificity. For example, in the ventral tegmental area (VTA; most notably 

involved in reward response and drug addiction) and the nucleus accumbens 

(NAc; also involved in reward processing), infusion of BDNF causes increased 

depressive-like behaviours in mice [67].  
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Stress and Cytokines 

There is strong evidence in the literature that dysregulation of the 

hypothalamic-pituitary-adrenal axis (HPA) is an important factor in the biological 

aetiology of depression. In response to perceived stress by the cortical regions, the 

hypothalamus releases corticotropin-releasing hormone (CRH). CRH then 

stimulates the anterior pituitary gland to release adrenocorticotropic hormone 

(ACTH), which in turn stimulates the adrenal cortex to release cortisol, a 

glucocorticoid. In a negative feedback mechanism, excess cortisol inhibits the 

hypothalamus and anterior pituitary, halting further production of cortisol. 

Although the first depressive episode usually involves a stressful psychosocial 

“trigger”, later episodes of depression become increasingly “endogenous” as the 

illness progresses [45]. Even in the absence of exogenous triggers, increased 

plasma, urine, and cerebrospinal fluid (CSF) cortisol levels have been well 

documented in a subset of patients with depression [57, 85, 110, 111]. Chronic 

exposure to elevated levels of glucocorticoids can have a deleterious impact on 

brain structures involved in cognition and emotional functions [82]. In fact, 

hypercortisolaemia has been shown to cause structural remodelling in the 

hippocampus, amygdala, and PFC [90]. In the hippocampus, certain types of acute 

stress have been demonstrated to suppress neurogenesis in the dentate gyrus, 

leading to atrophy—an effect that has also been observed in patients with 

Cushing’s syndrome, which is primarily characterized by increased ACTH release 

from the pituitary gland and hypercortisolaemia [139]. This stress-induced 
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atrophy has been postulated to be the underlying mechanism of the volumetric 

reductions observed in the hippocampus and PFC of patients with depression. 

Further support for the role of chronic stress in depression has come from 

preclinical studies. The most successful and widely used murine models of 

depression have, in fact, relied on the clinical observations of stress as a risk 

factor in depression [103]. Chronic mild stress, chronic unpredictable stress, 

social defeat paradigms, as well as direct chronic administration of corticosterone 

have all provided some measure of construct validity in modelling depression by 

causing anhedonia in the sucrose preference test [39, 103, 114, 146, 147]. These 

paradigms have also demonstrated face validity by modelling demonstrable 

symptoms of depression (e.g. decreased investigative and locomotor activity), and 

predictive validity through the reversal of depressive-like behaviours following 

chronic antidepressant treatment [103, 146]. It is important to note, however, that 

true construct validity cannot be achieved in models of depression, as this would 

require re-creating the disease aetiology, which remains largely unknown. At the 

molecular level, there is evidence that hypercortisolaemia is associated with 

modulation of the serotonergic system. The serotonin receptor subtype 5-HT1A has 

been strongly implicated in depression and anxiety, with reduced receptor 

numbers and affinity reported in some patients [126]. Recently, preclinical and 

clinical evidence has suggested a causal role of stress-induced hypercortisolaemia 

on 5-HT1A receptor downregulation [72, 80].  
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“Sickness behaviour” constitutes a set of clinically recognized behaviours 

that human and animal subjects exhibit at the onset of infectious disease [44]. 

These behaviours, which are due to activation of the inflammatory response, share 

many characteristics with depression, such as anhedonia and cognitive 

impairment [45]. Cytokines are the molecular mediators of inflammatory 

responses. Pro-inflammatory cytokines such as interleukin 1 (IL-1), IL-6, and 

tumour necrosis factor alpha (TNF-α) have been found to be elevated in the 

plasma and CSF of patients with depression [151]. In rodents, direct injection of 

low doses of IL-1 has also been shown to induce “sickness behaviour” [28, 68]. In 

humans, depressive symptoms have been reported as a common side effect of 

treatment with interferon alpha (IFN-α), a pro-inflammatory agent, occurring in 

approximately 30-50% of patients [52]. Conversely, evidence suggests that anti-

inflammatory treatment such as non-steroidal anti-inflammatory drugs (NSAIDs) 

can be effective adjuvant drugs, particularly for treatment-resistant depression 

[65]. Despite strong evidence for a possible role of inflammation in the aetiology 

of depression, the neurobiological mechanism involved remains unknown. Further 

investigations should focus on the effect of neuroimmunological mediators (i.e. 

microglia) on surrounding glia and neurons [68].  

Glutamate 

 Glutamate is the anionic form of the amino acid glutamic acid. In the 

nervous system, glutamate is the most abundant neurotransmitter [92] and plays a 

key role in cognitive processes that are dependent on synaptic plasticity, such as 
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learning and memory [89]. Peripherally, glutamate is released as a response to 

induced inflammation and activation of peripheral nociceptive fibres [19, 109]. 

Additionally, direct injection of glutamate has been shown to increase sensitivity 

to thermal and mechanical stimuli in murine models [11, 54]. 

Ketamine is a widely used general anaesthetic, and is pharmacologically 

classified as an antagonist to N-Methyl-D-aspartate receptors (NMDAR), a type 

of ionotropic glutamate receptors. In recent years, ketamine has become the focus 

of accumulating reports assessing its antidepressant effects in both humans and 

animal models [97, 153].  In 2000, Berman and colleagues carried out the first 

clinical study that reported on ketamine’s rapid antidepressant properties. The 

antidepressant effects of ketamine were robust for the 9 patients involved in the 

randomized trial [9] and were then replicated in a larger study involving 18 

treatment-resistant patients [153]. Since then, glutamate signalling has become 

well established as a factor in the neurostructural changes in depression [29, 125], 

with extensive preclinical [8, 38, 39, 75] and clinical evidence [53, 152] to 

support the validity of glutamate modulation for treating depression.  

In 2010, interested in the potential for new depression therapeutics, Li and 

colleagues carried out a study on rats that began to elucidate a possible 

antidepressant mechanism for ketamine. They found that administration of 

ketamine rapidly activated the mammalian target of rapamycin (mTOR) pathway, 

leading to increased synaptogenesis in the prefrontal cortex [74]. Additionally, 

blocking mTOR signalling effectively blocked ketamine’s ability to induce 
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synaptogenesis. It is now suggested that antagonism of NMDARs by ketamine 

causes an increased concentration of extracellular glutamate, resulting in fast 

excitation of neurons through increased activity of α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptors (AMPARs), another type of ionotropic 

glutamate receptors [27]. This fast excitation causes an influx of calcium ions 

through voltage-gated calcium channels, which in turn stimulates the release of 

BDNF. BDNF subsequently stimulates tropomyosin-related kinase B (TrkB) and 

downstream signalling pathways including PI3K-Akt and MAPK. These 

pathways stimulate mTOR, a serine-threonine protein kinase, which in turn 

regulates genes that increase the density of synaptic proteins, ultimately leading to 

synaptogenesis and antidepressant behavioural responses [27]. Although ketamine 

is also known to interact with other signalling systems, including the dopamine 

D2 receptors, opioid receptors, and sigma (σ) receptors [66, 119], there is 

considerable evidence to suggest that the primary antidepressant response of 

ketamine is mediated by the NMDAR.  For example, other NMDA antagonists, 

including MK-801 and CPPene, have also shown effectiveness in inducing anti-

depressive effects in animal models [7, 84].  Moreover, the behavioural 

antidepressant effects of ketamine in animal models of depression have been 

shown to act independently of σ receptors [119]. In addition to ketamine, the 

antidepressant action of tianeptine, a clinically used TCA, has recently been 

attributed to glutamatergic regulation, possibly through the modulation of both 

AMPAR and NMDAR [91].  
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Clinically, concentrations of glutamate are elevated in the serum or plasma 

of patients with MDD [3, 61, 88, 94]. At the brain level, studies using magnetic 

resonance spectroscopy (MRS) reveal a decreased unresolved 

glutamate/glutamine signal (Glx) and glutamate alone signal (Glu) in brain 

regions that are relevant to depression, such as the PFC and anterior cingulate 

cortex [6, 46].  

 

Antidepressants 

Treatment for MDD has improved significantly since the serendipitous 

discovery of MAOIs and the formation of the monoamine hypothesis of 

depression in the 1950’s. However, with the underlying aetiology of the illness 

still unclear, efforts to create increasingly targeted therapy has been relatively 

stagnant. Monotherapy with first and second-generation antidepressants often fails 

to alleviate symptoms, and it may take multiple attempts with different 

antidepressants and adjunct therapy to achieve clinical efficacy. Treating 

depression becomes even more difficult when it presents as comorbidity, in part 

due to a lack of understanding of the relationship between the primary disease and 

depression. Few studies have examined depression in cancer patients at the basic 

level, and thus treatment options for CID are limited to those therapies developed 

for use in non-cancer-related MDD. In this section, we will consider the clinical 

efficacy of antidepressants in MDD as well as CID.  
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Antidepressants in Major Depressive Disorder 

 The Sequenced Treatment Alternatives to Relieve Depression (STAR*D) 

trial was the largest effort to date on the efficacy of antidepressants. It was 

commissioned by the National Institute of Mental Health (NIMH) and completed 

in 2006 [124]. In 2008, data from the trial became available. The study recruited 

4,041 adult patients (1,127 dropped out; 2,876 were analyzable) with MDD from 

primary care and psychiatric settings [50, 124]. As the primary outcome measure 

for remission, STAR*D used the Hamilton Depression Rating Scale (HAM-D) to 

measure the severity of depression. The HAM-D is a commonly used 52-item 

questionnaire that rates severity of depression on a 17-point scale, with scores of 

0-7 considered normal [42]. In level 1 treatment, patients received citalopram 

monotherapy, one of the most prescribed SSRIs, and remission rates were 

approximately 28% based on HAM-D scores [51]. In levels 2, 3, and 4 of the trial, 

patients who did not achieve remission in the previous level were either switched 

to a different antidepressant or received an augmentation to citalopram treatment. 

Switches to new antidepressants consisted of other SSRIs, SNRIs, TCAs, or other 

agents that act on monoamine transmission. In the case of treatment augmentation, 

a wide range of agents were used, including anxiolytics, lithium, and thyroid 

hormone T3 [51]. In each level of the trial, the treatment-resistant patients from 

the previous level were randomized to the new treatment regimens. Remission 

rates in levels 2, 3, and 4 of the trial were all below 30%. With only a third of 

MDD patients responding to initial monotherapy, systematic reviews of 
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randomized control trials (RCTs) have sought to better define the role of 

antidepressants in the clinical setting. In 2009, Cipriani et al. showed that of the 

commonly prescribed second generation antidepressants, escitalopram and 

sertraline were the most efficacious and best tolerated, leading to fewer 

discontinuations [18]. In another meta-analysis, Fournier et al. investigated 

antidepressant efficacy relative to initial symptom severity [33]. They concluded 

that patients with severe MDD benefit substantially from antidepressant treatment, 

whereas benefit is minimal in mild or moderate MDD. In addition to 

pharmacological modulation, cognitive behavioural therapy (CBT) has been 

shown to be beneficial for patients with depression, even in the case of severe 

MDD [24, 49]. In some cases of severe MDD that is not responsive to 

antidepressants, electroconvulsive therapy (ECT) may be used. ECT has been 

extensively shown to be effective in achieving remission in treatment-resistant 

patients [93]. However, due to the requirement of anaesthetic, ECT is rarely used 

as a first line of treatment. More recently, Repetitive Transcranial Magnetic 

Stimulation (rTMS) has also been shown to provide some benefit as adjunct 

therapy in treatment resistant patients [93].  

Antidepressants in Cancer-Induced Depression 

In stark contrast to the large-scale and high-quality RCTs available for 

primary MDD, few studies have investigated antidepressant efficacy and 

alternative or adjunct therapies in cancer patients.  This is surprising considering 

the high prevalence of depression comorbidity in cancer, a clinical observation 
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that spans decades [13, 31, 35, 62, 78, 144]. Difficulties in studying and treating 

CID are found at the preclinical and clinical levels. At the preclinical level, the 

lack of validated animal models for CID has restricted inquiry into the possible 

biological mechanisms involved. Cancer patients with comorbid depression are, 

therefore, limited to antidepressant treatment developed for non-cancer patients. 

Clinically, depression is underdiagnosed and undertreated in cancer patients, 

largely owing to the psychosocial complication of what might be considered 

“appropriate sadness” in terminally ill patients compared to treatable psychiatric 

disease [13, 78, 137]. In addition, factors such as cancer type, cancer stage, and 

demographic convolute an already complex mental disorder. Thus, in the absence 

of more precisely tailored treatment, antidepressants (particularly SSRIs) remain 

the first line of treatment in the oncologic setting.  

Although few studies have examined the efficacy of antidepressants in 

CID, a handful of systematic reviews have compiled such studies in an attempt to 

draw clinical conclusions. In 2006, 2007, and 2011, three groups examined the 

literature for antidepressant efficacy in cancer. The first review focused on SSRIs 

and found that four of the five studies reported positive results, and one study 

using fluoxetine showed no difference in incidence of depression compared to 

placebo [145]. The second review, which had overlapping studies with the first, 

also examined the efficacy of mianserin (a tetracyclic antidepressant; TeCA) in 

two included studies [120]. In this review, three placebo-controlled trials 

(including the two mianserin studies) showed positive results. Of the remaining 
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four studies, the two placebo-controlled trials did not detect a difference between 

treatment and placebo, while the two trials comparing active treatments found 

temporal improvement of depressive scores but no group differences. The third 

review in 2011 updated the previous results with one additional study, which did 

not detect a difference between placebo and paroxetine or desipramine [105]. 

Underscoring the lack of high-quality studies on the topic, a 2013 Cochrane 

review found no eligible RCTs, controlled trials, cohort studies or case-control 

studies investigating antidepressant efficacy in patients with primary brain 

tumours [122]. Studies under consideration were excluded for a wide range of 

issues, such as reporting on usual clinical care rather than systematically 

evaluating specific treatments. Most recently, another systematic review has 

investigated antidepressant efficacy in breast cancer specifically [15]. This review 

identified two eligible studies with mixed results, both of which have been 

included in other systematic reviews [105, 120, 145]. Concerns raised in this 

review included small sample sizes, and therefore, a significant risk of bias. 

Overall, these systematic reviews highlight the inadequacy of currently available 

literature on the question of antidepressant efficacy in cancer patients. From these 

studies, broad clinical conclusions cannot be drawn, which points to a need for 

larger and better designed clinical trials as well as a capacity to study CID at the 

basic level.  

In addition to pharmacotherapy, psychological interventions such as CBT, 

supportive psychotherapy, and group psychotherapy may be efficacious for cancer 
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patients either as primary treatment or in combination with antidepressants [2, 73, 

79]. However, in clinical trials of antidepressants, physiological interventions, 

including regular hospice care, may be a confounding variable that can mask 

antidepressant effect [79]. Therefore, intervention models under investigation 

need to be well designed and appropriately analyzed to control for such confounds.  

 

Cancer-Induced Depression 

Strong clinical and preclinical evidence exists in the literature to support a 

causal role of cancer on depression. In the introduction to this chapter, the 

prevalence of depression in the oncologic setting was discussed in comparison to 

depression in the general population. While the staggeringly high prevalence of 

depression in cancer patients suggests a strong correlation, the impact of 

psychosocial factors make it difficult to establish causation or biological 

mechanisms. However, early clinical studies reveal that psychological changes 

relating to depression may in fact precede the diagnosis of cancer [40, 55, 112]. 

More recently, a breast cancer study, which included 428 women, reported that 

over 25% of women with breast cancer exhibited symptoms of depression prior to 

being informed of their cancer diagnosis [142]. Using data from the World Mental 

Health Survey Initiative, another study performed a retrospective analysis on the 

mental health of cancer patients, which included nineteen countries and more than 

52,000 patients [107]. The study found that depression symptoms appear 

predictive of a later cancer diagnosis. By demonstrating an increased prevalence 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   26	
  

of depression in patients who have cancer but are unaware of their diagnosis, 

these clinical findings effectively eliminate the confounding psychosocial effect 

of a cancer diagnosis, and suggest a possible causal role of cancer on mental 

health at the biological level. In addition to clinical support, this oncodynamic 

impact of cancer on depression is supported through common biological systems 

between cancer and depression; namely, inflammation, physiological stress, and 

glutamatergic dysregulation. In order to investigate the possible causal role of 

these systems in the induction of depression by cancer cells, validated CID animal 

models need to be established. In 2009, Pyter et al. reported that peripheral 

mammary tumours induce behavioural changes such as anhedonia in rats and 

increase plasma biomarkers such as cytokines and corticosterone [115]. Similarly, 

in 2011 Lamkin et al. were able to replicate these findings using ovarian cancer in 

mice [71]. To investigate possible neurological correlates in CID, Yang et al. 

recently showed that tumour-bearing mice had reduced proliferating and 

progenitor neurons in the dentate gyrus of the hippocampus when compared to 

control animals [149]. Although these studies have provided compelling insight 

into the association between cancer and depression, more rigorous validation of 

CID models is needed. Behavioural and relevant neuroanatomical comparisons to 

existing validated models of depression would yield more convincing animal 

models. In addition, reversal trials using antidepressants on the positive control 

depressive models would further establish the validity of the behavioural tests 

used prior to evaluating the CID models. Properly validated CID models would be 
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an essential tool in manipulating inflammatory, stress, and glutamatergic systems 

in the investigation of the causal oncodynamic effect of cancer on depressive 

symptoms. To date, only correlative associations have been established between 

cancer and depression, although a causal relationship has been postulated based 

on the clinical studies discussed in earlier in this chapter. Expanding on what is 

currently known about the common biological systems that are involved in cancer 

and depression, we can discuss the most plausible oncodynamic mechanisms of 

CID. These proposed mechanisms of CID are summarized in Figure 1. 

Oncodynamic Effect Through Inflammation 

 A well-established characteristic of most cancer cells is their ability to 

exploit the host’s immune system at multiple stages of tumour development and 

metastasis [1, 20, 21, 34, 41, 43]. Specifically, cancer cells recruit an array of 

cytokine-producing leukocytes, such as tumour-associated macrophages (TAMs) 

[20, 100]. Cancer cells themselves are also capable of expressing various 

cytokines, such as TNF-α and IL-6, that attract more leukocytes [20]. In doing so, 

cancer cells employ the same mechanisms that are normally activated to repair 

tissue in response to tissue damage [70]. For example, in order to repair normal 

tissue damage, the extracellular matrix (ECM) that binds cells together must be 

broken down in order to allow for the recruitment of new cells to the site of injury. 

Platelets aggregating at the site of injury release platelet derived growth factor 

(PDGF), which in turn stimulate fibroblasts to secrete matrix metalloproteinases 

(MMPs). These enzymes break down the ECM of damaged cells and allow the 
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arrival of new cells [70]. Cancer cells that secrete PDGF can exploit this 

mechanism by recruiting MMP-secreting fibroblasts to break down the ECM of 

healthy epithelial cells and by replacing them with multiplying cancer cells [70, 

76].  

 As previously discussed in this chapter, depression is strongly associated 

with pro-inflammatory mediators in clinical and preclinical studies. The ability of 

cancer cells to directly secrete pro-inflammatory mediators highlights one 

possible oncodynamic pathway of CID. We can further postulate on the specific 

downstream effect of this oncodynamic event through closer investigation of 

inflammatory consequences in depression. Clinical studies investigating the 

cytokine profile of cancer patients have shown that IL-6, which is directly 

secreted by cancer cells [127], is elevated in the plasma of cancer patients who 

also exhibit depressive symptoms, compared to cancer patients who do not exhibit 

depressive symptoms [56, 99, 138]. In another study, the increased plasma 

concentration of IL-6 in ovarian cancer patients was associated with the 

vegetative symptoms of depression (such as fatigue and weight loss), but not with 

affective symptoms or overall depression [83]. Similar effects on vegetative, but 

not affective, depression symptoms have been observed with IFN-α therapy-

induced inflammation [14, 70, 98]. Taken together, these results suggest that 

cancer cell-secreted IL-6 (and possibly other inflammatory mediators) induces an 

oncodynamic effect on depression, which specifically exacerbates vegetative 

symptoms. 
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Oncodynamic Effect Through Physiological Stress 

 Physiological stress through activation of the sympathetic nervous system 

is an adaptive response to environmental stressors. As previously discussed, 

dysregulation of this response is strongly implicated in the aetiology of depression. 

Undoubtedly, the psychosocial impact of a cancer diagnosis is one source of this 

dysregulation. The induction of chronic physiological stress in cancer patients is 

supported by the clinical observation of increased plasma cortisol in advanced 

cancer patients [81, 128]. Additionally, plasma levels of cortisol are higher with 

increased tumour burden, metastasis, and pervasiveness of the cancer [116, 129, 

141]. This suggests a direct impact of cancer cells on physiological stress, in 

addition to the psychosocial contribution. However, the mechanism of cancer-

induced activation of the stress response has not been investigated, with the 

notable exception of adrenal tumours that autonomously produce and secrete 

cortisol [36]. Other studies have investigated general HPA activation in cancer 

patients, but not the mechanism of activation, and often in the context of 

investigating depressive symptoms [83, 138]. Although clinical studies suggest a 

direct oncodynamic effect of cancer on the dysregulation of the physiological 

stress response (and ultimately depression), a discussion on the biological 

mechanisms is lacking in the literature.  
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Oncodynamic Effect Through Glutamatergic Signalling 

 As early as the 1980’s, results from clinical investigations have 

demonstrated elevated plasma levels of glutamate in cancer patients [108, 118].  

More recently, the mechanism of glutamate release by cancer cells as well 

downstream consequences of this release have garnered attention in the literature. 

Initial studies focused on glioma cell lines and found that glutamate secretion into 

the extracellular environment involved the glutamate/cystine antiporter system xc
- 

[59]. This excess glutamate secretion causes excitotoxicity and death of 

surrounding neurons through over-activation of NMDARs [131, 150]. The same 

mechanism of glutamate secretion through system xc
- was later characterized in 

multiple cancer cell lines, including metastatic breast and prostate cancers, 

through in vitro and in vivo studies [130, 131, 132, 133, 140].  

Earlier in this chapter, the emerging role of glutamatergic signalling in the 

aetiology of depression was discussed. Excess glutamate secretion by cancer cells 

provides a biologically plausible cause of glutamate dysregulation in depression. 

This connection is particularly convincing in the case of gliomas, which secrete 

very high amounts of glutamate and which are also associated with a very high 

incidence of depression, as previously discussed. Neuronal hyperactivation due to 

glioma-secreted glutamate would interfere with neuroplastic and synaptoplastic 

events in the mPFC and the hippocampus, ultimately leading to depression. In 

peripheral cancers, the effect of glutamate on depression may not be as direct. 

Because of glutamate’s key role in many neuronal signalling events, glutamate 
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distribution and extracellular fluid (ECF) concentrations in the brain are tightly 

controlled. The vast majority of glutamate in the brain is stored in astrocytes, 

while glutamate in the ECF is maintained at very low concentrations relative to 

plasma levels in the periphery [47, 86, 136]. The blood-brain-barrier (BBB) is a 

crucial structure in the maintenance of this concentration difference between 

plasma and brain ECF glutamate. Excitatory amino acid transporters (EAATs) on 

the abluminal (brain-facing) membrane of the BBB transport glutamate from the 

ECF to the peripherally circulating blood. The luminal (blood-facing) membrane 

lacks EAATs, thus preventing the entrance of glutamate from the blood into the 

brain under normal physiological conditions. However, recent evidence has 

suggested that pathological conditions disrupt the BBB, leading to increased 

permeability. Substance P (SP) is a pro-inflammatory neuropeptide that has been 

implicated in nociception [23], depression [64, 96, 148], and is expressed in breast 

cancer cells [117].  It was recently shown that breast cancer cell-secreted SP is 

involved in the transmigration of cancer cells across the BBB [121]. To do this, 

SP activates an inflammatory response in the endothelial cells that comprise the 

BBB, which ultimately increases their permeability. Therefore, under pathological 

conditions such as metastatic disease, tight regulation of brain glutamate may be 

impaired by breaches in the BBB. This represents one possible mechanism 

through which glutamate secreted by peripheral tumours can affect brain 

physiology and induce depression.  
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An alternative oncodynamic mechanism would be analogous to pain 

transmission. Glutamate released by peripheral cancer cells causes pain in a 

model of bone metastasis, which is attenuated using an antagonist of system xc
- 

[140]. In this paradigm, glutamate does not need to cross the BBB in order to 

transmit a pain signal. Nociceptive fibres are activated peripherally and the signal 

is transmitted through the ascending pathway to cortical regions that perceive pain 

[37]. Similarly, it is plausible that peripheral glutamate activates CNS pathways 

indirectly through signal transmission, culminating in brain alterations consistent 

with depression. Therefore, although a mechanism has not been investigated in 

the literature, preclinical and clinical evidence suggests that cancer-secreted 

glutamate imparts an oncodynamic effect on the development of CID. In this 

section, two biologically plausible mechanisms for this oncodynamic effect have 

been suggested. 
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Figure 1. Schematic summarizing proposed oncodynamic mechanisms of 

cancer-induced depression. Glioma cells in the brain release large amounts 

of glutamate (Glu), which directly cause excitotoxicity of neurons by 

hyperexcitation of NMDARs. This causes a decrease in neurogenesis and 

synaptogenesis in brain regions such as the hippocampus (HIP) and 

prefrontal cortex (PFC), which leads to depressive symptoms. Peripheral 
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cancer cells also release large amounts of glutamate. Substance P (SP) 

released by cancer cells impairs the blood-brain barrier (BBB), causing 

increased permeability, which may allow peripherally secreted glutamate 

to enter the brain. Alternatively, peripherally secreted glutamate may act 

on the spinal cord through signal transduction pathways that project to 

brain regions involved in depression. Peripheral cancer cells also secrete 

cytokines, which may be a causal factor in vegetative depressive 

symptoms. Tumour burden has also been shown to influence the 

hypothalamic-pituitary-adrenal (HPA) axis, which leads to chronic 

physiological stress and depressive symptoms.  

 

Conclusion 

Depression in cancer patients is a highly prevalent comorbidity, which 

affects quality of life and survivorship. Although psychosocial factors contribute 

to depression in the cancer setting, the clinical evidence reviewed in this chapter 

suggests a more causal role of cancer on the induction of depression. Through 

careful consideration of the overlapping biological mechanisms involved in 

depression aetiology and cancer physiology, we can postulate on the initial 

oncodynamic signalling event(s) that lead to the induction of depression. However, 

a robustly validated preclinical model of CID is lacking in the literature. 

Therefore, the capacity to investigate the oncodynamic mechanism of CID 
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through manipulation of a valid model has yet to be established. Future direction 

in this field of research should focus on developing the capacity to investigate the 

mechanism(s) of CID, while being attentive to advancements in the understanding 

of depression aetiology.  
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Preface 

In this chapter, an author-generated version of the manuscript entitled 

“Depressive-like behaviours and decreased dendritic branching in the medial 

prefrontal cortex of mice with tumors: A novel validated model of cancer-induced 

depression”, published in Behavioural Brain Research November 2015, is 

presented. The paper is reproduced with permission from Elsevier, as stated on 

the copyright agreement: 

Authors can use their articles, in full or in part, for a wide range of 
scholarly, non-commercial purposes as outlined below: 

• Use by an author in the author’s classroom teaching (including 
distribution of copies, paper or electronic)  

• Distribution of copies (including through e-mail) to known 
research colleagues for their personal use (but not for Commercial 
Use)  

• Inclusion in a thesis or dissertation (provided that this is not to be 
published commercially) 

• Use in a subsequent compilation of the author’s works 

• Extending the Article to book-length form 

• Preparation of other derivative works (but not for Commercial 
Use) 

• Otherwise using or re-using portions or excerpts in other works 

These rights apply for all Elsevier authors who publish their article as 
either a subscription article or an open access article. In all cases we 
require that all Elsevier authors always include a full acknowledgement 
and, if appropriate, a link to the final published version hosted on Science 
Direct. 
(http://www.sciencedirect.com/science/article/pii/S016643281530111X) 
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For this paper, I performed the behavioural assays, animal drug treatments, 

cancer cell culturing and inoculations, tissue harvest and processing, dendritic 

analysis, blood collection and processing, CORT ELISA, and data analysis. 

Furthermore, I created all of the figures, tables, and both wrote and revised the 

manuscript. Dr. Eric Seidlitz revised the manuscript and provided critical training 

for techniques, input regarding experimental groups, design, and interpretation. Dr. 

Benicio Frey and Dr. Gurmit Singh provided intellectual direction and revised the 

manuscript. Please note that American spellings are used throughout the article, as 

required by the journal. 

Context and Background Information  

 In the introductory chapter of this manuscript, I argued that it is necessary 

to develop an animal model in order to begin exploring the pathophysiology of 

cancer-induced depression (CID) at the basic level. The manuscript presented in 

this chapter establishes the first validated preclinical model of CID. 

Immunodeficient models with human tumour cell xenografts were initially 

explored and rejected based on observed confounding behaviours, which 

diminished test reliability (Appendix 1). For example, immunodeficient BALB/c 

nu/nu mice exhibited a leg-grabbing behaviour on the tail suspension test (TST), 

which rendered it ineffective at determining escape vs. despair behaviours.  

 Other studies have recently established an associated between tumour 

burden and depressive-like behaviours, with a particular focus on the role of 
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inflammation (Lamkin et al., 2011; Norden et al., 2015; Pyter, Pineros, Galang, 

McClintock, & Prendergast, 2009; Yang et al., 2014). However, these studies do 

not validate their models using positive control models of depressive-like 

behaviours. To validate that the behavioural alterations observed in a new model 

are due to the induction of a depressive state, the same alterations must first be 

observed using the same assays in a an established model of a depressive-like 

state. Furthermore, the alterations observed in the positive control model must be 

reversible by antidepressant treatment to establish that the assays are sensitive to 

antidepressant effects. This is particularly important to control for the significant 

variability in animal behaviours of different strains and in different laboratory 

conditions (Krackow et al., 2010). 

 In this manuscript, a positive control model was established using chronic 

administration of corticosterone (CORT). A group of CORT mice were also 

treated chronically with fluoxetine (FLX), a popular clinical antidepressant. The 

CID model was induced with subcutaneous inoculation of murine 4T1 mammary 

carcinoma cells. Both the CORT and CID models displayed anhedonic and 

despair behaviours. The depressive-like behaviours observed in the CORT model 

were reversible by FLX treatment. In addition to the behavioural assays, a 

neuroanatomical assessment was conducted on the medial prefrontal cortex 

(mPFC) in both models. Dendritic atrophy and reduced neuronal activity have 

been demonstrated in the mPFC of depressed patients (Fitzgerald, Laird, Maller, 

& Daskalakis, 2008; Kempton et al., 2011; Koolschijn, van Haren, Lensvelt-
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Mulders, Hulshoff Pol, & Kahn, 2009). Our results demonstrated reduced mPFC 

apical and basilar dendritic arbour branching in CORT and CID mice. FLX 

treatment partially reversed these deficits in CORT mice.  

 This manuscript represents the first validated preclinical model of CID. 

Similar to the positive control CORT model, this model exhibited robust 

depressive-like behaviours and neuroanatomical deficits in the mPFC.  
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Abstract 

Depression is commonly comorbid in cancer patients and has detrimental 

effects on disease progression. Evidence suggests that biological mechanisms may 

induce the onset of cancer-induced depression (CID). The present investigation 

aims to establish a validated preclinical animal model of CID. Female BALB/c 

mice were allocated to four groups: control (n = 12), chronic oral exposure to 

corticosterone (CORT) (n = 12), CORT exposure followed by chronic low dose 

fluoxetine (FLX) treatment (n = 12), and subcutaneous inoculation of 4T1 

mammary carcinoma cells (n = 13). Anhedonia was evaluated using the sucrose 

preference test (SPT), and behavioural despair was evaluated using the forced 

swim test (FST) and tail suspension test (TST). Sholl analyses were used to 

examine the dendritic morphology of Golgi-Cox impregnated neurons from the 

medial prefrontal cortex (mPFC). CORT exposure and tumor burden were both 

associated with decreased sucrose preference, increased FST immobility, and 

decreased basilar and apical dendritic branching of neurons in the mPFC. CORT-

induced behavioural and dendritic morphological changes were reversible by FLX. 

No differences in TST immobility were observed between groups. On the 

secondary TST outcome measure, CORT exposure and tumor burden were 

associated with a trend towards decreased power of movement. CORT exposure 

induced a positive control model of a depressive-like state, with FLX treatment 

confirming the predictive validity of the model. This verified the sensitivity of 

behavioural and histological tests, which were used to assess the CID model. The 
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induction of a depressive-like state in this model represents the first successfully 

validated animal model of CID.  
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Introduction 

Major depressive disorder (MDD) is one of the most commonly diagnosed 

psychiatric disorders in primary care settings. Its lifetime prevalence is ~8 – 12 % 

[1], increasing to as high as 57 % in breast cancer patients and a staggering 95 % 

in high-grade glioma [2]. Depression in cancer patients has often been 

conceptualized as “reactive depression” due to the expected psychosocial 

influence of a cancer diagnosis [3]. However, treating the onset of depression as 

purely reactive in cancer patients does not account for any possible biological 

influence of the cancer itself. There is considerable clinical evidence that 

psychological changes relating to depression actually precede the diagnosis of 

cancer [4-6]. Over 25 % of women with breast cancer exhibit symptoms of 

depression prior to being informed of their cancer diagnosis [7], and depression 

symptoms appear to be predictive of a later cancer diagnosis [8].  These clinical 

findings suggest a biologically causative effect of cancer on the initiation of 

depressive symptoms, independent of confounding factors such as a patient’s 

knowledge of a psychologically stressful cancer diagnosis.   

A major impediment to the mechanistic study, drug development, and 

effective treatment of CID has been the lack of valid animal models that would 

facilitate preclinical research. The current investigation aims to address this need 

by developing a robust, validated mouse model of CID. To accomplish this, we 

first aimed to demonstrate that our chosen tests were sensitive to depressive-like 

behaviours induced by an existing, well-established animal model of non-cancer 
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related depression-like state. Predictive validity of the model was also assessed by 

intervention with a clinical antidepressant, fluoxetine (FLX). Anhedonia, the 

diminished ability to experience pleasure, is considered a core symptom of MDD 

[9, 10]. In the present investigation, anhedonia was assessed with the sucrose 

preference test (SPT), which is based on the neurobiological assumption that 

intake of sucrose-sweetened water is a valid measure of sensitivity to reward [11]. 

Another common measure of depressive-like behaviour in animals is “behavioural 

despair”, which we assessed using the forced swim test (FST) [12] and tail 

suspension test (TST) [13]. In these paradigms, despair is characterized by the 

duration of immobility (i.e. lack of escape behaviour) when exposed to forced 

swimming or tail suspension. To induce a positive control model of a depressive-

like state, we exposed mice chronically to corticosterone (CORT), which provides 

a well-established preclinical model of depressive-like behaviours [14-21]. FLX, a 

selective serotonin reuptake inhibitor (SSRI), was used at a low chronic dose to 

reverse CORT-induced behavioural changes [22, 23]. CORT-induced depressive-

like behaviours and their reversal by FLX established the sensitivity of the 

behavioural tests. In parallel with this, a group of animals were inoculated with 

4T1 mammary carcinoma cells subcutaneously to determine if a depressive-like 

state could be induced by cancer alone, and if this model could conform to the 

requirements of a robust preclinical animal model.  

Depression has been associated with dendritic atrophy and reduced 

neuronal activity in specific brain regions, particularly the hippocampus and 
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medial prefrontal cortex (mPFC) [24-28]. Therefore, a histological analysis of 

dendritic branching of pyramidal neurons in the mPFC was performed to 

investigate structural evidence of an induced depressive-like state and corroborate 

results from the behavioural analyses.  

 We hypothesized that the behavioural tests and the dendritic analyses 

would reliably identify depressive-like behaviours and structural changes in the 

mPFC in the CORT model of a depressive-like state, and that these changes 

would be reversible by chronic administration of FLX. We further hypothesized 

that our subcutaneous tumor model would exhibit depressive-like behaviours and 

dendritic atrophy using the same analyses, thereby validating an animal model of 

CID for further use in mechanistic studies and pharmaceutical development.  

In the current investigation, reversal of CORT-induced behavioural and 

dendritic changes by FLX confirmed the predictive validity of this model and 

verified the sensitivity of the behavioural and histological tests. Using these tests, 

tumor burden was shown to be associated with depressive-like behaviours and 

decreased dendritic branching in the mPFC, demonstrating a physiological 

association between cancer and a depressive-like state, and validating this animal 

model of CID. 

 

  



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   69	
  

Materials and Methods 

Mice 

Forty-nine female BALB/c mice aged 4-6 weeks were obtained from 

Charles River Laboratories (St. Constant, QC, Canada). Female mice were 

selected as male mice appear to more frequently gnaw and bite at tumor sites [29]. 

Mice were single-housed in sterile cages maintained at 24 °C with a 12-h 

light/dark cycle, and were provided ad libitum access to autoclaved food and 

water. All procedures were performed according to guidelines established by the 

Canadian Council on Animal Care under a protocol reviewed and approved by the 

Animal Research Ethics Board of McMaster University.  

Drug treatments 

To induce a positive control model of a depressive-like state, mice were 

administered chronic oral CORT as outlined previously [15]. Briefly, the pH of 

sterile water was increased to 12-13 using 10 N NaOH and CORT hemisuccinate 

(Steraloids, Newport, RI, USA) was added and allowed to dissolve overnight at 

4 °C to slow its decay. Once dissolved, the pH was neutralized to 7.0-7.5 using 10 

N HCl. The resulting CORT solution (35 μg/mL) was administered ad libitum to 

mice in place of their normal drinking water over a 21-day period. Mean dose was 

calculated to be 6.53 ± 0.16 mg/kg/day in these animals.  

 For the reversal of CORT-induced depressive-like behaviours, CORT 

treatment in drinking water was stopped, and the SSRI FLX was administered ad 
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libitum in drinking water for a 21-day period. FLX hydrochloride (Sigma-Aldrich, 

St. Louis, MO, USA) was dissolved in sterile drinking water at a concentration of 

150 μg/mL to obtain dosages between 10 and 18 mg/kg/day [23]. The mean dose 

of FLX consumed was 16.46 ± 0.16 mg/kg/day. FLX was administered in opaque 

bottles to protect it from light.  

Tumor cell inoculation 

Murine 4T1 mammary carcinoma cells are derived from a spontaneously 

arising mammary tumor in BALB/c mice [30, 31]. 4T1 cells (American Type 

Culture Collection, Manassas, VA, USA) were maintained in culture according to 

supplier specifications. Mice were anesthetized by isoflurane inhalation and 

inoculated with 15,000 4T1 cells in serum-free RPMI 1640 media (Life 

Technologies, Burlington, ON, Canada) subcutaneously on the right side of their 

lower backs. This tumor site was selected instead of the orthotopic site to avoid 

movement constraints and potential confounding behaviours in the FST and TST. 

All other mice that did not receive 4T1 injections were sham-inoculated with 

serum-free RPMI 1640 media. Tumor size was monitored using a digital caliper 

every 3-4 days once tumors became palpable at day 8. Mice were weighed weekly 

and overall health status was monitored every 3-4 days initially, and then daily 

during the final week prior to endpoint. All mice were euthanized 28 days after 

the mice in the tumor group were inoculated with cancer cells. 
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Behavioural analyses 

Sucrose preference was evaluated as a measure of anhedonia. Mice were 

first habituated to 3 % sucrose over a 72-h period.  During this period, regular 

drinking water was replaced with 3 % sucrose solution. This concentration of 

sucrose has been shown in our preliminary experiments to provide a robust 

sucrose preference of approximately 70 % in BALB/c mice, which allows for 

reliable detection of both elevations and reductions in preference (data not shown). 

The SPT was performed prior to any intervention at baseline and again after 

experimental treatments. During each testing period, mice were presented with a 

two-bottle option of water and 3 % sucrose solution for 48 h in their home cages. 

At 24 h, the positions of the two bottles were switched to eliminate any effect of 

location bias. Bottles were weighed before and after testing and preference was 

calculated as the percentage of sucrose solution intake relative to total fluid intake 

[32].  

Two tests were used to assess behavioural despair: the automated dual-

sensor FST (BioSeb, Vitrolles, France) and the automated TST (BioSeb, Vitrolles, 

France).  For the FST, mice were individually placed into 20 cm diameter beakers 

with 10 cm depth of sterile water warmed to 28 °C to counter hypothermia [33]. 

This system combines overhead video with input from vibration sensors attached 

to the beakers to distinguish between active state of swimming/climbing and 

inactive state of immobility/floating. The total testing duration was 6 min, with 

the first minute discounted from analysis to allow for behavioural stabilization. 
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The primary outcome measure of the FST was the duration of time spent 

immobile. For the TST, a piece of masking tape was placed around the tail of each 

animal. To suspend the mice, the tape was pierced with a hook attached to a strain 

gauge on the TST apparatus. Again, the total testing duration was 6 min, with the 

first minute discounted from analysis. Input from the strain gauge was used to 

compute immobility time, as well as secondary measures including power of 

movement (P.M.; arbitrary units).  

Experimental groups 

The FST and TST were performed once prior to endpoint to avoid 

confounding learned behaviours that could arise from repeated testing (e.g. leg-

grabbing on the TST). However, multiple exposures to the SPT did not confound 

later testing, and was found to be necessary to habituate mice to the sucrose 

solution. The SPT was initially performed at baseline and scores were used to 

divide animals into four experimental groups such that the means and standard 

deviations of sucrose preference were uniform between groups at baseline. The 

four groups were then randomly assigned to treatments: no treatment control (n = 

12), CORT-only (+CORT/-FLX; n = 12), CORT followed by FLX 

(+CORT/+FLX; n = 12), and subcutaneous tumor (n = 13). The detailed timeline 

of the experiment is presented in Figure 1.  
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Euthanasia and tissue processing 

Euthanasia was performed by isoflurane anesthesia and cardiac puncture 

exsanguination for endpoint blood collection, followed by decapitation. 

Euthanasia and endpoint monitoring were performed in accordance with protocols 

approved by the Animal Research Ethics Board of McMaster University. Brains 

were immediately removed, rinsed with sterile phosphate-buffered saline, and 

placed in Golgi-Cox impregnation solution (Hitobiotec Inc., Wilmington, DE, 

USA) for 2 weeks at room temperature. Following impregnation, brains were 

rapidly frozen in cooled isopentane. 200 μm sections were obtained using a 

cryostat and air dried on gelatin-coated slides at room temperature in the dark. 

Golgi-Cox impregnation was visualized by immersion of slides in an ammonium 

hydroxide-based solution provided with the Hito Golgi-Cox OptimStain Kit. 

Slides were dehydrated in increasing concentrations of ethanol, then cleared in 

xylene and coverslips applied using a xylene-based resinous mounting medium. 

Mounted sections were viewed by light microscopy. 

Dendritic analysis 

Eight mice from each experimental group were randomly selected for 

dendritic analysis (N = 32). Golgi-Cox stained brain sections between +2.45 and 

+1.45 relative to bregma were examined under light microscopy to identify 

pyramidal neurons in layer II–III of the mPFC [34]. Pyramidal neurons were 

identified by their characteristic triangular soma, basilar dendritic tree, and apical 
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dendrites extending towards the pial surface [35, 36]. Only neurons that appeared 

fully intact and were unobscured by other neurons were selected for imaging, 

yielding between 6 and 10 viable neurons for each animal. Z-stacked images were 

captured for each neuron in 2 μm increments using OpenLab 5 (PerkinElmer, 

Waltham, MA, USA). Neurons were digitally reconstructed using the Simple 

Neurite Tracer plugin for the open source software Fiji (ImageJ platform) [37], 

with the investigator blind to condition. Cumulative basilar and apical branch 

lengths were recorded following neuronal reconstruction. Assessing the variability 

between the 6 and 10 neurons selected from each brain provided a mean within-

animal standard error of the mean (SEM) of 9.4 ± 0.7 % for total basilar branch 

length, and 13.2 ± 0.8 % for total apical branch length. Cumulative basilar and 

apical branch lengths were also used to assess group differences in overall 

dendritic morphology.  

To more closely examine the extent of basilar and apical dendritic 

branching, Sholl analyses were performed, in which a grid of concentric rings 

spaced 10 μm apart was overlaid onto the neuronal image centered at the soma 

and the number of ring intersections with dendrites was computed for each neuron 

as a branching index [38, 39]. Sholl analyses were performed using a Fiji plugin 

[40].  

Blood collection and CORT ELISA 

At baseline, mice were anesthetized by isoflurane inhalation and 

approximately 100 μL of blood was collected from the orbital sinus. At endpoint, 
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mice were euthanized and blood samples were collected intracardially using 

sterile 18 G needles and 1 mL syringes. Blood samples were allowed to coagulate 

followed by centrifugation to extract serum. A mouse/rat CORT enzyme-linked 

immunosorbent assay (ELISA) (Alpco, Salem, NH, USA) was used to determine 

serum levels of CORT, with all samples analyzed in triplicate. 

Data analysis  

Comparisons between control versus +CORT/-FLX versus +CORT/+FLX 

aimed to establish test sensitivity by detecting a depressive-like state in the 

positive control CORT model and reversal of this state through FLX treatment. In 

parallel to establishing test sensitivity, comparisons between control versus tumor 

aimed to establish the CID model by detecting a depressive-like state in tumor-

bearing animals relative to control animals. Lastly, comparisons between the 

+CORT/-FLX versus tumor assessed any differences in the depressive-like states 

of the positive control CORT model and the tumor model. 

Behavioural results for the SPT, FST, and TST were expressed as mean 

scores for mice in each experimental group. For the dendritic analysis, branch 

length was expressed as mean total branch length for 8 mice from each 

experimental group. For these data, one-way analysis of variance (ANOVA) was 

used to analyze between-group effects. Grubb’s test was used to identify any 

outliers for each behavioural test. 

 Sholl analysis results were expressed as mean ring intersections summed 

into 20 μm bins for each experimental group. Weight was expressed as mean 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   76	
  

body weight for each experimental group, corrected for tumor mass in the tumor 

group. For these data, a two-way repeated-measures ANOVA (Sholl: group × 

distance from soma; weight: group × experimental days) was used to analyze 

between-group effects.  

For all one-way ANOVAs, planned comparisons were performed between 

all groups, with the exception of tumor animals versus +CORT/+FLX animals as 

this comparison would not yield meaningful results. Since these comparisons 

were planned a priori and involve a particular set of pairwise comparisons, 

Bonferroni’s correction for multiple comparisons was used for all one-way 

ANOVAs. For all two-way repeated-measures ANOVAs, selection of particular 

pairwise comparisons is not possible. These tests involved comparisons of each 

group to every other group. However, the comparisons between tumor animals 

versus +CORT/+FLX animals are not reported. For two-way repeated-measures 

ANOVAs, post hoc analyses were performed using Tukey’s multiple comparison 

test. All statistical tests were performed using GraphPad Prism software version 

6.0 for Macintosh (GraphPad Software, Inc., La Jolla, CA, USA). 

Tumor growth was measured every 3-4 days when tumors became 

palpable. Growth was expressed as mean tumor mass (in grams) over time. 

Calipers were used to measure tumor length, width, and depth, and hemi-ellipsoid 

tumor volume was calculated as V= L × W × H × 0.5236 [41, 42]. To correct for 

tumor mass when measuring body weight, tumor volume was converted to mass, 

assuming soft-tissue density of 1 g/cm3 [43, 44].   
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Serum samples were pooled to produce a single sample for each group, 

and CORT levels were analyzed at baseline and endpoint. Samples were pooled 

for economical reasons and to allow for technical replicates. CORT levels were 

then reported as the percent of baseline levels, such that 100% represents the same 

concentration of serum CORT at endpoint as measured at baseline prior to model 

induction.  
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Results 

Weight and tumor size monitoring 

The main effect of treatment group approached significance (F(3,47) = 2.77, 

P = 0.052), and there was a significant interaction between group and time (F(12,188) 

= 4.28, P < 0.0001) (Figure 2). Post hoc analysis revealed significantly reduced 

weight of +CORT/-FLX animals compared to +CORT/+FLX animals at day 4 (P 

= 0.005), day 12 (P = 0.032), and day 18 (P = 0.002). Other non-significant trends 

were also noted. On average, CORT-treated mice weighed slightly less than 

control, and there was a trend toward increased weight in the FLX-treated mice 

compared to control. After day 12 of tumor growth, tumor-bearing mice weighed 

slightly less than control mice. All mice in the tumor group exhibited exponential 

tumor growth over 25 days, with a final mean tumor mass of 0.27 ± 0.03 g 

(Figure 3).  

Behavioural analyses 

In the SPT, 1 animal from the control group and 1 animal from the tumor 

group were excluded from analysis as they were determined to be outliers. There 

was a significant main effect of treatment group observed in the SPT (F(3,43) = 4.45, 

P = 0.008). Planned analysis revealed that CORT-treated mice showed a reduction 

in preference for 3 % sucrose solution compared to control (P = 0.008) (Figure 

4A). Mice that received FLX treatment had a sucrose preference that was 

intermediate between control and CORT-only mice. This partial recovery of 
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preference did not significantly differ from either group (+CORT/+FLX vs. 

Control: P = 0.55; +CORT/+FLX vs. +CORT/-FLX: P = 0.41). Tumor-bearing 

mice showed a significantly reduced sucrose preference compared to control mice 

(P = 0.035), and did not differ from CORT-treated mice (P > 0.99).  

 There was a significant main effect of treatment observed in the FST 

(F(3,45) = 6.12, P = 0.001).  Planned analysis revealed that CORT-treated mice 

showed a significantly increased immobility time compared to control (P = 0.013) 

(Figure 4B), which was reversed by FLX (P = 0.011). Tumor-bearing mice 

showed a significantly increased immobility time compared to control mice (P = 

0.039), and did not differ from CORT-treated mice (P > 0.99).  

 Two measures for the TST were reported: immobility time (Figure 4C) 

and P.M. (Figure 4D). There was no main effect of treatment group in the TST 

immobility or P.M. (F(3,45) = 1.68, P = 0.18) or P.M. (F(3,45) = 0.86, P = 0.47). 

However, the 3 experimental groups exhibited a non-significant trend towards 

decreased P.M. 

Dendritic analyses 

Layer II-III pyramidal neurons in the mPFC were identified in Golgi-Cox 

impregnated coronal sections of mouse brains. Figure 5 illustrates the 

identification of the mPFC in coronal sections, complete neuronal impregnation, 

and digital reconstructions of neurons from all experimental groups.  

 Differences in overall dendritic morphology were assessed by examining 

cumulative basilar and apical branch lengths (Figure 6). There was a significant 
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main effect of treatment group on the basilar branch length (F(3,28) = 3.18, P = 

0.039) and apical branch length (F(3,28) = 7.34, P < 0.001). Planned analyses 

revealed a non-significant trend for shorter basilar branch length in CORT-treated 

mice compared to control mice (P = 0.13), while apical branch length was 

significantly reduced (P < 0.001). FLX-treated mice had higher basilar branch 

compared to CORT-only mice, which approached significance (P = 0.072), 

although apical branch length was intermediate between control and CORT-only 

mice and not significantly different from either group (+CORT/+FLX vs. Control: 

P = 0.10; +CORT/+FLX vs. +CORT/-FLX: P = 0.17). Basilar branch length was 

reduced in tumor-bearing mice compared to control mice, but did not reach 

statistical significance (P = 0.58), and was also not different compared to CORT-

treated mice (P > 0.99). Apical branch length was reduced in tumor-bearing mice 

compared to control mice, which approached significance (P = 0.073), and was 

not different compared to CORT-treated mice (P = 0.23).  

 The extent of dendritic branching was assessed by Sholl analyses. Table 1 

illustrates the details of the Sholl analyses, showing group differences in basilar 

and apical intersections at each 20 μm bin. Figure 7 visually highlights the results 

of the Sholl analysis, showing the pattern of group difference for basilar (Figure 

7A) and apical (Figure 7B) branching. For both basilar and apical arbors there 

were significant main group effects (basilar: F(3,28) = 3.22, P = 0.038; apical: F(3,28) 

= 7.38, P < 0.001) and significant interactions of group and distance from soma 

(basilar: F(30,280) = 2.62, P < 0.0001; apical: F(51,476) = 1.74, P = 0.002). Post hoc 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   81	
  

analysis at each 20 μm interval from the soma revealed that CORT-treated mice 

had significantly reduced basilar branching compared to control mice between 30 

and 40 μm (P = 0.048), and significantly reduced apical branching between 90 

and 240 μm (90-100 μm: P = 0.031; 110-200 μm: P < 0.001; 210-220 μm: P = 

0.018; 230-240 μm: P = 0.025).  FLX-treated mice had significantly increased 

basilar branching compared to CORT-only mice between 90 and 120 μm (90-100 

μm: P = 0.029; 110-120 μm: P = 0.012), and significantly increased apical 

branching between 150 and 160 μm (P = 0.048). Apical branching was only 

partially recovered by FLX treatment since FLX-treated mice had significantly 

reduced apical branching compared to control mice between 170 and 180 μm (P = 

0.037). Tumor-bearing mice had significantly reduced basilar branching 

compared to control mice between 30 and 60 μm (all intervals: P < 0.001), and 

significantly reduced apical branching between 110 and 180 μm (110-120 μm: P 

= 0.012; 130-140 μm: P = 0.002; 150-160 μm: P = 0.002; 170-180 μm: P = 

0.016).  Basilar and apical branching was not different between tumor-bearing 

mice and CORT-treated mice at any interval. 

Serum CORT ELISA 

Endpoint serum CORT, normalized to baseline levels, was elevated in 

CORT-treated mice (28 days after CORT cessation) compared to control mice 

(Table 2). In the FLX-treated group, serum CORT was elevated compared to 

control mice, but slightly less than CORT-only mice. Statistical considerations 
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were not applicable as individual animal samples were pooled, yielding one 

sample for each group. 
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Discussion 

Clinical evidence indicates that there is an alarmingly high prevalence of 

depression comorbidity in cancer patients [45, 46]. Depression has also been 

shown to be predictive of cancer progression and increased mortality [47-51]. 

Currently, treatment options for CID are limited to therapies developed for use in 

non-cancer MDD. Although cancer patients in their last year of life are four times 

more likely than the general population to be prescribed an antidepressant [52], at 

present, the few existing studies that have examined the efficacy of 

antidepressants in cancer patients have provided inconsistent results [53-55]. 

While some studies have demonstrated moderate efficacy, others have shown no 

changes in the incidence or level of depression between patients prescribed a 

placebo or antidepressant, even for two of the most widely prescribed 

antidepressants, fluoxetine and paroxetine [53]. These clinical findings highlight 

the need for mechanistic investigations and the development of novel targeted 

therapies for CID, which requires the establishment of validated animal CID 

models. Several recent studies focusing on the role of cancer-mediated 

inflammation as an underlying cause of depression have provided preclinical 

evidence supporting CID as a symptom needing specialized treatment [29, 56-58]. 

These studies demonstrate depressive-like behaviours in tumor-bearing rodents 

using tests designed to measure behavioural despair and/or anhedonia. Results 

from the CID model in the current investigation were consistent with these studies. 

The positive control CORT model and reversal with FLX provided further 
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confirmation of the sensitivity of our tests in detecting a depressive-like state and 

antidepressant effect, respectively. Results for all behavioural and dendritic 

analyses are summarized in Table 3. Prior studies investigating CID lack 

supporting evidence from histological analyses of brain regions known to be 

relevant to depression. In this investigation, a histological examination of the 

mPFC was performed, which further validated our CID model. 

We used a simple and non-invasive chronic CORT exposure model as a 

positive control to induce a classical, stress-mediated depressive-like state [15, 16, 

59]. Exposure to oral CORT causes a persistent depressive-like state in rodents, 

which can last several weeks after cessation of the treatment period [15, 60]. The 

antidepressant FLX was used to confirm the predictive validity of the CORT 

model. FLX was utilized given that it has previously been reported to be 

efficacious when chronically administered at similar doses (10 – 18 mg/kg/day) 

[22, 23]. Antidepressants such as FLX that have limited effects acutely but are 

effective when administered chronically in animal models are thought to better 

represent clinical antidepressant mechanisms [61]. To verify the biological 

correlates of this positive control model, serum CORT was assessed using an 

ELISA and found to be elevated at endpoint, three weeks following cessation of 

CORT treatment (Table 2). By comparison, the FLX-treated group had a lower 

serum CORT level compared to the positive control model, although results 

should be cautiously interpreted in the absence of a statistical analysis due to 

pooling of samples. These results are consistent with reports that FLX inhibits P-



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   85	
  

glycoprotein at the blood-brain barrier, causing increased activation of 

glucocorticoid receptors in the brain and negative feedback on the HPA-axis [62, 

63].  

In animal models of a depressive-like state, anhedonia is typically assessed 

using the SPT. In the present study, animals in the positive control CORT group 

exhibited a significantly reduced sucrose preference 3 weeks after cessation of 

CORT administration (Figure 4A). The observed decrease in sucrose preference 

was partially reversed by FLX. A complete reversal of depressive-like behaviours 

by FLX should not be expected. Clinically, only about 1/3 of depressed subjects 

treated with a single SSRI achieve full remission [64] and treatment response 

depends in part on the severity of depressive-like symptoms [65]. Preclinical 

studies support these observations, with FLX treatment reversing approximately 

40 – 50 % of swim-induced immobility on the FST [66]. Our proposed animal 

model of CID also exhibited an anhedonic response in the SPT, which was similar 

in magnitude to, and did not differ statistically from, CORT-induced anhedonia.    

The FST and TST were initially developed as behavioural assays to screen 

for novel antidepressants [33, 67, 68] and inherently induce acute stress, which is 

reversed by administration of antidepressants. Recently, the FST and TST have 

also demonstrated sensitivity in detecting depressive-like states in animal models 

of chronic mild stress, including oral CORT administration [59, 69]. In the present 

study, these behavioural assays were used to assess the depressive-like state of 

CORT-treated as well as tumor-bearing mice. The tests served to confirm the 
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predictive validity of the CORT model to induce a depressive-like state and to 

reverse this state through chronic low-dose FLX treatment. In the FST, our CID 

model exhibited nearly the same level of behavioural despair as that induced by 

CORT treatment, which was reversible by FLX treatment. In contrast, there were 

no differences observed between groups in immobility as measured by the TST. 

However, trends for the power of movement measure suggest behavioural despair 

in CORT-treated mice, which was not reversed by FLX, as well as behavioural 

despair in the CID model. Although both the FST and TST were developed as 

measures of despair, the divergent results from these tests suggest that these 

particular tests may detect different pathophysiological mechanisms. Levels of 

immobility as measured by the FST, but not the TST, are significantly altered 

after repeated ketamine treatment, suggesting that FST may be more sensitive to 

glutamatergic dysregulation [70]. It is also possible that the FST with video and 

sensor inputs, as well as a more precise calibration method, was more sensitive in 

differentiating between mobile and immobile states. Taken together, the 

behavioural results reported here demonstrate sensitivity in detecting depressive-

like behaviours in the positive control model, which are at least partly reversed by 

FLX. Although any statistically significant differences in depressive-like 

behaviours between tumor and control animals would have been sufficient to 

validate the CID model, the robustness of response on these assays is important 

for the model’s future utility. The CID model developed in this study 

demonstrated similar magnitudes of anhedonia and behavioural despair as the 
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positive control CORT model, which we have shown to be sensitive to reversal by 

FLX. We can, therefore, expect our CID model to reliably detect treatments that 

would be efficacious for CID. 

Clinical and post-mortem studies using neuroimaging and volumetric 

analyses have consistently identified dendritic atrophy and reduced brain 

activation in the mPFC of depressed patients [24, 26, 27, 71-73]. To examine 

changes in dendritic branching in the mPFC, Golgi-Cox stained neurons were 

imaged, digitally reconstructed, and traced and dendritic arbors were analyzed by 

Sholl analysis. Golgi-Cox staining has the unique quality of fully penetrating only 

a small fraction of neurons, thereby facilitating the visualization of dendritic 

branching within individual neurons [74]. Results from analyzing dendritic branch 

length and the Sholl analyses indicate CORT-induced atrophy of apical and, to a 

lesser extent, basilar dendrites, which was partially reversed by FLX (Figs. 6 & 7). 

These results support previous observations using murine stress models of a 

depressive-like state, which report atrophy primarily in apical but not basilar 

dendrites of the mPFC [35]. Studies using hippocampal samples generally report 

similar findings [75-79], although one recent study found significantly decreased 

basilar, but not apical, branching in the hippocampal CA1 region of mice exposed 

to chronic oral CORT [80]. In a study that examined the mPFC, a clear but 

ultimately non-significant trend towards decreased cumulative basilar branch 

length and extent of branching using the Sholl analysis were observed [35]. 

Similar to the behavioural findings, our CID model exhibited basilar and apical 
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dendritic atrophy that was comparable in magnitude to the positive control CORT 

model. In addition to behavioural tests, these findings provide a histological assay 

to further investigate the central effects of novel treatments for CID. Hippocampi 

from mice used in the present investigation were also preserved for future 

differential gene expression studies using next-generation sequencing. 

As mentioned previously, few clinical studies have been undertaken to 

assess the efficacy of current antidepressants on CID, with several existing studies 

reporting inconsistent findings. The pathophysiology of CID should not be 

assumed to parallel non-cancer related MDD without further careful investigation 

into the etiology, physiology, and treatment of cancer patients with depression. 

Care should be taken in using antidepressants such as FLX to assess the predictive 

validity of a preclinical CID model. Our future investigations into the mechanisms 

that underlie CID will assess the efficacy of FLX, as well as several other 

pharmacological agents, in attenuating CID using the animal model developed in 

this study. Several of these agents will target the glutamatergic pathway, given 

that glutamatergic dysregulation is important in both cancer and depression.  
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Conclusion 

The lack of validated animal models has been one of the main obstacles in 

studying the underlying biology of CID. By evaluating the sensitivity of multiple 

behavioural assays, as well as dendritic analyses in the mPFC, we have 

established and validated the first mouse model of CID.  Our findings will 

facilitate further research into the mechanisms underlying CID, and ultimately 

help to support the development of much needed novel, targeted therapies.  
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Tables & Figures 

 

Figure 1. Timeline of the experiment. Day 0 represents the day of animal arrival. 

Procedures for each of the 4 groups are listed along the timeline at the days that 

they were performed. (SPT, sucrose preference test; TST, tail suspension test; 

FST, forced swim test; CORT, corticosterone; FLX, fluoxetine).  
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Figure 2. Mean body weight of mice in the 4 experimental groups. Data are 

presented for the duration of tumor growth. Mice that were administered 

corticosterone alone (+CORT/-FLX; n = 12) weight less than mice that were 

administered fluoxetine following CORT treatment (+CORT/+FLX; n = 12) at 

day 4 (P = 0.005), day 12 (P = 0.032), and day 18 (P = 0.002). There was a trend 

toward decreased weight for +CORT/-FLX mice and increased weight for 

+CORT/+FLX mice compared to control mice (n = 12). There was also a trend 

toward decreased weight for mice that were inoculated with 4T1 mammary 

carcinoma cells (tumor; n = 13) compared to control mice after 12 days of tumor 

growth (corrected for tumor mass). Data are expressed as mean ± SEM. Two-way 

repeated-measures ANOVA with Tukey’s post hoc test for multiple comparisons 

were used to analyze group differences over time (* P < 0.05, ** P < 0.01). 
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Figure 3. Tumor growth in mice subcutaneously inoculated with 15,000 4T1 

mammary carcinoma cells (n = 13). Tumor growth pattern was exponential and 

tumor mass reached an average of 0.27 ± 0.03 g by day 25 of tumor growth. Data 

are expressed as mean ± SEM.  
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Figure 4. Behavioural results for the 4 experimental groups: control (n = 12), 

corticosterone treatment (+CORT/-FLX; n = 12), CORT treatment followed by 

fluoxetine treatment (+CORT/+FLX; n = 12), and 4T1 mammary carcinoma cell 

inoculation (tumor; n = 13). (A) In the sucrose preference test (SPT) preference is 

calculated as (sucrose water consumption/total fluid intake)×100, where 50% 

represents equal consumption of sucrose water and regular water. CORT 
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treatment was associated with reduced preference for sucrose solution compared 

to control (P = 0.008). FLX-treatment partially recovered sucrose preference, but 

not to statistical significance (compared to control, P = 0.55; compared to 

+CORT/-FLX, P = 0.41). Tumor burden was associated with decreased sucrose 

preference (P = 0.035) and did not differ from CORT-treated mice (P > 0.99). (B) 

In the forced swim test (FST) CORT treatment was associated with increased 

immobility time (P = 0.013), which was reversed by FLX treatment (P = 0.011). 

Tumor burden was associated with increased immobility compared to control (P = 

0.039), and did not differ from CORT-treated mice (P > 0.99). In the tail 

suspension test (TST), no significant differences were observed in immobility (C) 

or power of movement (P.M.) (D). However, CORT-treated mice displayed a 

trend towards decreased P.M., which did not appear to be affected by FLX 

treatment. Tumor-bearing mice also displayed a trend towards decreased P.M. 

compared to control mice. Data are presented as mean ± SEM. One-way ANOVA 

with Bonferroni’s correction for multiple comparisons were used to analyze group 

differences (* P < 0.05, ** P < 0.01).  
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Figure 5. (A) A coronal section schematic highlighting the medial prefrontal 

cortex (mPFC) in a mouse brain (adapted from Franklin [34]). (B) Golgi-Cox 

impregnated layer II-III pyramidal neurons from the mPFC under light 

microscopy on a single z-plane axis. A representative neuron is shown for each of 

the 4 experimental groups: control, corticosterone treatment (+CORT/-FLX), 

CORT treatment followed by fluoxetine treatment (+CORT/+FLX), and 4T1 

mammary carcinoma cell inoculation (tumor). (C) Digital reconstructions of the 

representative neurons in panel B.  
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Figure 6. Basilar and apical 

branch length for the 4 

experimental groups: control (n 

= 8), corticosterone treatment 

(+CORT/-FLX; n = 8), CORT 

treatment followed by 

fluoxetine treatment 

(+CORT/+FLX; n = 8), and 4T1 mammary carcinoma cell inoculation (tumor; n = 

8). There was a non-significant trend toward lower mean basilar branch length in 

CORT-treated mice compared to control mice (P = 0.13). FLX treatment was 

associated with increased basilar branch length compared to CORT-only mice, 

which approached significance (P = 0.072). There was a non-significant trend 

toward lower mean basilar branch length in tumor-bearing mice compared to 

control mice (P = 0.58), and was also not different compared to CORT-treated 

mice (P > 0.99). CORT treatment reduced apical branch length (P < 0.001). This 

reduction was partially reversed with FLX treatment, though not to statistical 

significance (compared to control, P = 0.10; compared to +CORT/-FLX, P = 

0.17). Tumor burden was associated with decreased apical branch length, which 

approached significance (P = 0.073), and was not different compared to CORT-

treated mice (P = 0.23). Data are presented as mean ± SEM. One-way ANOVA 

with Bonferroni’s correction for multiple comparisons were used to analyze group 

differences (*** P < 0.001).  
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Two-way repeated-measures ANOVAs (group × distance from soma) with 

Tukey’s post hoc test for multiple comparisons were used to analyze group 

differences.  

Table 1 

Details of Sholl analyses comparing number of intersections between groups. Data 

have been summed into 20 μm bins and presented as means ± SEM. 

 
Distance 

from soma 
(μm) 

Control +CORT/-FLX +CORT/+FLX Tumor  
 

Sig. 
 
Intersections 

 
SEM 

 
Intersections 

 
SEM 

 
Intersections 

 
SEM 

 
Intersections 

 
SEM 

Basilar 
Dendrite 

         

10 – 20 17.90 0.55 17.73 1.07 17.81 0.40 15.64 1.08 n.s. 
30 – 40 28.74 0.68 25.40 1.12 27.61 0.78 23.30 1.20 a, d 
50 – 60 30.24 0.94 27.28 1.02 28.15 1.06 24.24 1.28 d 
70 – 80 26.06 1.15 22.95 1.06 25.64 1.14 22.97 1.19 n.s 

90 – 100 20.33 1.08 17.30 1.28 20.88 1.01 18.63 1.49 c 
110 – 120 13.93 0.94 11.48 1.17 15.43 0.99 13.78 1.17 c 
130 – 140 8.21 0.75 6.93 1.01 10.13 0.86 9.85 1.39 n.s 
150 – 160 4.67 0.52 3.79 0.77 5.68 0.68 5.90 1.04 n.s. 
170 – 180 2.21 0.32 1.73 0.36 2.68 0.62 3.44 0.97 n.s. 
190 – 200 0.91 0.13 0.60 0.18 1.01 0.35 1.78 0.61 n.s. 

> 200 0.83 0.26 0.12 0.06 0.96 0.48 1.18 0.48 n.s. 
Apical 

Dendrite 
         

10 – 20 2.40 0.15 2.41 0.08 2.38 0.09 2.72 0.19 n.s. 
30 – 40 4.63 0.26 5.06 0.45 4.85 0.29 5.30 0.64 n.s. 
50 – 60 6.42 0.34 6.32 0.35 6.04 0.47 6.35 0.69 n.s. 
70 – 80 7.32 0.58 6.60 0.40 6.60 0.36 6.50 0.80 n.s. 

90 – 100 8.14 0.57 6.28 0.45 7.07 0.56 6.45 0.67 a 
110 – 120 8.11 0.70 5.31 0.35 6.63 0.41 6.02 0.53 a, d 
130 – 140 8.04 0.79 4.67 0.31 6.36 0.37 5.59 0.27 a, d 
150 – 160 7.56 0.99 4.11 0.31 5.85 0.26 5.08 0.36 a, c, d 
170 – 180 6.51 0.91 3.58 0.26 4.68 0.38 4.51 0.59 a, b, d 
190 – 200 5.48 0.96 2.90 0.13 3.90 0.46 3.85 0.62 a 
210 – 220 4.43 0.72 2.43 0.18 3.23 0.51 3.39 0.62 a 
230 – 240 3.66 0.64 1.75 0.11 2.29 0.53 2.80 0.76 a 
250 – 260 2.49 0.51 1.29 0.18 1.69 0.53 2.24 0.66 n.s. 
270 – 280 1.50 0.22 0.90 0.22 1.34 0.46 1.48 0.43 n.s. 
290 – 300 0.99 0.14 0.64 0.20 1.05 0.45 1.14 0.36 n.s. 
310 – 320 0.52 0.16 0.36 0.16 0.80 0.40 0.82 0.33 n.s. 
330 – 340 0.32 0.13 0.09 0.06 0.51 0.38 0.63 0.31 n.s. 

> 350 0.39 0.28 0.08 0.08 1.04 0.82 0.56 0.36 n.s. 
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a Denotes significant difference between +CORT/−FLX and control. 

b Denotes significant difference between +CORT/+FLX and control. 

c Denotes significant difference between +CORT/−FLX and 

+CORT/+FLX.  

d Denotes significant difference between tumor and control. 

n.s. Denotes no significant differences between any group. 
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Figure 7. Sholl analyses of (A) basilar and (B) apical dendrites with 10 μm 

spaced concentric rings for the 4 experimental groups: control (n = 8), 

corticosterone treatment (+CORT/-FLX; n = 8), CORT treatment followed by 
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fluoxetine treatment (+CORT/+FLX; n = 8), and 4T1 mammary carcinoma cell 

inoculation (tumor; n = 8). Intersections of dendrites with rings denote the extent 

of dendritic branching. Basilar and apical branching was reduced by CORT-

treatment, and partially recovered by FLX. Tumor burden was associated with 

reduced basilar and apical branching compared to control. Data are presented as 

mean number of intersections for each group at every 10 μm interval.  
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Table 2 

Endpoint serum levels of corticosterone (CORT) for: control, 

corticosterone treatment (+CORT/-FLX), and CORT 

treatment followed by fluoxetine treatment (+CORT/+FLX). 

Group % of baseline serum [CORT] 
Control 104.8 
+CORT/-FLX 180.1 
+CORT/+FLX 159.5 

 

Baseline and endpoint serum CORT was pooled by group and time point, 

then measured using an enzyme-linked immunosorbent assay (ELISA), 

which was run in triplicate. Data are expressed as a percentage of baseline 

levels [(endpoint [CORT]/baseline [CORT])×100]. Treatment with CORT 

was associated with elevated serum CORT. FLX-treated mice had elevated 

serum CORT, although it was slightly less elevated than in CORT-only 

mice.  
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Table 3  

Summary of results for behavioural and dendritic analyses. 

 
 
Test 

Comparison 
Control 

vs. 
+CORT/-FLX 

Control 
vs. 

+CORT/+FLX 

+CORT/-FLX 
vs. 

+CORT/+FLX 

Control 
vs. 

Tumor 
SPT + ~ ~ + 
FST + − + + 
TST (immobility) − − − − 
TST (P.M.) ~ ~ − ~ 
Branch Length 
(basilar) 

~ − ~ ~ 

Branch Length 
(apical) 

+ ~ ~ ~ 

Sholl (basilar) + − + + 
Sholl (apical) + + + + 
 

+ denotes statistically significant differences between groups. – denotes no 

statistical differences between groups. ~ denotes trends towards group differences 

that were not statistically significant (SPT, sucrose preference test; TST, tail 

suspension test; FST, forced swim test; CORT, corticosterone; FLX, fluoxetine).  
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Preface 

In this chapter, an author-generated version of the manuscript entitled 

“Inhibiting glutamate release with sulfasalazine in a mouse model of cancer-

induced depression”, prepared for submission January 2016 to 

Neuropsychopharmacology, is presented. This manuscript was under revision for 

re-submission to NPP at the time of dissertation completion. The submission 

number is NPP-16-0097. As this is a manuscript in submission, no copyright 

license documentation is required. 

For this paper, I performed the cell culturing and treatment, 14C-cystine 

uptake assay, behavioural assays, animal drug treatments, cancer cell inoculations, 

brain tissue processing, clonogenic assay, and data analysis. Furthermore, I 

created all of the figures, tables, and both wrote and revised the manuscript. 

Robert Ungard, Natalie Zacal, and Dr. Eric Seidlitz performed tissue harvest and 

blood collection, and revised the manuscript. Kimberly Young performed blood 

sample processing, aided in the behavioural assays, and revised the manuscript. 

Jennifer Fazzari performed the serum glutamate assay, and I performed the 

relevant analysis of this data. Serum samples were sent to Eve Technologies 

(Calgary, AB, Canada) for cytokine quantification. Dr. Benicio Frey and Dr. 

Gurmit Singh provided intellectual direction and revised the manuscript. Please 

note that American spellings are used throughout the article, as required by the 

journal. 
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Context and Background Information  

 In Chapter 1, I discussed the oncodynamic effect of cancer on the 

development on depression and presented several plausible mechanisms, 

including glutamatergic dysregulation by cancer cells. In Chapter 2, a manuscript 

was presented that established a validated mouse model of cancer-induced 

depression (CID). In the present chapter, a study was conducted to investigate 

whether pharmacologically inhibiting glutamate secretion at the tumour site is a 

viable antidepressant strategy for CID.  

 As previously discussed, glutamate is becoming increasingly recognized 

for its role in the pathophysiology of depression. We have also previously shown 

that multiple breast and prostate cancer cell lines secrete large amounts of 

glutamate through the glutamate/cystine antiporter system xc
- (Seidlitz, Sharma, 

Saikali, Ghert, & Singh, 2009; Sharma, Seidlitz, & Singh, 2010). In the present 

chapter, I extend these findings to show that murine 4T1 mammary carcinoma 

cells, which are used in the CID model, also release large amounts of glutamate. 

Furthermore, 4T1 glutamate release is significantly attenuated by sulfasalazine 

(SSZ), a system xc
- inhibitor.  

 Using the CID model and the same behavioural assays presented in 

Chapter 2, drug treatments were tested. Treatments with the antidepressant 

fluoxetine (FLX) and the system xc
- inhibitor SSZ prevented anhedonic and 

despair behaviours in tumour-bearing mice. SSZ is predominantly cleaved into 5-

aminosalicylic acid (5-ASA) and sulfapyridine (SP) in the gut. Since 5-ASA is a 
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known anti-inflammatory drug and depression may involve an inflammatory 

component, the SSZ metabolites were also investigated. Treatment with 5-

ASA/SP prevented the development of anhedonic, but not despair, behaviours. 

Cytokine analysis revealed that neither SSZ nor 5-ASA/SP were effective at 

preventing interleukin 1β (IL-1β) and IL-6 elevation in CID mice. Therefore, it is 

likely that the observed antidepressant effect of SSZ is predominantly due the 

intact form of the drug inhibiting system xc
-. Further investigations will better 

characterize the antidepressant mechanism of SSZ and system xc
- inhibition.  

 There is evidence to suggest that pro-inflammatory cytokines, which are 

commonly elevated in both cancer and depression, contribute to the weakening of 

the blood-brain barrier (BBB) (Rochfort & Cummins, 2015; Wang et al., 2014). 

The analysis in this chapter focuses on cytokines that are known to be involved in 

depression, and reveals elevated levels of IL-6 and possibly IL-1β in tumour-

bearing mice. These data provide a plausible mechanism of BBB weakening in 

cancer, which may contribute to bidirectional glutamate transport across the BBB. 

Further studies are warranted to investigate this possibility as discussed in the 

“Future Directions” section of Chapter 5.  
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Abstract 

Despite the lack of robust evidence of effectiveness, current treatment options for 

cancer-induced depression (CID) are limited to those developed for non-cancer 

related depression. We have recently developed a mouse model to investigate the 

pathophysiology of CID and explore novel targets for therapy. Similar to other 

cancer cell lines, we demonstrated that murine 4T1 mammary carcinoma cells 

release large amounts of glutamate through the glutamate-cystine antiporter 

system xc
-. Using female BALB/c mice subcutaneously inoculated with 4T1 

mammary carcinoma cells, we investigated the antidepressant-like efficacy of 

sulfasalazine (SSZ), a system xc
- inhibitor. Overall, SSZ was at least as effective 

as fluoxetine at preventing the development of cancer-induced anhedonia and 

behavioral despair. The same robust effect was not observed with the metabolites 

of SSZ, 5-aminosalicylic acid (5-ASA) and sulfapyridine (SP). Although 5-ASA 

is a known anti-inflammatory agent, neither treatment with SSZ nor 5-ASA/SP 

prevented tumor-induced increases in serum levels of interleukin-1β (IL-1β) and 

IL-6, which are known to be increased in depressive disorders. This demonstrates 

that the observed antidepressant-like effect of SSZ was primarily attributable to 

the intact form of the drug, which inhibits system xc
-, rather than an anti-

inflammatory mediated decrease in depressive behaviors. This study represents 

the first attempt at targeting cancer cells to alleviate CID, rather than targeting the 

downstream impact of tumor burden on the central nervous system. In doing so, 
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we have also begun to characterize the mechanism of CID, which appears to 

involve excess release of glutamate by cancer cells.  
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Introduction 

Depression is commonly reported by cancer patients (Mitchell et al, 2011), and 

increases mortality in this population (Pinquart and Duberstein, 2010). 

Accordingly, the effective management of depression is essential to improving 

both quality of life and survivorship in cancer patients. Although late-stage cancer 

patients are far more likely than the general population to be prescribed an 

antidepressant (Brelin et al, 2013), a recent meta-analysis did not find a 

significant difference in efficacy between antidepressants and placebo in treating 

cancer patients with depression symptoms (Ostuzzi et al, 2015). This study, in 

addition to previous systematic reviews, emphasizes the scarcity of high quality 

evidence for the effect of antidepressants in cancer-induced depression (CID) (Ng 

et al, 2011; Ostuzzi et al, 2015; Rodin et al, 2007; Williams and Dale, 2006).  

  To investigate the underlying pathophysiology of CID and to explore novel 

targeted therapies, we have recently developed a validated mouse model of CID 

(Nashed et al, 2015). In this model, BALB/c mice that were subcutaneously 

inoculated with 4T1 mammary carcinoma cells exhibited similar behavioral and 

neurostructural deficits to those associated with a chronic stress-induced 

depressive-like state.  

  Glutamate dysregulation has been strongly linked to depressive disorders. For 

instance, glutamate is elevated in the plasma of patients with MDD (Mitani et al, 

2006), and magnetic resonance spectroscopy (MRS) studies have revealed a 
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decreased glutamate/glutamine (Glx) and glutamate (Glu) signals in brain regions 

that are relevant to depression, such as the prefrontal cortex and anterior cingulate 

cortex (Auer et al, 2000; Hasler et al, 2007). Moreover, ketamine, a glutamate 

receptor antagonist, has a rapid antidepressant effect in treatment-resistant 

patients and preclinical models of depression (Li et al, 2010; Murrough, 2012; 

Zarate et al, 2006).  

  Although the underlying biological basis of CID is not yet established, evidence 

suggests that glutamate signaling may be involved. Glutamate released by the 

glutamate/cystine antiporter system xc
- from glioma cells is sufficient to directly 

induce excitotoxic cell death through chronic glutamate receptor activation of 

nearby neurons (de Groot and Sontheimer, 2011). We have previously reported 

that multiple breast and prostate cancer cell lines secrete significant amounts of 

glutamate into the extracellular environment through system xc
- (Seidlitz et al, 

2009; Sharma et al, 2010). Although peripheral glutamate does not cross the 

blood-brain barrier (BBB) under normal conditions (Smith, 2000), pathological 

conditions may increase BBB permeability and allow for bidirectional glutamate 

transport. For example, breast cancer cells have been shown to release high levels 

of substance P (Reddy et al, 2009) and cytokines, including IL-1β, IL-6, IL-17A, 

and TNF-α (Esquivel-Velazquez et al, 2015). Both substance P (Rodriguez et al, 

2014) and cytokines that are associated with depression and cancer have been 

shown to disrupt BBB integrity (Huppert et al, 2010; Patel and Frey, 2015; 

Rochfort and Cummins, 2015; Wang et al, 2014). Intravenous administration of 
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glutamate decelerates the elimination of glutamate in the brain parenchyma 

(Teichberg et al, 2009). Therefore, irrespective of BBB integrity, excess 

peripheral glutamate may also cause an accumulation of glutamate in the brain 

through decreased brain-to-blood glutamate efflux. Therefore, it is plausible that 

inhibiting glutamate release by peripheral cancer cells would impact CNS 

glutamate regulation and produce an antidepressant effect.  

  Recently, it was shown that adult mice deficient in system xc
- exhibited reduced 

anxiety- and depressive-like behaviors (Bentea et al, 2015), which further 

supports the role of glutamatergic dysregulation in depression, and identify 

system xc
- as a potential therapeutic target. In the present study, we hypothesize 

that chronic pharmacological inhibition of peripheral cancer cell system xc
- 

through oral sulfasalazine (SSZ) treatment will prevent depressive-like behaviors 

in our CID model.  To test our hypothesis, we used fluoxetine (FLX) treatment to 

establish a positive control group of treated CID. Although only intact SSZ 

inhibits system xc
-, orally ingested SSZ is predominantly cleaved into 5-

aminosalicylic acid (5-ASA) and sulfapyridine (SP) in the gut (National Center 

for Biotechnology Information, 2005; Sontheimer and Bridges, 2012). 5-ASA is a 

known anti-inflammatory drug (Kruis et al, 2001), and may therefore 

independently impact depressive behaviors. To clarify the mechanism of any 

observed antidepressant-like effects of SSZ, a comparison with the effects of its 

metabolites, 5-ASA and SP, was included. Additionally, we quantified serum 
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levels of IL-1β, IL-6, IL-17A, and TNF-α to provide further insight into the anti-

inflammatory impact of chronic treatment with SSZ and its metabolites. 
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Materials and Methods 

Cell culture  

4T1 murine mammary carcinoma cells (American Type Culture Collection, 

Manassas, VA, USA) and TM40A murine non-tumorigenic mammary epithelial 

cells (kindly supplied by Dr. Joseph Jerry, University of Massachusetts, Amherst, 

MA, USA) were maintained according to supplier specifications. Culturing 

methods are detailed in “Supplementary Materials and Methods”. 

Cell treatment 

The system xc
- inhibitor SSZ (Sigma-Aldrich) was prepared in accordance with 

manufacturer’s recommendations in 1 M NH4OH to produce a stock solution of 

0.1 M SSZ. Control cells were treated with vehicle 1 M NH4OH.  

Glutamate release through system xc
-  

Glutamate release through system xc
- was quantified using the cellular uptake of 

radiolabeled 14C-cystine. In cancer cells, cystine uptake is coupled with glutamate 

release mediated by a 1:1 exchange via system xc
- (Seidlitz et al, 2010). Therefore, 

measuring the uptake of radiolabeled 14C-cystine provides a proportional measure 

of glutamate release. Furthermore, the specificity of this assay in assessing system 

xc
- activity is supported by xCT knockdown results. An approximate 2-fold 

knockdown of xCT mRNA expression in human breast cancer cells (MDA-MB-
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231) causes an approximate 2-fold decrease in 14C-cystine uptake (unpublished 

data).  

  The cystine uptake protocol was adapted from previous reports (Lutgen et al, 

2013; Shih et al, 2006). Briefly, 250,000 cells were seeded in 6-well plates. All 

wells were incubated with 14C-cystine, either in the presence or absence of 200 

µM of SSZ, for 30 minutes. Cells were then lysed, and the lysate was analyzed 

using a scintillation counter to quantify radioactivity. The lysate was also used to 

quantify the amount of protein for each well, and cystine uptake was normalized 

to total protein. Assay procedures are further detailed in “Supplementary 

Materials and Methods”.   

Mice 

Fifty-nine female BALB/c mice aged 4-6 weeks were obtained from Charles 

River Laboratories (St. Constant, QC, Canada). Mice were single-housed in cages 

maintained at 24 °C with a 12-h light/dark cycle, and were provided ad libitum 

access to food and water. Single housing eliminates the protective effect of group 

housing on depressive-like behaviors observed in tumor-bearing mice (Lamkin et 

al, 2011). All animal procedures were performed according to guidelines 

established by the Canadian Council on Animal Care under a protocol reviewed 

and approved by the Animal Research Ethics Board of McMaster University. 
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Tumor cell inoculation 

Tumor cell inoculations were performed as previously described (Nashed et al, 

2015). Briefly, mice were inoculated with 15,000 4T1 cells in sterile phosphate 

buffered saline (PBS) subcutaneously above their right flank. Control mice were 

sham-inoculated with sterile PBS. Mice were weighed weekly (Supplementary 

Materials and Methods, Figure S1) and tumor size was monitored using a digital 

caliper every 3-4 days once tumors became palpable at day 8 (Supplementary 

Materials and Methods, Figure S2). All mice were euthanized 28-29 days after 

cancer cell inoculation. 

Drug treatments 

All drugs were administered ad libitum to the mice in place of their normal 

drinking water. This method of drug treatment was chosen to minimize repeated 

stressful injections and excessive handling, which might confound the behavioral 

results. Drug treatments were initiated on the day of tumor cell inoculation and 

continued until endpoint.  

  FLX hydrochloride (Sigma-Aldrich) was dissolved in drinking water at a 

concentration of 100 µg/mL to obtain a target mean drug dose of approximate 20 

mg/kg/day, which is the highest chronic dose reported to be effective in mice 

(Abuhamdah et al, 2015; Dulawa et al, 2004). SSZ was dissolved in a small 

volume of 1 M NH4OH, which was then adjusted to pH 8.5 using 1 M HCl. The 

concentrated SSZ solution was then diluted 1:30 in drinking water to a final 
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concentration of 0.3 mg/mL. In humans, only approximately 12% of orally 

ingested SSZ escapes colonic cleavage and is absorbed into systemic circulation 

(Sontheimer et al, 2012). Based on these bioavailability data, mean water 

consumption, and mean weight of mice, it was estimated that 0.3 mg/mL of SSZ 

would translate into a dose of approximately 8 mg/kg/day. This target dose was 

chosen to be comparable to a dose that we have previously demonstrated to 

effectively reduce cancer-induced bone pain (Ungard et al, 2014). The SSZ 

metabolites, 5-ASA and SP (Sigma-Aldrich), were prepared the same way as SSZ 

to a final concentration of 0.09 mg/mL for 5-ASA and 0.15 mg/mL for SP. These 

target concentrations were chosen to match the expected concentrations of 

metabolites produced from oral treatment with 0.3 mg/mL of SSZ. As such, a 

liberal estimation of 80% colonic cleavage of SSZ into equal parts 5-ASA and SP 

was assumed (National Center for Biotechnology Information, 2005) and 

concentrations were adjusted based on the molecular weights of each metabolite. 

  FLX and SSZ are known to have an aversive taste. Therefore, all vehicles 

included 2% orange extract (McCormick Canada Inc., London, ON, Canada) to 

increase the palatability of drug solutions. Sweetening the water was avoided in 

order to maintain sucrose preference test (SPT) sensitivity at post-treatment 

measurement. All drugs were administered in opaque bottles for light protection. 
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Behavioral analyses 

Behavioral tests were performed as previously described (Nashed et al, 2015). 

Anhedonia was evaluated using the sucrose preference test (SPT) and behavioral 

despair was evaluated using the forced swim test (FST) and the tail suspension 

test (TST). For the SPT, mice were first habituated to sucrose solution and a 2-

bottle setup in their home cages for 72 h. For baseline and post-treatment testing, 

mice were presented with a two-bottle option of water and 3% sucrose solution 

for 48 h. At 24 h, the positions of the two bottles were switched to reduce location 

bias. Bottles were weighed before and after testing, and preference was calculated 

as the percentage of sucrose solution intake relative to total fluid intake (Towell et 

al, 1987).  

  The FST and TST were performed using automated systems (BioSeb, Vitrolles, 

France). For the FST, mice were individually placed into beakers of water. For the 

TST, mice were suspended by their tails, and strain gauge input was used to 

assess mobility. For both tests, the total duration was 6 minutes, with the first 

minute of the test discounted from analysis to allow for behavioral stabilization 

(Miller et al, 2010; Park et al, 2012). Immobility time was the primary outcome 

measure, and power of movement (PM) was reported as a secondary measure for 

the TST. Although this study utilizes female mice, it has been demonstrated that 

estrous cycle does not impact sucrose preference or behavioral despair in healthy 

and tumor-bearing female mice (Lamkin et al, 2011). 
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Experimental groups 

 Five groups of mice were randomly assigned to treatments: healthy + vehicle 

control (n = 11), tumor + vehicle control (n = 12), tumor + FLX (n = 12), tumor + 

SSZ (n = 12), and tumor + combination 5-ASA/SP (n = 12). 

Euthanasia and tissue harvesting 

Euthanasia was performed by isoflurane anesthesia and cardiac puncture 

exsanguination for endpoint blood collection, followed by decapitation. Blood 

samples were collected intracardially using sterile 25 G needles and 1 mL 

syringes. Blood samples were allowed to coagulate for 30-60 minutes at room 

temperature, and then centrifuged to extract serum (Tuck et al, 2009). Brains were 

immediately removed, rinsed and placed in sterile Hanks' Balanced Salt Solution 

(HBSS) for further processing (see Brain Metastases below).  

Brain Metastases  

Brain metastases were investigated using a clonogenic assay as outlined by 

Pulaski and Ostrand-Rosenberg (2001). This assay exploits the fact that, unlike 

mouse host cells, 4T1 tumor cells are resistant to 6-thioguanine (6-TG). Briefly, 

brains were minced and dissociated in a cocktail of collagenase type IV and 

elastase in HBSS. Samples were cultured in complete media containing 60 µM 6-

TG for 10-14 days. Cells were then fixed with methanol and stained with 

methylene blue, and the number of colonies were quantified. Clonogenic assay 

procedures are further detailed in “Supplementary Materials and Methods”.  
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Serum Glutamate  

Serum proteins were precipitated from samples using 1 volume of chilled 100% 

(w/v) trichloroacetic acid (TCA) to 3 volumes of serum. Samples were 

centrifuged and the supernatant removed and neutralized with potassium 

hydroxide (KOH). Protein pellets were quantified for each sample using the 

BioRad assay as described in “Supplementary Materials and Methods”. Serum 

glutamate in the supernatant was analyzed using the AMPLEX Red glutamic acid 

assay kit (Invitrogen/Molecular Probes, Eugene, OR, USA) and analyzed on a 

CytoFluor Series 4000 Fluorescence Multi-Well Plate Reader (PerSeptive 

Biosystems, Framingham, MA, USA). Serum glutamate was normalized to total 

serum protein for each sample.  

Serum Cytokines 

Serum samples from each mouse sent to Eve Technologies (Calgary, AB, Canada) 

for cytokine quantification of IL-1β, IL-6, IL-17A, and TNF-α. Cytokine 

quantification is further detailed in “Supplementary Materials and Methods”.  

Data Analyses  

Three independent planned pairwise comparisons were used to analyze results 

from the 14C-cystine uptake assay: 4T1 vs. TM40A, TM40A vs. TM40A + 200 

µM SSZ, and 4T1 vs. 4T1 + 200 µM SSZ. For each comparison, results from 3 

independent experiments (each performed in triplicates) are represented as mean 
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fold-changes in counts per minute (CMP)/mg protein relative to controls. All 

pairwise comparisons were evaluated using one-tailed Student t-tests.  

  One-way analysis of variance (ANOVA) was used to analyze the behavioral data 

(SPT, FST, and TST), serum glutamate, and serum cytokines. For these data, 4 

planned comparisons were analyzed. Control mice were compared with tumor 

mice to establish benchmark tumor-induced changes for each assay. Tumor mice 

were compared with each intervention group (FLX, SSZ, and 5-ASA) to explore 

drug effects on each assay. The Holm-Šidák correction was used to correct for 

multiple comparisons. 

  In this investigation we used a peripheral tumor model for CID. Therefore, we 

are primarily interested in attenuating depressive behaviors by targeting peripheral 

tumor cells. However, 4T1 cells are capable of metastasizing to the brain (Pulaski 

and Ostrand-Rosenberg, 2001). Therefore, as a secondary measure for all 

behavioral data, linear regression analyses were performed to investigate whether 

brain metastases were predictive of tumor-induced or drug-induced behavioral 

changes. 

  For all analyses, the significance level was set at α = 0.05. Grubb’s test was used 

to identify and exclude any outliers. The Shapiro-Wilk test of was used to 

determine normality. Data that was not normally distributed was subsequently 

transformed to achieve approximate normality prior to further statistical 

considerations. Data are presented as mean ± the SEM. Statistical analyses were 
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performed using GraphPad Prism software version 6.0 for Macintosh (GraphPad 

Software, Inc., La Jolla, CA, USA). All graphs were prepared on Microsoft Excel 

2011 version 14.1.0 (Microsoft, Redmond, WA, USA). 
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Results 

Glutamate release through system xc
-  

Cystine uptake, and consequently glutamate release, by tumorigenic 4T1 cells was 

more than 3-fold higher than that observed by non-tumorigenic TM40A control 

cells (P = 0.032; Figure 1 A). Treatment with 200 µM of SSZ decreased cystine 

uptake to 0.39-fold for TM40A cells (P < 0.001) and decreased cystine uptake to 

0.25-fold for 4T1 cells (0.25-fold) (P < 0.001; Figure 1 B).  

Behavioral analyses 

Mice in the tum+FLX group consumed a mean FLX dose of 21.59 ± 0.56 

mg/kg/day. Mice in the tum+SSZ group consumed a mean SSZ dose of 71.41 ± 

2.98 mg/kg/day, or 8.57 ± 0.36 mg/kg/day when corrected for systemic absorption 

of intact SSZ (Sontheimer et al, 2012). Mice in the tum+5-ASA/SP group 

consumed a mean 5-ASA dose of 20.32 ± 0.54 mg/kg/day, and a mean SP dose of 

33.86 ± 0.89 mg/kg/day.  

  In the SPT, lower preference for sucrose solution indicates anhedonia, which is a 

core symptom of depression characterized by the loss of ability to experience 

pleasure. Our results revealed a significant main effect of treatment group (F(4,53) 

= 3.84, P = 0.008). As expected, untreated tumor mice showed lower sucrose 

preference compared to control mice (P = 0.026) (Figure 2 A). Treatment with 

FLX, SSZ, and 5-ASA/SP were all associated with higher sucrose preference 

compared to untreated tumor mice (P = 0.040, P = 0.002, P = 0.035, respectively). 
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  In the FST and TST, longer immobility times indicate behavioral despair, a 

depressive behavior that is sensitive to antidepressant treatment. Our results 

revealed a significant main effect of treatment group on FST immobility (F(4,52) = 

4.36, P = 0.004). As expected, untreated tumor mice had higher immobility time 

compared to control mice (P = 0.033) (Figure 2 B). FLX and SSZ were 

associated with lower immobility times compared to untreated tumor mice (P = 

0.033, P = 0.019, respectively). 5-ASA/SP treatment did not prevent the tumor-

induced increase in immobility time. 

  Two measures for the TST are reported: immobility time (Figure 2 C) and PM 

(Figure 2 D). PM did not follow a normal distribution. Log10 transformation of 

these data achieved approximate normality. There was no main effect of treatment 

group on TST immobility (F(4,54)= 1.70, P = 0.163) or log10 PM (F(4,54)= 1.32, P = 

0.276). Here we independently replicated our previous finding that the TST is not 

sensitive in detecting behavioral despair in the CID model (Nashed et al, 2015).  

  Approximately 35% of tumor-bearing mice developed brain metastases 4 weeks 

after inoculation, which is consistent with previous observations (Pulaski et al, 

2001). Among mice that developed brain metastases, the number of metastatic 

colonies was not normally distributed. Log10 transformation of this data achieved 

approximate normality. Subsequently, regression analyses revealed that brain 

metastases did not predict sucrose preference in any direction for any of the tumor 

groups (Figure 3 A). Brain metastases were moderately predictive of increased 

immobility time on the FST for the tumor group treated with SSZ (P = 0.019) 
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(Figure 3 B). A possible explanation for this is that mice with brain metastases 

were less responsive to SSZ treatment on this measure. In the TST, metastases 

were moderately predictive of lower immobility time and higher PM for untreated 

tumor mice (P = 0.005 and P = 0.004, respectively) (Figure 3 C). This result was 

counterintuitive, but may help explain the consistent lack of sensitivity of this test 

in detecting tumor-induced behavioral despair and drug effects. In addition, brain 

metastases were moderately predictive of higher PM for the mice treated with 5-

ASA/SP (P = 0.013), but did not predict PM for mice treated with SSZ or FLX.   

Serum Glutamate 

There was no main effect of treatment group on serum glutamate (F(4,47)= 1.87, P 

= 0.132). However, trends observed in serum glutamate levels are consistent with 

the expected glutamate release by 4T1 cells in tumor-bearing mice, and with the 

hypothesized inhibition of this glutamate release by SSZ (Figure 4).  

Serum Cytokines 

There was a significant main effect of treatment group on IL-1β serum level 

(F(4,51)= 2.62, P = 0.046). FLX-treated mice had a significantly lower level of 

serum IL-1β compared to untreated tumor mice (P = 0.022) (Figure 5 A). Serum 

levels of IL-1β did not differ for mice treated with SSZ or 5-ASA/SP compared to 

untreated tumor mice. There was a significant main effect of treatment group on 

IL-6 serum level (F(4,44)= 7.79, P < 0.0001). Untreated tumor mice had higher 

levels of serum IL-6 compared to control mice (P = 0.015) (Figure 5 B). Serum 
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levels of IL-6 did not differ for mice treated with FLX, SSZ or 5-ASA/SP 

compared to untreated tumor mice. IL-17A and TNF-α levels were not different 

between groups (Figure 5 C and D). 
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Discussion 

In the present study, murine 4T1 mammary carcinoma cells had greater cystine 

uptake, and consequently greater glutamate release, compared to non-tumorigenic 

TM40A mammary epithelial cells derived from the same mouse strain (Figure 1 

A). Furthermore, we demonstrated that SSZ inhibits cystine uptake in both 

TM40A cells and 4T1 cells (Figure 1 B), suggesting that system xc
- is primarily 

responsible for glutamate release. These results are consistent with previous 

studies from our group showing that human breast and prostate cancer cell lines 

release large amounts of glutamate into their microenvironment through the 

glutamate/cystine antiporter system xc
- (Seidlitz et al, 2009; Sharma et al, 2010). 

We also found that the use of SSZ (a system xc
- inhibitor) and FLX (used as a 

positive control) in tumor-bearing mice exerted antidepressant-like effects, 

namely increased sucrose preference and decreased FST immobility. Results from 

all behavioral tests, serum glutamate, and serum cytokine analyses are 

summarized in Table 1.  

  To establish a benchmark for antidepressant-like efficacy in the present study, 

we used the selective serotonin reuptake inhibitor (SSRI) FLX. FLX effectively 

attenuates depressive-like behaviors in animal models when administered 

chronically (Abuhamdah et al, 2015; Dulawa et al, 2004). SSRIs are useful for 

treating acute depressive episodes and preventing subsequent episodes in MDD 

subjects (Gilaberte et al, 2001). The rapid progression of tumor growth in our CID 

model was more suitable for testing the prophylactic efficacy of FLX, SSZ, and 5-
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ASA/SP, rather than reversal of depressive-like behaviors. In our CID model, 

chronic treatment with SSZ was at least as effective as FLX in preventing 

depressive-like behaviors. Both drug treatments also showed non-significant 

trends toward lower immobility time and higher mean PM on the TST when 

compared with untreated tumor mice. Treatment with the SSZ metabolites, 5-

ASA/SP, was associated with higher sucrose preference compared to untreated 

tumor mice. However, these compounds had no affect on the behavioral despair 

tests. This suggests that the observed antidepressant-like effect of SSZ in the FST 

immobility was primarily due to intact SSZ.  

  Serum cytokine analysis suggested that neither 70 mg/kg/day of SSZ nor 20 

mg/kg/day of 5-ASA were effective at preventing the increase in IL-6 that was 

induced by tumor burden (Figure 5 A and B). A previous study found that 5-

ASA, which is used to treat inflammatory bowel disease, decreased intestinal 

inflammation at doses as low as 8.3 mg/kg/day in rats (Horvath et al, 2008). The 

lack of effect we observed on serum cytokines may be due to the fact that only 

about 10% of 5-ASA is absorbed systemically, where it is rendered largely 

inactive by extensive acetylation (Tokui et al, 2002). Although anti-inflammatory 

agents, such as celecoxib, can exert antidepressant effects in a subset of 

individuals with MDD (Kohler et al, 2014), 5-ASA did not produce 

antidepressant-like effects in our CID model perhaps due to its limited absorption. 

By contrast, FLX administration was associated with lower serum IL-1β 

compared to untreated tumor mice (Figure 5 A). This result is consistent with 
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meta-analysis results in MDD showing that FLX reduces serum levels of IL-1β 

but not TNF-α, with mixed results for IL-6 (Hannestad et al, 2011).  

  Results from the serum cytokine analysis also provide plausibility for a direct 

depressive mechanism of peripherally released glutamate on the CNS. In our CID 

model, tumor burden was associated with increased IL-6, and possibly IL-1β. 

These cytokines have been demonstrated to reduce BBB integrity, thereby 

increasing permeability (Rochfort et al, 2015; Wang et al, 2014). Future analyses 

of BBB integrity and systemic administration of radiolabeled glutamate would be 

useful in better characterizing the impact of peripherally released glutamate on the 

CNS.  

  Intraperitoneal administration of SSZ inhibits tumor growth in a glioma model 

(Chung et al, 2005), and affects CNS extracellular glutamate levels in healthy rats 

(Lutgen et al, 2014). These data suggest that SSZ is able to cross the BBB. 

Interestingly, in healthy rats, 8 and 16 mg/kg of SSZ reduced extracellular 

glutamate in the brain without affecting behavioral despair on the FST (Lutgen et 

al, 2014). This may be due to the relatively limited impact of system xc
- inhibition 

on cystine uptake in cortical astrocytes and neurons, which utilize additional 

mechanisms of glutamate regulation and glutathione biosynthesis (Chung et al, 

2005). In contrast, cancer cells are heavily dependent on system xc
- for glutathione 

production, and are therefore much more sensitive to inhibitory drugs, such as 

SSZ (Chung et al, 2005; Sharma et al, 2010; Ungard et al, 2014). It is, therefore, 

unlikely that a central influence of SSZ is primarily responsible for the 
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antidepressant-like effect observed in the present study. Rather, it is more 

plausible that this effect is largely attributable to inhibition of excess glutamate 

release by peripheral cancer cells. This is consistent with our observation that 

intact SSZ, but not 5-ASA/SP, prevented the development of behavioral despair. 

Furthermore, it has been demonstrated that the anti-tumor effects of SSZ are 

entirely attributable to system xc
- inhibition, rather than its reported anti-

inflammatory and apoptotic influence through nuclear factor-κB (NF-κB) 

inhibition (Chung and Sontheimer, 2009). Serum glutamate analysis did not yield 

any significant results, which may in part be attributable to regulatory 

mechanisms. Glutamate scavenging by glutamate-oxaloacetate transaminase 

(GOT) and glutamate-pyruvate transaminase (GPT) would make it difficult to 

detect dynamic glutamate dysregulation at a single time point (Leibowitz et al, 

2012). Nevertheless, trends in serum glutamate were consistent with SSZ 

inhibition of glutamate release by cancer cells (Figure 4). Caution should still be 

taken when interpreting the results of this study due to the lack of specificity of 

SSZ to system xc
-. Oral SSZ was chosen for the current investigation due to the 

clinical relevance of this model. SSZ is a clinically useful and well-tolerated 

system xc
- inhibitor (Gout et al, 2001).  Valuable insight may be derived from 

further investigation of more specific system xc
- inhibitors, such as S-4-carboxy-

phenylglycine (S-4-CPG) (Garzon-Muvdi et al, 2013). However, the 

pharmacokinetics of orally administered S-4-CPG has not been described, and this 

model would likely require daily intraperitoneal injections or surgically implanted 
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osmotic pumps. Stress induced by either of these modes of drug delivery would 

need to be carefully considered. Genetically modulating system xc
- activity 

represents a more specific method of investigating the impact of cancer cell-

derived glutamate on CID. To this end, we are currently developing an xCT 

knockdown 4T1 cancer cell line to be used in future in vivo studies.  

  In summary, we have demonstrated that chronic oral administration of SSZ is at 

least as effective as FLX at preventing the development of depressive-like 

behaviors in a preclinical model of CID. This finding carries clinical significance, 

particularly considering recent evidence that SSZ inhibits tumor progression 

(Chung et al, 2005; Chung et al, 2009) and cancer-induced bone pain (Ungard et 

al, 2014). Our results suggest that one of the mechanisms of antidepressant-like 

action of SSZ may be through inhibition of glutamate release via system xc
- at the 

peripheral tumor site, rather than anti-inflammatory action of SSZ metabolites. 

FLX was also efficacious in preventing the development of depressive-like 

behaviors in tumor-bearing mice. It may, therefore, be interesting to investigate 

the effects of standard antidepressants augmented with SSZ in the treatment of 

CID. While this investigation focuses on peripheral modulation of glutamate 

signaling in CID, further assessment of central glutamate signaling, using 

ketamine and other recently described glutamatergic modulators, would further 

enhance our understanding of CID. Overall, our results represent a potential new 

pathway for drug development in the treatment of CID. This approach can targets 

the effects of cancer cells directly to prevent depressive symptoms, rather than 
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targeting downstream effects on the CNS. These results have significant 

implications for the pathophysiology of CID and present a novel preclinical model 

for the development of more targeted therapy. 
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Figures & Tables 

	
  

	
  

Figure 1. 14C-cystine uptake assay on 4T1 cancer cells and TM40A mammary 

epithelial cells, both derived from BALB/c mice. (A) Cystine uptake by 4T1 cells 

was more than 3-fold higher than TM40A cells (P = 0.032). (B) 200 µM SSZ 

caused a decrease in TM40A cystine uptake to 0.39-fold (P < 0.001) and a 

decrease in 4T1 cystine uptake to 0.25-fold (P < 0.001). Results are represented as 

means from 3 experiments (performed in duplicates) ± SEM. Statistical 

significance was assessed through one-tailed Student t-tests. * P < 0.05. *** P < 

0.001. 
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Figure 2. Behavioral results for the 5 experimental groups: control, tumor, 

tum+FLX, tum+SSZ, tum+5-ASA/SP. (A) In the sucrose preference test (SPT) 

preference is calculated as (sucrose water consumption/total fluid intake) × 100, 

where 50% represents equal consumption of sucrose water and regular water. 

Tumor mice showed a lower sucrose preference compared to control (P = 0.026). 

Treatments with FLX, SSZ, and 5-ASA/SP were associated with higher sucrose 

preference compared to untreated tumor mice (P = 0.040, P = 0.002, P = 0.035, 

respectively). (B) In the forced swim test (FST), tumor mice had higher 

immobility time compared to control mice (P = 0.033). FLX and SSZ were 

associated with lower immobility times compared to untreated tumor mice (P = 

0.033, P = 0.019, respectively). (C) In the tail suspension test (TST), no 
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significant changes were observed. Trends indicated a lower immobility time and 

higher log10 PM associated with FLX and SSZ treatments compared to untreated 

mice. Data are presented as mean ± SEM. Results were analyzed using one-way 

ANOVA. The Holm-Šidák correction was used to correct for multiple 

comparisons. * P < 0.05, ** P < 0.01. 
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Figure 3. Brain metastasis regression analyses for the 4 tumor groups: tumor, 

tum+FLX, tum+SSZ, tum+5-ASA/SP. (A) Brain metastases were not predictive 

of sucrose preference for any of the tumor groups. (B) Brain metastases were 

predictive of lower FST immobility time for mice treated with SSZ (P = 0.019). 

(C) Brain metastases were predictive of lower immobility time for untreated 

tumor-bearing mice (P = 0.005). (D) Brain metastases were predictive of higher 

PM for untreated tumor mice (P = 0.004) and 5-ASA/SP treated mice (P = 0.013). 

Results were analyzed using linear regression analyses. * P < 0.05, ** P < 0.001. 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   160	
  

	
  

Figure 4. Serum level of glutamate for the 5 experimental groups: control, tumor, 

tum+FLX, tum+SSZ, tum+5-ASA/SP. Data are presented as mean ± SEM. No 

significant differences were observed between treatment groups. Trends were 

consistent with the expected increase of serum glutamate in tumor-bearing mice, 

and the expected inhibition of cancer cell glutamate release by SSZ. Results were 

analyzed using one-way ANOVA. The Holm-Šidák correction was used to correct 

for multiple comparisons.  
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Figure 5. Serum level of pro-inflammatory cytokines for the 5 experimental 

groups: control, tumor, tum+FLX, tum+SSZ, tum+5-ASA/SP. (A) FLX-treated 

mice had a significantly lower level of serum IL-1β compared to untreated tumor 

mice (P = 0.022). (B) Untreated tumor-bearing mice had higher levels of serum 

IL-6 compared to control mice (P = 0.015). (C) Serum IL-17A did not differ 

between any experimental groups. (D) Serum TNF-α did not differ between any 

experimental groups. Data are presented as mean ± SEM. Results were analyzed 

using one-way ANOVA. The Holm-Šidák correction was used to correct for 

multiple comparisons. * P < 0.05. 
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Table 1 

Summary of results for behavioral and cytokine analyses. 

Comparison SPT FS
T 

TST 
(Immob.) 

TST 
(PM) 

Serum 
Glu 

IL-1β IL-6 IL-
17A 

TNF-α 

Control vs. 
Tumor ↓ ↑ − − − − ↑ − − 

Tumor vs. 
Tum+FLX ↑ ↓ − − − ↓ − − − 
Tumor vs. 
Tum+SSZ ↑↑ ↓ − − − − − − − 
Tumor vs. 

Tum+5-ASA/SP ↑ − − − − − − − − 
 

“−” denotes no differences between groups. One arrow denote a mean difference 

between groups with 0.05 > P > 0.01. Two arrows denote a mean difference 

between groups with P < 0.01. The direction of the arrows represents the direction 

of change of mean for that particular measure. SPT, sucrose preference test; TST, 

tail suspension test; FST, forced swim test; FLX, fluoxetine; SSZ, sulfasalazine; 

5-ASA, 5-aminosalicylic acid; SP, sulfapyridine; Glu, glutamate; IL, interleukin; 

TNF-α, tumor necrosis factor-α.  
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Supplemental Materials and Methods 

Cell Culture 

4T1 cells were maintained in Roswell Park Memorial Institute medium (RPMI-

1640; Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (FBS) and 1% antibiotic/antimycotic (Life Technologies). TM40A cells 

were maintained in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

(DMEM:F12; Life Technologies) supplemented with 10% FBS, 10 µg/mL insulin, 

1% antibiotic/antimycotic (Life Technologies), and 20 ng/mL mouse Epidermal 

Growth Factor (mEGF; Sigma-Aldrich, St. Louis, MO, USA). All cells were 

incubated at 37 °C and 5% CO2. 

Glutamate release through system xc
-  

For both 4T1 and TM40A cells, 250,000 cells per well were seeded in a 6-well 

plate and allowed to adhere overnight. Media was then replaced with 300 µL 1× 

Hank’s Balanced Salt Solution (HBSS; Invitrogen, Burlington, ON, Canada) 

containing either vehicle 1 M NH4OH or 200 µM of SSZ and 0.45 µL of 20 

µCi/mL 14C-cystine (PerkinElmer, Waltham, MA, USA) added to each well. 

Following incubation at 37 °C for 30 minutes, HBSS was aspirated and cells were 

lysed using lysis buffer (0.1 N NaOH containing 0.1% Triton X-100; Sigma). 100 

µL of the lysate was added to 1 mL of Ecoscint-H solution (National Diagnostics, 

Atlanta, GA, USA) in a scintillation vial. A Beckman LS6500 scintillation 
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counter (Beckman Coulter, Inc, Brea, CA USA) was used to quantify the 

radioactivity of each vial.  

  Cystine uptake was normalized to total protein using the BioRad protein assay 

(BioRad Laboratories, Inc, Hercules, CA, USA). This assay was performed in 

triplicate in a 96-well plate. A 1:4 dilution of BioRad solution was added to 10 µL 

samples of lysate and incubated for 5 minutes. The plate was then analyzed using 

a BioTek PowerWave XL plate reader (BioTek Instruments, Inc, Winooski, VT, 

USA) at 570 nm. Quantification of protein in each sample allowed for the 

standardization of the counts per minute (CPM) reading by the scintillator to total 

protein. 

Mice Weights and Tumor Volume 

All mice were weighed once per week. Weight was expressed as mean body 

weight for each experimental group, corrected for tumor mass in the tumor group 

(Figure S1). Tumor growth was measured every 3-4 days when tumors became 

palpable. Growth was expressed as mean tumor mass (in grams) over time 

(Figure S2). Calipers were used to measure tumor length, width, and depth, and 

hemi-ellipsoid tumor volume was calculated as V= L × W × H × 0.5236 (Lein et 

al, 2000; Tomayko and Reynolds, 1989). To correct for tumor mass when 

measuring body weight, tumor volume was converted to mass, assuming soft-

tissue density of 1 g/cm3 (Jensen et al, 2008; Montelius et al, 2012). For these data, 

two-way repeated-measures ANOVA (group × experimental days) were used to 
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analyze between-group effects, followed by Tukey’s post hoc test for multiple 

comparisons. 

Brain Metastases  

Brain samples were first rinsed in HBSS to remove surface blood, and then 

minced using surgical scissors. The minced brains were dissociated in a filter-

sterilized cocktail of 2 mg/mL collagenase type IV (Worthington Biochemical, 

Lakewood, NJ, USA) and 30 units of elastase (MP Biomedical, Santa Ana, CA, 

USA) in HBSS. Samples were incubated while mixing for 120 minutes at 37 °C, 

and then filtered through 70-µm nylon cell strainers (Life Technologies) to 

remove any undigested tissue. Filtered samples were centrifuged and the 

supernatant discarded, and the resultant pellets were washed and centrifuged in 

HBSS 2 times. Following the final wash, pellets were resuspended in Iscove's 

Modified Dulbecco's Media (IMDM) supplemented with 10% FBS, 1% 

antibiotic/antimycotic (Life Technologies), and 60 µM 6-TG (Sigma-Aldrich) and 

plated onto 10-cm tissue culture dishes. Dishes were incubated at 37 °C and 5% 

CO2 for 10-14 days. Cells were then fixed in methanol and stained with 0.03% 

(w/v) methylene blue solution. Colonies were quantified for each dish, with each 

colony representing one clonogenic metastatic cell.  
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Serum Cytokines 

Serum samples were diluted 2-fold in sterile PBS and 75 µL of serum samples 

were sent to Eve Technologies (Calgary, AB, Canada) for cytokine quantification 

of IL-1β, IL-6, IL-17A, and TNF-α. Eve Technologies uses Multiplexing LASER 

Bead Technology with each metabolite corresponding to a unique fluorophore 

signature. Capture antibodies are coupled with the metabolite’s particular beads 

and a bead analyzer (Bio-Plex 200) is used to quantify the metabolite.  
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Supplemental Figures 

	
  

Figure S1. Mean body weight of mice in the 5 experimental groups (Control, n = 

11; Tumor, n = 12; Tum+FLX, n = 12; Tum+SSZ; n = 12, Tum+5-ASA/SP, n = 

12). Data are presented for the duration of tumor growth and weights were 

corrected for tumor mass. Data are expressed as mean ± SEM. Two-way repeated-

measures ANOVA with Tukey’s post hoc test for multiple comparisons were used 

to analyze group differences over time. None of the groups at any time point 

revealed significant differences in (corrected) weight.  
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Figure S2. Tumor growth in mice subcutaneously inoculated with 15,000 4T1 

mammary carcinoma cells (Tumor, n = 12; Tum+FLX, n = 12; Tum+SSZ, n = 12, 

Tum+5-ASA/SP, n = 12). Tumor growth pattern was exponential and tumor mass 

reached a cumulative mean of 0.38 ± 0.02 g by day 26 of tumor growth. Data are 

expressed as mean ± SEM. Two-way repeated-measures ANOVA with Tukey’s 

post hoc test for multiple comparisons were used to analyze group differences 

over time. None of the groups at any time point revealed significant differences in 

tumor size. 
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Preface 

In this chapter, an author-generated version of the manuscript entitled 

“RNA-sequencing profiles hippocampal gene expression in a validated mouse 

model of cancer-induced depression”, prepared for submission February 2016 to 

Neuro-Oncology, is presented. The submission number for this manuscript is N-

O-D-16-00153. As this is a manuscript in submission, no copyright license 

documentation is required. 

For this paper, I performed the hippocampal excisions, aided in RNA 

extraction, and performed the analyses for qRT-PCR, RNA-seq, and gene 

enrichment. Furthermore, I created all of the figures, tables, and both wrote and 

revised the manuscript. Katja Linher-Melville performed RNA extraction, qRT-

PCR, aided in qRT-PCR analysis, and revised the manuscript. RNA samples were 

sent to Farncombe Metagenomics Facility (McMaster University) for sequencing. 

Dr. Benicio Frey and Dr. Gurmit Singh provided intellectual direction and revised 

the manuscript. Please note that American spellings are used throughout the 

article, as required by the journal. 

Context and Background Information  

In Chapter 2, a validated pre-clinical model of cancer-induced depression 

(CID) is presented. This model was validated by comparison to an established 

model of a stress-induced depressive state, which was induced by chronic oral 

administration of corticosterone (CORT). In the present chapter, hippocampi were 
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excised from naïve, CORT, and CID mice. RNA was then extracted and 

sequenced for analysis of differential gene expression. This represents the first 

efforts into investigating CID as a distinct form of depression at the basic level. 

The primary purpose of this study was to assess hippocampal similarities and 

differences between the CORT and CID models at the level of gene expression, 

and incite further mechanistic studies and development of novel treatment targets 

for CID. 

RNA sequencing (RNA-seq) results were validated by quantitative real-

time reverse transcription polymerase chain reaction (qRT-PCR). Differential 

expression analysis identified a large overlap of differentially expressed genes 

(DEGs) between the CORT and CID models. This was the first instance in which 

genetic alterations that are associated with depression in a relevant brain region 

have been demonstrated in a cancer model. Enrichment analyses for biological 

pathways and terms further revealed that these alterations were related to ion 

homeostasis and neuronal communication. The CID model was associated with 

additional DEGs that were not identified for the CORT model. These DEGs were 

enriched in pathways and terms relating to neuronal development, intercellular 

signalling cascade, learning, and memory. It is, therefore, plausible that CID 

represents a distinct form of depression, which has some degree of overlapping 

pathophysiology with non-cancer-related depression. Further validation of the 

hippocampal alterations at the protein activity level is warranted. Knockdown 

models and pharmacological interventions would be valuable tools in establishing 
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causal relationships between the alterations in hippocampal gene expression and a 

depressive phenotype.  
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Abstract 

Background: To investigate the pathophysiology of cancer-induced depression 

(CID), we have recently developed a validated CID mouse model. Given that the 

efficacy of antidepressants in cancer patients is controversial, it remains unclear 

whether CID is a biologically distinct form of depression.  

Methods: We used RNA-sequencing (RNA-seq) to investigate differentially 

expressed genes (DEGs) in hippocampi of animals from our CID model relative a 

positive control model of depressive-like behaviour induced with chronic 

corticosterone (CORT). To validate RNA-seq results, we performed quantitative 

real-time RT-PCR (qRT-PCR) on a subset of DEGs. Enrichment analysis using 

DAVID was performed on DEGs to identify enriched KEGG pathways and 

biological process gene ontologies (GO:BP) . 

Results: qRT-PCR results significantly predicted RNA-seq results. RNA-seq 

revealed that most DEGs identified in the CORT model overlapped with the CID 

model. Enrichment analyses identified KEGG pathways and GO:BP terms 

associated with ion homeostasis and neuronal communication for both the CORT 

and CID model. In addition, CID DEGs were enriched in pathways and terms 

relating to neuronal development, intracellular signalling, learning, and memory. 

Conclusion: This study is the first to investigate CID at the mRNA level. We 

have shown that most hippocampal mRNA changes that are associated with a 

depressive-like state are also associated with cancer. Several other changes occur 
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at the mRNA level in cancer, suggesting that the CID model may represent a 

biologically distinct form of a depressive-like state.  
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Introduction 

Gene expression profiling has long been an integral aspect of cancer 

research. Techniques such as DNA-microarray analysis continue to provide 

significant insights into aspects related to cancer diagnosis, prognosis, and 

treatment 1-4. However, these techniques have not been applied to investigate the 

impact of cancer on neurological processes. Expression profiling is also becoming 

increasingly prevalent in the study of psychiatric disorders. In major depressive 

disorder (MDD), gene expression changes may be specific to brain regions that 

are known to be impacted by depression, such as the prefrontal cortex, 

hippocampus, amygdala, anterior cingulate cortex, and striatum. In the 

hippocampus, microarray studies have identified downregulation of NF-κB 

signalling, upregulation of the γ-aminobutyric acid (GABA)-ergic gene MARLIN1 

(Multiple coiled-coil GABABR1-binding protein), glutamate AMPA receptor 

subunits, and genes involved in calcium signalling (e.g. SYT4), as well as 

expression changes in second messenger systems 5-7. Furthermore, other genetic 

analyses on MDD patients and suicide victims have demonstrated impaired 

hippocampal brain-derived neurotrophic factor (BDNF) signalling 8, 

downregulation of glucocorticoid receptors 9 and synapsin 10, as well as 

expression changes in serotonergic signalling 11.  

While microarrays remain relevant and are widely used, they have several 

inherent limitations 12. One limitation is the requirement of a priori knowledge of 

the genome under investigation, with incomplete, incorrect, or out-dated genome 
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annotations affecting result quality. Cross-hybridization between similar 

sequences can also affect the results, and the reliance on reverse transcription 

polymerase chain reaction (RT-PCR) to produce a sufficient quantity of cDNA 

(micrograms) introduces additional bias. In addition, microarrays are semi-

quantitative and report only relative expression levels, making it difficult to detect 

differential expression in low-abundance sequences relative to background noise. 

High-abundance sequences can also be difficult to quantify due to signal 

saturation. Next-generation sequencing (NGS), which is becoming more widely 

available to researchers due to recent decreases in cost, addresses many of these 

limitations inherent to microarrays 12. NGS directly sequences starting material 

(nanograms), making it much more sensitive for detecting low and high-

abundance sequences, as well as allowing for the detection of novel sequences 

without a priori knowledge of the genome. Due to these advantages, NGS 

techniques, such as RNA sequencing (RNA-seq), are being more frequently 

utilized in profiling studies for numerous pathologies, including cancer 13 and 

psychiatric disorders 14-16. However, we found only one study that used RNA-seq 

to investigate hippocampal gene expression in depression. This study identified 

microRNA 182 (miR-182) signalling to be disrupted in postmortem hippocampal 

dentate gyrus granule cells of patients with MDD 14.  

Depression is disproportionately prevalent in cancer patients, and can 

negatively impact both quality of life and survivorship 17,18. Despite inconsistent 

clinical evidence, modern antidepressants such as selective serotonin reuptake 
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inhibitors (SSRIs) remain the primary therapy for cancer-induced depression 

(CID) 19-22. To investigate the pathophysiology of CID, we have recently 

developed and validated a mouse model of CID using subcutaneous inoculation of 

4T1 mammary carcinoma cells in BALB/c mice 23. This model was validated 

against a positive control model for depressive-like behaviour induced by chronic 

administration of corticosterone (CORT). In order to further explore the cerebral 

molecular mechanisms involved in CID, here we investigated hippocampal gene 

expression profiles of the CID and CORT models relative to naïve animals using 

next-generation RNA-seq, and validated the results using quantitative real-time 

RT-PCR (qRT-PCR). To contextualize the data obtained from RNA-seq, we 

performed enrichment analyses on DEGs to identify enriched biological process 

gene ontologies (GO:BP) 24,25, as well as enriched Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathways 26,27.  

To our knowledge, this is the first investigation to assess central 

transcriptional alterations induced by peripheral cancer. This study is also among 

only a few that have applied NGS technology to investigate transcriptional 

alterations associated with a depressive-like state. Here, we report that there was a 

significant overlap of DEGs identified for both depressive models. Interestingly, 

additional DEGs, as well as KEGG pathways and GO:BP terms, were specifically 

associated with the CID model, and we therefore posit that clinical CID may 

represent a biologically distinct form of depression. Further delineation of the 
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mechanisms underlying this specific depressive-like state could facilitate the 

development of more specific CID pharmacotherapies.  
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Materials and Methods 

Mice 

 Female BALB/c mice, which were previously randomized into three 

experimental groups to develop a validated mouse model of CID 23, were included 

in the present study. The groups were naïve control, chronic oral CORT (positive 

control for depressive-like state), and CID. Mice in the CORT group were 

exposed to a 35 µg/mL solution of CORT ad libitum for 21 days. Mice in the CID 

group were inoculated subcutaneously with 15,000 4T1 mammary carcinoma 

cells in serum-free RPMI 1640 media just above their right flank. Mice were 

euthanized after 28 days of tumour growth. Naïve mice received sham 

inoculations of serum-free RPMI 1640 media. For the current investigation, 

hippocampi from six mice in each group were excised, and RNA was extracted. 

All animal procedures were performed according to guidelines established by the 

Canadian Council on Animal Care under a protocol reviewed and approved by the 

Animal Research Ethics Board of McMaster University. 

Tissue Collection 

Mice subcutaneously inoculated with 4T1 mammary carcinoma cells were 

sacrificed at day 71 of the previously described experiment 23, brains from all 

groups of animals were harvested, immediately placed into RNAlater RNA 

Stabilization Reagent (Ambion, Waltham, MA, USA), and stored at -80°C. 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   182	
  

Hippocampi were extracted via brain microdissection under a stereoscopic 

microscope. 

RNA Isolation 

Total RNA was isolated from each sample using the RNeasy Kit (Qiagen, 

Hilden, Germany) using 18-gauge needles fitted to a 1cc syringe to completely 

dissociate the hippocampi. Eluates were DNase-treated using the DNA-free Kit 

(DNase Treatment and Removal Reagents; Ambion, Waltham, MA, USA). 

Following spectrophotometric analysis, 40 ng of total RNA were subjected to 

RNA-seq, with remaining RNA samples stored at -80°C. 

RNA-Sequencing 

 RNA samples were sent to the Farncombe Metagenomics Facility 

(McMaster University, Ontario, Canada) for RNA sequencing. The quality of 

RNA was assessed using the RNA 6000 Nano kit on a 2100 Bioanalyzer 

instrument (Agilent Technologies, Santa Clara, CA, USA). A RNA library was 

prepared using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina 

and poly-A mRNA was enriched using the NEBNext Poly(A) mRNA Magnetic 

Isolation Module (New England Biolabs, Ipswich, MA, USA). Libraries were 

sequenced on two lanes of the Illumina HiSeq 1500 platform using the HiSeq 

Rapid V2 chemistry with onboard cluster generation and 70 bp single-end reads 

(Illumina, San Diego, CA, USA). To mitigate lane effects, each biological 
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replicate was split between two lanes and the reads were later combined for 

analysis.  

Quantitative Real-Time RT-PCR  

Total RNA was reverse transcribed into cDNA using the SuperScript III 

kit (Life Technologies, Waltham, MA, USA). 

Nine target DEGs were selected for relative qRT-PCR analysis using 

SYBR Green premix (Takara Bio, Kyoto, Japan) to validate the results derived 

from RNA-seq.  All target and housekeeping gene primers based on sequences 

specific for Mus musculus were derived from PrimerBank 

(http://pga.mgh.harvard.edu/primerbank/index.html), with annealing temperatures 

of 60°C. Official gene symbols, primer sequences, product sizes, and specific 

melting peaks for each target gene product are listed in supplementary Table S1. 

The specifications of the three housekeeping genes used in this study are 

summarized in supplementary Table S2 [Polr2b: polymerase (RNA) II (DNA 

directed) polypeptide B; Sdha: succinate dehydrogenase complex, subunit A; 

Taf1b: TATA box binding protein (Tbp)-associated factor, RNA polymerase I, B]. 

A MiniOpticon 48-well Real-Time PCR System linked to CFX Manager software 

(BioRad Hercules, CA, USA) was utilized to a carry out duplicate target gene 

amplifications for each cDNA sample in parallel to duplicate housekeeping gene 

reactions. Housekeepers were selected based on stringent efficiency testing by 

evaluating the slopes derived from plotting the log of a 2-fold serial dilution of 
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murine brain cDNA (template) versus the CT of each target gene compared to 

each housekeeper. A further test was carried out by plotting ΔCT values (target CT 

at each template dilution minus housekeeper CT at the equivalent dilution) across 

the dilution series. Amplification efficiencies were tested for each primer pair, 

with efficiency (E) = [10 raised to (-1/S)] – 1.The integrity of each product was 

verified by gel electrophoresis. 

Data Analyses  

RNA-sequencing 

 RNA-seq data was analyzed using the Tuxedo protocol, as described 

previously 28. The Galaxy Project, a web-based platform for biomedical data 

analysis, was used to perform several of the steps outlined in the Tuxedo protocol 

29-31. Briefly, the sequencing quality of the FASTQ files was evaluated using the 

FastQC tool (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). This 

identified overrepresented sequences corresponding with remnant index 

sequences, which were removed by inputting index sequences into the FASTX 

Clip tool (http://hannonlab.cshl.edu/fastx_toolkit/). Tophat was then used to align 

reads from individual biological replicates to the GRCm38/mm10 assembly. 

Cufflinks was used to create assembled transcripts, which were combined with the 

corresponding GRCm38/mm10 reference transcriptome annotation using 

Cuffmerge to create a transcriptome assembly. Cuffdiff was used to assess 

transcript abundance (in Fragments Per Kilobase of transcript per Million mapped 
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reads: FPKM) and differential gene expression by merging the transcriptome 

assembly with the individual aligned reads created by Tophat. The false discovery 

rate (FDR) adjusted p-value (i.e. q-value) was set to less than 0.05.  

 The Bioconductor package CummeRbund was used to visualize Cuffdiff 

output files in RStudio version 0.99.467 32-34. This platform was used to create 

scatter and volcano plots for each pairwise comparison, as well as an expression 

level plot and heatmap comparing all 3 experimental groups. EulerAPE version 3 

was used to produce a Venn diagram to visualize the overlap of DEGs between 

pairwise comparisons 35.  

Quantitative Real-Time RT-PCR  

 qRT-PCR data was analyzed using the 2−ΔΔC
T method 36. For each of the 9 

selected target genes, the mean ΔCT for the 6 biological replicates in each group 

being compared was calculated as the mean CT of the target gene minus the mean 

CT of the appropriate housekeeping gene. For each pairwise comparison, ΔΔCT 

was then calculated as the mean ΔCT of the non-control group minus the ΔCT of 

the control group, and the resulting ΔΔCT value was converted to 2−ΔΔC
T, 

representing fold-change. In all pairwise comparisons, fold-changes were 

calculated relative to the control group. In the comparison between CORT and 

CID, the CORT group was used as the control. To determine the overall 

experimental standard error of mean (SEM), SEMs derived from the ΔCT values 

were used to calculate upper and lower values of 2−ΔΔC
T. This resulted in a final 
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SEM asymmetrically distributed around the mean 2−ΔΔC
T as a consequence of 

converting data derived from an exponential process into a linear representation 36. 

 The 9 selected target DEGs were represented across 12 pairwise 

comparisons, due to some genes being differentially expressed in more than one 

comparison. For each pairwise comparison, results from qRT-PCR were 

graphically represented alongside the corresponding fold-changes derived from 

RNA-seq, which were calculated based on reported FPKM values. FPKM values 

were not log-transformed because both 2−ΔΔC
T fold-changes and FPKM are 

approximately log-normally distributed 28, whereas ΔCT and log10(FPKM) are 

approximately normally distributed. Therefore, the appropriate comparison of 

2−ΔΔC
T fold-changes is untransformed FPKM. In addition, linear regression was 

used to test the concordance between qRT-PCR and RNA-seq results, with α set 

to 0.05 37. The regression analysis was performed using SPSS Statistics Version 

22 (IBM, Armonk, NY, USA). All graphs were prepared on Microsoft Excel 2011 

version 14.1.0 (Microsoft, Redmond, WA, USA).  

Enrichment 

 Ontological and KEGG pathway enrichment analyses were performed 

using DAVID, an online bioinformatics tool for functional interpretation of gene 

sets 38,39. For each pairwise comparison, the list of DEGs was imported into 

DAVID’s “functional annotation” tool, with Mus musculus selected as the 

reference species. Enriched KEGG pathways and GO:BP terms were identified 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   187	
  

with the Expression Analysis Systematic Explorer (EASE) threshold (maximum 

EASE score/p-value) set to a default of 0.1. The EASE score is a modified Fisher 

Exact test score utilized by DAVID to identify significant gene enrichment. Fold-

enrichment was also reported, representing the ratio of the proportion of input 

genes in a list of DEGs relative to the number of genes that term or pathway 

represents within the reference mouse genome 40. KEGG pathways or GO:BP 

terms with fold-enrichment below 2 were excluded.  

 Network visualizations for each pairwise list of DEGs were performed 

using Cytoscape, a bioinformatics software package 41. Biological function of 

genes is strongly related to their co-expression 42, and the GeneMANIA app in 

Cytoscape was used to construct gene co-expression networks using the following 

parameters: networks = co-expression, network weighting = gene ontology 

biological process based, number of related genes displayed = 0 43. Node fill color 

was set to reflect gene expression fold-changes from RNA-seq results and node 

border color was used to identify genes of KEGG pathways. GO:BP results were 

visualized separately from the networks and displayed as bar graphs of fold-

enrichment for each term. 
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Results 

RNA-sequencing  

Three pairwise comparisons of differential gene expression were 

performed using RNA-seq, namely control vs. CORT, control vs. CID, and CORT 

vs. CID, with each group consisting of 6 biological replicates. On average, 

samples yielded 1073±427 Mbases (range: 642 – 2590 Mbases), and 15.3±6.1 

million reads (range: 9.1 – 37.0 million reads). Mean coverage was computed 

using the Lander/Waterman equation (C = LN/G), where C denotes coverage, G 

denotes genome length (or transcriptome length for RNA-seq), L denotes average 

read length, and N denotes the average number of reads 44. Galaxy was used to 

derive the total length of annotated transcripts. The Base Coverage tool in Galaxy 

(https://toolshed.g2.bx.psu.edu/view/devteam/basecoverage/b8a9e718caa3) was 

executed on the most recent mouse genome assembly (GRCm38/mm10: 

December 2011 Mus musculus assembly). The resultant transcriptome length was 

used to compute coverage as follows: C = (70 bp × 15.3 million reads)/(80.6 

Mbp) = 13.3×. This indicates that, on average, each transcript base was sequenced 

approximately 13 to 14 times.  

Figure 1 provides a visual representation of individual gene data in each 

pairwise comparison. Scatter plots (Figure 1 A) highlight the overall gene 

expression similarities and differences between the two conditions within each 

comparison. Volcano plots (Figure 1 B) highlight genes that were differentially 
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expressed in each comparison by plotting −log10(p-value) against log2(fold-

change) of individual genes. Figure 2 visually summarizes differential gene 

expression patterns between all 3 groups. The density plot (Figure 2 A) illustrates 

expression level distribution. Sections on the plot where groups do not overlap 

represent differential expression. The Venn diagram (Figure 2 B) further 

characterizes differential gene expression for each pairwise comparison, showing 

the number of shared DEGs between comparisons. A total of 68 DEGs were 

identified in the control vs. CORT comparison, 170 in the control vs. CID 

comparison, and 82 in the CORT vs. CID comparison. Forty-six of the 68 DEGs 

identified in the control vs. CORT comparisons were also identified in the control 

vs. CID comparison. Fifty out of the 170 DEGs identified in the control vs. CID 

comparison were also identified in the CORT vs. CID comparison. The heatmap 

(Figure 2 C) provides a visual representation of the expression level [in 

log10(FPKM+1)] for all DEGs across the 3 groups. A full list of DEGs identified 

for each pairwise comparison is included in supplementary Table S3. 

Quantitative Real-Time RT-PCR 

 Nine genes, covering 12 pairwise comparisons, were selected for qRT-

PCR analysis to validate the RNA-seq results. It is noteworthy that most DEGs 

identified by RNA-seq were characterized by moderate downregulation; thus 7 of 

the 12 qRT-PCR validations were performed on moderately downregulated genes 

with fold-changes near 0.7. In addition, 2 validations were performed on highly 

downregulated genes, 1 on a moderately upregulated gene, and 2 on highly 
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upregulated genes. Therefore, validation with qRT-PCR covered a large range of 

differential expression levels across all 3 pairwise comparisons. Figure 3 

illustrates each of the pairwise qRT-PCR validations compared to RNA-seq-

derived fold-changes. In all cases, data represent the mean of 6 biological 

replicates, with error bars indicating SEM. qRT-PCR mean fold-changes in gene 

expression were consistent with those derived from RNA-seq. Linear regression 

analysis revealed that qRT-PCR results significantly predicted RNA-seq results (F 

= 147.7, R2 = 0.937, p < 0.001) (Figure 4). 

Enrichment Analyses 

 Co-expression networks of DEGs from each pairwise comparison were 

constructed using the GeneMania application in Cytoscape (Figure 5 A). Node 

fill colors indicate that most genes across comparisons were downregulated 

relative to the control. Results from KEGG pathway enrichment analysis, 

performed using DAVID, are indicated on the networks using node border colors. 

This analysis revealed 3 enriched pathways in the control vs. CORT comparison, 

namely calcium signalling, neuroactive ligand-receptor interaction, and nitrogen 

metabolism. Nine pathways were enriched in the control vs. CID comparison, 

namely MAPK signalling, calcium signalling, neuroactive ligand-receptor 

interaction, vascular smooth muscle contraction, Alzheimer’s disease, GnRH 

signalling, phosphatidylinositol signalling, long-term potentiation, and long-term 

depression. Neuroactive ligand-receptor interaction was also enriched in all 3 
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comparisons, with common genes downregulated in CORT and CID relative to 

control, and to a greater degree in CID relative to CORT.  

 Analysis of GO:BP revealed 22 enriched terms for the control vs. CORT 

DEGs (Figure 5 B). These terms were mostly related to ion transport, chemical 

homeostasis, cellular communication and neurotransmission, and regulation of 

heart rate. Sixty-six terms were enriched for the control vs. CID DEGs. These 

terms were related to ion transport, chemical homeostasis, cellular communication 

and neurotransmission, neuronal development and ensheathment, erythrocyte 

development, intracellular signalling cascade, oxygen transport, and locomotion. 

Thirty-six terms were enriched for the CORT vs. CID DEGs. These terms were 

related to chemical homeostasis, cellular communication and neurotransmission, 

neuronal development and ensheathment, lipid metabolism, inflammation, kinase 

activity, and cell adhesion.  
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Discussion 

 Structural neuroimaging studies on patients with MDD have consistently 

demonstrated volume reductions in cortical and subcortical brain regions 45,46. In 

particular, data on more than 1700 MDD patients from the ENIGMA consortium 

revealed significantly reduced hippocampal volumes relative to more than 7000 

healthy controls 47. Moreover, regional brain volume reductions may be 

attenuated with antidepressant therapy 48. Functional neuroimaging has similarly 

demonstrated abnormal hippocampal and prefrontal cortical (PFC) activation in 

individuals with MDD 49. In a recent study on a mouse model of CID, we found 

reduced basilar and apical dendritic branching in the medial PFC (mPFC) of 

CORT and CID mice compared with naïve controls 23. In the present study, we 

utilized the previously excised hippocampi from those same mice and extracted 

RNA to investigate differential gene expression across models. RNA-seq was then 

performed on hippocampal RNA using carefully selected parameters to ensure 

sufficient sensitivity for the detection of DEGs. It has recently been shown that 

increasing the number of biological replicates has a greater impact on the power 

of detecting DEGs than increasing the number of reads beyond 10 million 50. 

Therefore, including 6 biological replicates in each group with a mean of 15.3 

million reads per replicate provided sufficiently powerful detection of DEGs in 

the present study.  

We have employed 3 pairwise comparisons to explore the pathophysiology of 

CID. To establish transcriptional changes related to a non-cancer depressive-like 
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state, naïve control mice were compared with a positive control model induced by 

chronic administration of CORT. To explore transcriptional changes related to 

CID, the same naïve control mice were compared with our CID model. Finally, to 

directly investigate differences between the two depressive models, the CORT 

model was compared with the CID model. We found that most DEGs identified in 

the control vs. CORT comparison were also identified in the control vs. CID 

comparison. However, considerably more DEGs were identified in the control vs. 

CID comparison, which were not identified in the control vs. CORT comparison 

(Figure 2). Importantly, these findings alone suggest a substantial overlap in 

hippocampal changes associated with both depressive models, in addition to other 

changes that appear to be specific to the CID model. This may be an indication 

that clinical CID is biologically distinct from primary depression at the level of 

central transcriptional modifications. To validate the results obtained from RNA-

seq, DEGs from 12 comparisons covering a wide range of expression fold-

changes were analyzed by qRT-PCR. Results from this analysis revealed 

consistent gene fold-changes between the two methodologies, and qRT-PCR 

significantly predicted RNA-seq results (Figures 3 & 4). 

Previous gene expression studies have identified DEGs relating to 

neurodevelopmental processes and neurotransmission in postmortem hippocampi 

of individuals with depression and suicide 5-7. In the present study, GO:BP terms 

relating to these processes were enriched in both depressive models. As 

previously mentioned, the GABAergic gene MARLIN1 and GRIA2 (AMPA 
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receptor subunit 2) have been found to be upregulated in the hippocampi of 

patients with MDD and suicide victims 6,7. Our results show downregulation of 

hippocampal Grm4 (metabotropic glutamate receptor 4) and Grin2c [N-methyl-D-

aspartate (NMDA) receptor NR2C subunit] in both depressive models. We also 

observed hippocampal downregulation of Gabrd (GABAA receptor δ subunit) in 

the CORT model, and downregulation of Gabra3 (GABAA receptor α-3 subunit) 

and Gria4 (AMPA receptor subunit 4) in the CID model. In both depressive 

models, further investigation into glutamatergic dysregulation may be particularly 

relevant given the proposed role of glutamate signalling in the pathophysiology of 

depression 51,52 and the fast-acting antidepressant effect of NMDA receptor 

antagonists such as ketamine 53,54. To our knowledge, specific hippocampal 

knockdowns of the genes identified in this study have not been investigated. 

However, consistent with the observed downregulation of Gabrd in the CORT 

model, there is evidence to suggest that pregnancy-related deficiency in 

hippocampal GABAA receptor δ subunit is associated with postpartum depression 

55. Furthermore, AMPA receptor subunit 1 knockout mice exhibit depressive-like 

behaviours 56. This might be particularly relevant for the CID model, which 

exhibited hippocampal downregulation of Gria4, whereas the CORT model did 

not show altered AMPA signalling in this study.  

In addition to coding RNA, both depressive models were associated with 

downregulation of microRNA (miRNA) 568, and CORT was associated with 

upregulation of miRNA 8109. Although these miRNAs have yet to be 
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functionally annotated, a whole-miRNome investigation may help to better 

characterize transcriptional changes associated with CID, particularly in light of 

recent results implicating microRNA dysregulation in the hippocampi of patients 

with MDD 14. In addition, a recent whole-miRNome study identified 30 

differentially expressed miRNAs in the blood of MDD patients after 

antidepressant administration 57. Interestingly, KEGG pathways identified for 

those miRNAs included neuroactive ligand-receptor interaction, long-term 

potentiation, and long-term depression, which we have also identified as enriched 

KEGG pathways in the present CID model. 

CID was associated with alterations in biological processes of interest beyond 

what was observed with the CORT model. For example, we observed an enriched 

set of DEGs involved in MAPK signalling, similar to a previous RNA-seq study 

reporting MAPK dysregulation in the ventral tegmental area of mouse models of 

emotional and physical stress 16. We also observed DEGs in phosphatidylinositol 

signalling, which, along with MAPK signalling, act downstream of brain-derived 

neurotrophic factor (BDNF) activation, a key pathway for neuroplasticity widely 

implicated in the pathophysiology of MDD 58. DEGs relating to Alzheimer’s 

disease, long-term potentiation, and long-term depression were also associated 

with our CID model. This may suggest a role for memory and learning 

impairment in the neurobiology of CID.  

This study identified novel pathways that are potentially involved in the 

neurobiology of CID. It remains possible that not all transcriptional modifications 
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are causally related to the induced depressive-like state. Validation with 

hippocampus-specific knockdown studies and pharmacological manipulations of 

pathways identified here would be required to firmly establish causality. However, 

since cancer cell inoculation is the sole initiating event in the CID model, we 

strongly suspect that the DEGs and pathways identified in this study are causally 

linked to the observed depressive-like behaviours. This is supported by the large 

overlap of DEGs between the CID model and the positive control CORT model. 

Furthermore, pathways relating to learning and memory that were specific to CID 

are supported by clinical results, which implicate cognitive impairment in a subset 

of patients with depression 59 and cancer 60. 

Transcriptional changes leading to altered mRNA levels do not necessarily reflect 

alterations in protein activity 61. Therefore, DEGs and pathways identified in this 

study should be validated through proteomics.  

This study represents the first efforts to identify central transcriptional alterations 

associated with a model of CID as distinct from a stress-induced depressive-like 

state. We have shown that cancer induces downregulation of hippocampal genes 

involved in neuronal communication and ion homeostasis that are similarly 

downregulated by CORT. In addition, CID was associated with additional 

transcriptional alterations related to memory, intracellular signalling cascade, 

locomotion, and neuronal development. Intervention studies through 

pharmacology, as well as proteomics, are needed to further characterize the 

molecular pathways of CID. 
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Figures & Tables 

 

Figure 1. Visual representation of individual gene data in each pairwise 

comparison. (A) Scatter plots for each comparison showing overall gene 

expression similarities and differences. FPKM: Fragments Per Kilobase of 

transcript per Million mapped reads. (B) Volcano plots highlighting genes that 

were differentially expressed in each comparison.  
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Figure 2. Visual summary of differential gene expression patterns between all 3 

groups. (A) Density plot illustrating expression level distribution, with non-

overlapping segments of the plot representing differential expression. (B) Venn 

diagram showing the number of shared DEGs between each comparisons. (C) 

Heatmap showing the level of expression [in log10(FPKM+1)] for all DEGs 

across the 3 groups. FPKM: Fragments Per Kilobase of transcript per Million 

mapped reads. 
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Figure 3. qRT-PCR fold-changes compared with RNA-seq fold-changes. 9 genes 

across 12 comparisons indicate similar results between both methods. For each 

group, data represents the mean of 6 biological replicates, with error bars 

indicating the SEM.  
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Figure 4. Linear regression analysis of qRT-PCR results compared with RNA-seq 

results. All pairwise comparisons and a wide range of fold-changes are 

represented in the analysis. Regression revealed high concordance between the 

two methods, which was statistically significant (F = 147.7, R2 = 0.937, p < 

0.001). Statistical analysis was performed using SPSS, with α set to 0.05.  
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Figure 5. Enrichment analyses of DEGs identified using RNA-seq. (A) Co-

expression networks of DEGs from each pairwise comparison were created using 

the GeneMANIA application in Cytoscape. Node fill colors represent expression 

fold-changes compared to the control, and node border colors represent KEGG 

pathways identified using DAVID. (B) Bar graphs illustrating fold-enrichments of 

GO:BP terms identified for DEGs from each pairwise comparison using DAVID. 

EASE threshold was set to 0.1 and fold-enrichments below 2 were excluded.  
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Supplemental Information 

Table S1. Primers utilized for relative qRT-PCR analysis. 

Gene 
Symbol 

Primer Sequence 
(5' to 3') 

House-
keeper 

 

Product 
Size 
(bp) 

Melt Peak 
 

Grm4 FOR: GACCGCATCAACAACGACC 
REV: GTGCCGTCCTTCTCGATGAG 

Sdha 137 87.5-88.0 

Grin2c  FOR: GGGATCTGCCATAACGAGAAG 
REV: GCACTGAGTGTCGAAGTTTCCA 

Polr2b  157 
 

86.0-86.5 

Gabrd  FOR: 
CCAGCATTGACCATATCTCAGAG 
REV: TCATGGAACCAGGCAGATTTG 

Taf1b  190 85.5 
 

Gpr101 FOR: AGATGACCAACCGACGTAGTT 
REV: TGGCTCCCCAGATCATGGAA 

Taf1b  141 84.0-84.5 

Gabra3 FOR: 
AGACAGACATGGCATGATGAAAG 
REV: GGTGTGGTCATATTGTGAGCC 

Sdha 146 80.0 

Tgm2G FOR: GACAATGTGGAGGAGGGATCT 
REV: CTCTAGGCTGAGACGGTACAG 

Taf1b 120 85.0 

Csf3r FOR: CTGATCTTCTTGCTACTCCCCA 
REV: GGTGTAGTTCAAGTGAGGCAG 

Taf1b 249 86.5 

Htr2c FOR: TGCTGGTGGGACTACTTGTCA 
REV: 
GACGCAGTTGAAAATAGCACATC 

Sdha 124 81.0-81.5 

Gria4 FOR: TTTGCAGGCAGATTGTCTTG 
REV: GGGGCTGGTGTTATGAAGAA 

Sdha 180 82.5-83.0 
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Table S2. Housekeeping gene primers utilized for relative qRT-PCR analysis. 

Gene 
Symbol 

Primer Sequence 
(5' to 3') 

Product Size 
(bp) 

Melt Peak 

Polr2b FOR: ATGGCTTAACAGATCGTGACCT 
REV: GCGACATTCTCCTGTATAGGCA 

176 81.0-81.5 

Grin2c  FOR: TCCTACCCGATCACATACTGTT 
REV: GCTCTGTCATGTAATGGATGGCA 

152 84.0-84.5 

Sdha FOR: GATTTGCCTCGTTTCCCAGAC 
REV: GCCATAGCCTGCACATCATATT 

215 81.0-81.5 
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Table S3. List of differentially expressed genes (DEGs) and fold changes for each 

pairwise comparison.  

Control vs. CORT 
XLOC Name Gene 

Symbol 
Gene Name Fold-

Change 
q-

value 
XLOC_009476 Cbln3 cerebellin 3 precursor protein 0.01 0.009 

XLOC_030509 Cbln1 cerebellin 1 precursor protein 0.04 0.009 

XLOC_016233 Sp5 trans-acting transcription factor 5 0.05 0.017 
XLOC_022558 En2 engrailed 2 0.05 0.009 
XLOC_012954 Arhgef33 Rho guanine nucleotide exchange factor (GEF) 33 0.06 0.009 
XLOC_021168 Car8 carbonic anhydrase 8 0.07 0.009 
XLOC_014015 Ttr transthyretin 0.08 0.009 
XLOC_032531 Zic1 zinc finger protein of the cerebellum 1 0.12 0.009 
XLOC_003357 Nts neurotensin 0.12 0.009 
XLOC_003296 Mybpc1 myosin binding protein C, slow-type 0.14 0.009 

XLOC_013378 Grm4 glutamate receptor, metabotropic 4 0.15 0.009 
XLOC_020670 Inadl InaD-like (Drosophila) 0.17 0.009 
XLOC_022039 Pla2g5 phospholipase A2, group V 0.18 0.009 
XLOC_010841 Shisa8 shisa family member 8 0.19 0.009 
XLOC_024662 Ubn2 ubinuclein 2 0.21 0.009 
XLOC_029786 Gm2694 predicted gene 2694 0.25 0.009 
XLOC_031477 Zic4 zinc finger protein of the cerebellum 4 0.28 0.03 
XLOC_022021 Epha8 Eph receptor A8 0.28 0.009 
XLOC_002196 Slc1a6 solute carrier family 1 (high affinity aspartate/glutamate 

transporter), member 6 
0.29 0.009 

XLOC_011547 Clic6 chloride intracellular channel 6 0.31 0.009 
XLOC_025639 Pdia4 protein disulfide isomerase associated 4 0.33 0.009 
XLOC_004080 Atp2a3 ATPase, Ca++ transporting, ubiquitous 0.34 0.009 
XLOC_001562 Pld5 phospholipase D family, member 5 0.34 0.009 
XLOC_008713 Gm1821 predicted gene 1821 0.35 0.009 
XLOC_003781 Ebf1 early B cell factor 1 0.37 0.009 
XLOC_009106 Zic2 zinc finger protein of the cerebellum 2 0.41 0.009 
XLOC_009695 Zic5 zinc finger protein of the cerebellum 5 0.42 0.009 
XLOC_001263 Inhbb inhibin beta-B 0.43 0.009 
XLOC_030069 Cdh15 cadherin 15 0.44 0.009 
XLOC_031818 Rgl3 ral guanine nucleotide dissociation stimulator-like 3 0.45 0.024 
XLOC_004543 Gprc5c G protein-coupled receptor, family C, group 5, member C 0.45 0.017 
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XLOC_011401 Mir568 microRNA 568 0.47 0.009 
XLOC_000525 Syt2 synaptotagmin II 0.47 0.009 
XLOC_029888 Car7 carbonic anhydrase 7 0.51 0.009 
XLOC_010729 Pvalb parvalbumin 0.52 0.009 
XLOC_008640 Gdf10 growth differentiation factor 10 0.52 0.009 
XLOC_008180 F2r coagulation factor II (thrombin) receptor 0.53 0.009 
XLOC_030017 Vat1l vesicle amine transport protein 1 homolog-like (T. 

californica) 
0.54 0.009 

XLOC_026564 Ercc2 excision repair cross-complementing rodent repair 
deficiency, complementation group 2 

0.54 0.009 

XLOC_021100 Tnfrsf25 tumor necrosis factor receptor superfamily, member 25 0.54 0.009 
XLOC_006619 Syndig1l synapse differentiation inducing 1 like 0.55 0.009 
XLOC_030690 Kcng4 potassium voltage-gated channel, subfamily G, member 4 0.58 0.017 
XLOC_014386 Nrep neuronal regeneration related protein 0.59 0.009 
XLOC_008982 Hr hairless 0.59 0.009 
XLOC_014343 Zfp521 zinc finger protein 521 0.61 0.017 
XLOC_025040 Itpr1 inositol 1,4,5-trisphosphate receptor 1 0.63 0.009 
XLOC_016017 Kcnt1 potassium channel, subfamily T, member 1 0.64 0.009 
XLOC_013763 Mtcl1 microtubule crosslinking factor 1 0.66 0.024 
XLOC_032469 Unc13c unc-13 homolog C (C. elegans) 0.67 0.009 

XLOC_005264 Cacna1g calcium channel, voltage-dependent, T type, alpha 1G 
subunit 

0.67 0.009 

XLOC_031796 Fdx1l ferredoxin 1-like 0.69 0.024 
XLOC_005397 Jup junction plakoglobin 0.69 0.017 
XLOC_022183 Gabrd gamma-aminobutyric acid (GABA) A receptor, subunit 

delta 
0.69 0.009 

XLOC_026419 Leng8 leukocyte receptor cluster (LRC) member 8 0.71 0.009 
XLOC_005535 Grin2c glutamate receptor, ionotropic, NMDA2C (epsilon 3) 0.71 0.009 
XLOC_023798 Miat myocardial infarction associated transcript (non-protein 

coding) 
0.73 0.009 

XLOC_015363 Malat1 metastasis associated lung adenocarcinoma transcript 1 
(non-coding RNA) 

0.75 0.009 

XLOC_031709 Lars2 leucyl-tRNA synthetase, mitochondrial 0.77 0.024 
XLOC_017579 Fibcd1 fibrinogen C domain containing 1 1.54 0.009 
XLOC_002515 Dcn decorin 1.58 0.009 
XLOC_033696 Gpr101 G protein-coupled receptor 101 1.94 0.03 
XLOC_009455 Myh6 myosin, heavy polypeptide 6, cardiac muscle, alpha 4.01 0.03 
XLOC_029781 Mir8109 microRNA 8109 4.18 0.017 

XLOC_005745 NA not annotated 0.00 0.009 
XLOC_021216 NA not annotated 0.00 0.009 
XLOC_030849 NA not annotated 0.00 0.009 
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XLOC_026396 NA not annotated  ∞ 0.03 
XLOC_009725 NA not annotated ∞ 0.03 

Control vs. CID 
XLOC Name Gene 

Symbol 
Gene Name Fold-

Change 
q-

value 
XLOC_009476 Cbln3 cerebellin 3 precursor protein 0.01 0.009 

XLOC_022558 En2 engrailed 2 0.03 0.009 

XLOC_030509 Cbln1 cerebellin 1 precursor protein 0.04 0.009 
XLOC_021168 Car8 carbonic anhydrase 8 0.07 0.009 
XLOC_012954 Arhgef33 Rho guanine nucleotide exchange factor (GEF) 33 0.08 0.009 
XLOC_016233 Sp5 trans-acting transcription factor 5 0.09 0.009 
XLOC_014015 Ttr transthyretin 0.09 0.009 
XLOC_003357 Nts neurotensin 0.11 0.009 
XLOC_003296 Mybpc1 myosin binding protein C, slow-type 0.13 0.009 
XLOC_032531 Zic1 zinc finger protein of the cerebellum 1 0.13 0.009 

XLOC_029786 Gm2694 predicted gene 2694 0.15 0.009 
XLOC_010841 Shisa8 shisa family member 8 0.15 0.009 
XLOC_013378 Grm4 glutamate receptor, metabotropic 4 0.17 0.009 
XLOC_020670 Inadl InaD-like (Drosophila) 0.19 0.009 
XLOC_001562 Pld5 phospholipase D family, member 5 0.19 0.009 
XLOC_005886 Ispd isoprenoid synthase domain containing 0.20 0.009 
XLOC_031477 Zic4 zinc finger protein of the cerebellum 4 0.25 0.009 
XLOC_000525 Syt2 synaptotagmin II 0.26 0.009 
XLOC_019560 Trpc3 transient receptor potential cation channel, subfamily C, 

member 3 
0.27 0.009 

XLOC_022039 Pla2g5 phospholipase A2, group V 0.27 0.009 
XLOC_002196 Slc1a6 solute carrier family 1 (high affinity aspartate/glutamate 

transporter), member 6 
0.32 0.009 

XLOC_011547 Clic6 chloride intracellular channel 6 0.34 0.009 
XLOC_031129 Ccdc153 coiled-coil domain containing 153 0.35 0.009 
XLOC_025639 Pdia4 protein disulfide isomerase associated 4 0.35 0.009 
XLOC_015683 5830416P

10Rik 
RIKEN cDNA 5830416P10 gene 0.36 0.049 

XLOC_026919 Slc17a6 solute carrier family 17 (sodium-dependent inorganic 
phosphate cotransporter), member 6 

0.38 0.009 

XLOC_004080 Atp2a3 ATPase, Ca++ transporting, ubiquitous 0.38 0.009 
XLOC_010729 Pvalb parvalbumin 0.39 0.009 
XLOC_026090 Lrrc23 leucine rich repeat containing 23 0.39 0.024 
XLOC_009106 Zic2 zinc finger protein of the cerebellum 2 0.40 0.009 
XLOC_022021 Epha8 Eph receptor A8 0.41 0.009 
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XLOC_001263 Inhbb inhibin beta-B 0.41 0.009 
XLOC_000127 1500015O

10Rik 
RIKEN cDNA 1500015O10 gene 0.41 0.037 

XLOC_025720 Pde1c phosphodiesterase 1C 0.42 0.009 
XLOC_005282 Nxph3 neurexophilin 3 0.42 0.009 
XLOC_003781 Ebf1 early B cell factor 1 0.43 0.009 
XLOC_009695 Zic5 zinc finger protein of the cerebellum 5 0.44 0.009 
XLOC_004543 Gprc5c G protein-coupled receptor, family C, group 5, member C 0.44 0.017 
XLOC_000224 Vwc2l von Willebrand factor C domain-containing protein 2-like 0.44 0.017 
XLOC_008180 F2r coagulation factor II (thrombin) receptor 0.44 0.009 
XLOC_023031 Fam222a family with sequence similarity 222, member A 0.45 0.009 
XLOC_031558 6430571L1

3Rik 
RIKEN cDNA 6430571L13 gene 0.45 0.049 

XLOC_000021 Sulf1 sulfatase 1 0.46 0.030 
XLOC_023589 Kctd8 potassium channel tetramerisation domain containing 8 0.46 0.009 
XLOC_030017 Vat1l vesicle amine transport protein 1 homolog-like (T. 

californica) 
0.47 0.009 

XLOC_016927 Plcb4 phospholipase C, beta 4 0.48 0.009 
XLOC_030690 Kcng4 potassium voltage-gated channel, subfamily G, member 4 0.49 0.009 
XLOC_031818 Rgl3 ral guanine nucleotide dissociation stimulator-like 3 0.50 0.030 
XLOC_019332 Olfm3 olfactomedin 3 0.51 0.009 

XLOC_015602 Opalin oligodendrocytic myelin paranodal and inner loop protein 0.51 0.009 
XLOC_023332 Medag mesenteric estrogen dependent adipogenesis 0.51 0.009 
XLOC_029888 Car7 carbonic anhydrase 7 0.51 0.009 
XLOC_009841 Cdh18 cadherin 18 0.52 0.017 

XLOC_000776 Dusp10 dual specificity phosphatase 10 0.52 0.037 
XLOC_006619 Syndig1l synapse differentiation inducing 1 like 0.52 0.009 
XLOC_022576 Kcnk3 potassium channel, subfamily K, member 3 0.53 0.024 
XLOC_023356 Steap2 six transmembrane epithelial antigen of prostate 2 0.53 0.009 
XLOC_021166 Tox thymocyte selection-associated high mobility group box 0.54 0.024 
XLOC_018007 Hipk3 homeodomain interacting protein kinase 3 0.54 0.009 
XLOC_009911 Nov nephroblastoma overexpressed gene 0.55 0.009 
XLOC_033238 Gjb1 gap junction protein, beta 1  0.55 0.037 
XLOC_027488 Syt9 synaptotagmin IX 0.55 0.009 
XLOC_023202 Rasa4 RAS p21 protein activator 4 0.55 0.037 

XLOC_026187 Tspan9 tetraspanin 9 0.56 0.009 
XLOC_004246 Sept4 septin 4 0.57 0.009 
XLOC_011401 Mir568 microRNA 568 0.57 0.009 
XLOC_010490 Enpp2 ectonucleotide pyrophosphatase/phosphodiesterase 2 0.57 0.009 
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XLOC_014343 Zfp521 zinc finger protein 521 0.57 0.009 

XLOC_014386 Nrep neuronal regeneration related protein 0.58 0.009 
XLOC_008640 Gdf10 growth differentiation factor 10 0.58 0.009 
XLOC_013534 Mog myelin oligodendrocyte glycoprotein 0.58 0.009 
XLOC_006319 Adssl1 adenylosuccinate synthetase like 1 0.59 0.017 
XLOC_008982 Hr hairless 0.59 0.009 
XLOC_026719 Ppp1r14a protein phosphatase 1, regulatory (inhibitor) subunit 14A 0.60 0.017 
XLOC_021981 Rps6ka1 ribosomal protein S6 kinase polypeptide 1 0.60 0.024 
XLOC_018553 Bcas1 breast carcinoma amplified sequence 1 0.60 0.009 
XLOC_002839 Abracl ABRA C-terminal like 0.60 0.049 
XLOC_021435 Lpar1 lysophosphatidic acid receptor 1 0.61 0.009 
XLOC_033359 Plp1 proteolipid protein (myelin) 1 0.62 0.009 

XLOC_013763 Mtcl1 microtubule crosslinking factor 1 0.62 0.009 
XLOC_017682 Ermn ermin, ERM-like protein 0.62 0.009 
XLOC_031128 Mcam melanoma cell adhesion molecule 0.63 0.049 

XLOC_026564 Ercc2 excision repair cross-complementing rodent repair 
deficiency, complementation group 2 

0.63 0.009 

XLOC_016017 Kcnt1 potassium channel, subfamily T, member 1 0.63 0.024 
XLOC_028168 Mag myelin-associated glycoprotein 0.64 0.009 
XLOC_000343 Efhd1 EF hand domain containing 1 0.64 0.009 
XLOC_014296 Mbp myelin basic protein 0.64 0.009 
XLOC_032536 1190002N

15Rik 
RIKEN cDNA 1190002N15 gene 0.64 0.009 

XLOC_031559 Cacna2d2 calcium channel, voltage-dependent, alpha 2/delta 
subunit 2 

0.65 0.017 

XLOC_025040 Itpr1 inositol 1,4,5-trisphosphate receptor 1 0.65 0.009 
XLOC_009257 Prkcd Prkcd 0.65 0.009 
XLOC_018878 Cldn11 claudin 11 0.66 0.009 
XLOC_005264 Cacna1g calcium channel, voltage-dependent, T type, alpha 1G 

subunit 
0.66 0.009 

XLOC_022190 Tmem88b transmembrane protein 88B 0.66 0.009 
XLOC_029494 Ank1 ankyrin 1, erythroid 0.67 0.030 
XLOC_033746 Gabra3 gamma-aminobutyric acid (GABA) A receptor, subunit 

alpha 3 
0.67 0.009 

XLOC_005535 Grin2c glutamate receptor, ionotropic, NMDA2C (epsilon 3) 0.68 0.009 
XLOC_031829 Anln anillin, actin binding protein 0.68 0.037 
XLOC_027700 Inpp5a inositol polyphosphate-5-phosphatase A 0.68 0.030 
XLOC_020028 Ugt8a UDP galactosyltransferase 8A 0.69 0.030 
XLOC_002577 Ptprr protein tyrosine phosphatase, receptor type, R 0.69 0.044 
XLOC_031725 Gria4 glutamate receptor, ionotropic, AMPA4 (alpha 4) 0.70 0.049 
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XLOC_032578 Trf transferrin 0.70 0.009 
XLOC_008068 Uqcrb ubiquinol-cytochrome c reductase binding protein 0.70 0.009 
XLOC_015841 Fam107b family with sequence similarity 107, member B 0.71 0.044 
XLOC_004539 Ttyh2 tweety homolog 2 (Drosophila) 0.71 0.037 
XLOC_004386 Cnp 2',3'-cyclic nucleotide 3' phosphodiesterase 0.71 0.009 
XLOC_019030 Serpini1 serine (or cysteine) peptidase inhibitor, clade I, member 1 0.72 0.009 
XLOC_018170 Mal myelin and lymphocyte protein, T cell differentiation 

protein 
0.72 0.009 

XLOC_012740 Rcan2 regulator of calcineurin 2 0.73 0.009 
XLOC_005891 Etv1 ets variant 1 0.73 0.049 
XLOC_017226 Slc32a1 solute carrier family 32 (GABA vesicular transporter), 

member 1 
0.73 0.009 

XLOC_025580 AK161964 pleiotrophin 0.75 0.009 
XLOC_015536 Rfx3 regulatory factor X, 3 (influences HLA class II 

expression) 
1.30 0.009 

XLOC_007242 Rreb1 ras responsive element binding protein 1 1.34 0.037 
XLOC_010400 Pdzd2 PDZ domain containing 2 1.34 0.009 
XLOC_021853 Mfsd2a major facilitator superfamily domain containing 2A 1.40 0.030 
XLOC_008713 Gm1821 predicted gene 1821 1.43 0.009 
XLOC_015363 Malat1 metastasis associated lung adenocarcinoma transcript 1 

(non-coding RNA) 
1.45 0.009 

XLOC_033875 Xist inactive X specific transcripts 1.45 0.009 
XLOC_018470 Tgm2 transglutaminase 2, C polypeptide 1.51 0.049 
XLOC_009619 Dgkh diacylglycerol kinase, eta 1.57 0.009 
XLOC_019452 Adgrl4 adhesion G protein-coupled receptor L4 1.58 0.017 
XLOC_017497 Ptgds prostaglandin D2 synthase (brain) 1.60 0.009 
XLOC_001048 Fn1 fibronectin 1 1.60 0.009 
XLOC_010672 Ly6i lymphocyte antigen 6 complex, locus I 1.61 0.009 
XLOC_028173 Fxyd5 FXYD domain-containing ion transport regulator 5 1.79 0.044 
XLOC_003003 Srgn serglycin 1.82 0.049 
XLOC_020628 Acer2 alkaline ceramidase 2 1.87 0.049 
XLOC_029918 Fam65a family with sequence similarity 65, member A 1.87 0.009 
XLOC_008030 Ctla2a cytotoxic T lymphocyte-associated protein 2 alpha 1.98 0.009 
XLOC_031393 Aldh1a2 aldehyde dehydrogenase family 1, subfamily A2 2.04 0.030 
XLOC_026272 Mgp matrix Gla protein 2.10 0.009 
XLOC_002269 Apba3 amyloid beta (A4) precursor protein-binding, family A, 

member 3 
2.11 0.009 

XLOC_000513 Fmod fibromodulin 2.12 0.009 
XLOC_025169 Vwf Von Willebrand factor homolog  2.16 0.037 
XLOC_020851 Csf3r colony stimulating factor 3 receptor (granulocyte) 2.22 0.009 
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XLOC_010738 Rac2 RAS-related C3 botulinum substrate 2 2.28 0.049 
XLOC_028803 Hbb-bs hemoglobin, beta adult s chain 2.53 0.009 
XLOC_027760 Lsp1 lymphocyte specific 1 2.63 0.024 
XLOC_003748 Hba-a2 hemoglobin alpha, adult chain 2 2.66 0.009 
XLOC_017282 Mmp9 matrix metallopeptidase 9 2.88 0.009 
XLOC_028802 Hbb-b2 hemoglobin, beta adult minor chain 3.07 0.017 
XLOC_003397 Lyz2 lysozyme 2 3.20 0.009 
XLOC_003750 Hba-a2 hemoglobin alpha, adult chain 2 3.32 0.009 
XLOC_010172 Tnrc6b trinucleotide repeat containing 6b 3.87 0.009 
XLOC_004039 Dvl2 dishevelled 2, dsh homolog (Drosophila) 4.34 0.009 
XLOC_015509 Anxa1 annexin A1 4.35 0.009 
XLOC_013024 Fndc1 fibronectin type III domain containing 1 4.55 0.017 
XLOC_009248 Pde12 phosphodiesterase 12 5.25 0.009 
XLOC_013661 Lrg1 leucine-rich alpha-2-glycoprotein 1 8.21 0.009 
XLOC_031633 Ltf lactotransferrin ∞ 0.009 
XLOC_011372 Gm5483 predicted gene 5483 ∞ 0.009 
XLOC_004219 Wfdc21 WAP four-disulfide core domain 21 ∞ 0.009 
XLOC_011787 Stfa2 stefin A2 ∞ 0.009 
XLOC_011371 Stfa2l1 stefin A2 like 1 ∞ 0.009 
XLOC_011430 Retnlg resistin like gamma ∞ 0.009 
XLOC_019135 S100a8 S100 calcium binding protein A8 (calgranulin A) ∞ 0.009 

XLOC_022746 NA not annotated 0.42 0.009 
XLOC_026331 NA not annotated 0.00 0.030 
XLOC_001735 NA not annotated 0.00 0.049 
XLOC_013895 NA not annotated 0.00 0.009 
XLOC_020205 NA not annotated 0.00 0.009 
XLOC_032849 NA not annotated 0.00 0.049 
XLOC_021216 NA not annotated 0.00 0.009 
XLOC_001774 NA not annotated 0.00 0.049 
XLOC_020220 NA not annotated ∞ 0.024 
XLOC_020241 NA not annotated  ∞ 0.009 
XLOC_020206 NA not annotated ∞ 0.024 
XLOC_009720 NA not annotated ∞ 0.030 

CORT vs. CID 
XLOC Name Gene 

Symbol 
Gene Name Fold-

Change 
q-

value 
XLOC_005886 Ispd isoprenoid synthase domain containing 0.13 0.009 

XLOC_029781 Mir8109 microRNA 8109 0.22 0.009 
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XLOC_009455 Myh6 myosin, heavy polypeptide 6, cardiac muscle, alpha 0.22 0.009 
XLOC_031129 Ccdc153 coiled-coil domain containing 153 0.24 0.009 
XLOC_018892 Sox2ot SOX2 overlapping transcript 0.36 0.009 
XLOC_019193 Fam63a family with sequence similarity 63, member A 0.39 0.009 
XLOC_003334 Vezt Vezatin, adherens junction component 0.48 0.009 
XLOC_001902 Rsph4a Radial spoke head protein 4 homolog A 0.50 0.024 
XLOC_001973 Fabp7 fatty acid binding protein 7 0.54 0.009 
XLOC_000525 Syt2 synaptotagmin II 0.55 0.009 

XLOC_008177 Crhbp corticotropin releasing hormone binding protein 0.56 0.009 
XLOC_004923 Gjc2 gap junction gamma-2 0.60 0.030 
XLOC_001940 Cd24a CD24a antigen 0.60 0.009 
XLOC_009911 Nov nephroblastoma overexpressed gene 0.61 0.009 
XLOC_009793 Plcxd3 phosphatidylinositol-specific phospholipase C, X domain 

containing 3 
0.62 0.024 

XLOC_022170 Tprgl transformation related protein 63 regulated like 0.62 0.009 
XLOC_033359 Plp1 proteolipid protein (myelin) 1 0.63 0.009 
XLOC_028168 Mag myelin-associated glycoprotein 0.63 0.009 
XLOC_017682 Ermn ermin, ERM-like protein 0.63 0.009 
XLOC_021435 Lpar1 lysophosphatidic acid receptor 1 0.65 0.024 
XLOC_031829 Anln anillin, actin binding protein 0.65 0.009 
XLOC_022190 Tmem88b transmembrane protein 88B 0.66 0.009 
XLOC_020028 Ugt8a UDP galactosyltransferase 8A 0.66 0.009 
XLOC_032691 Rbms3 RNA binding motif, single stranded interacting protein 3 0.66 0.024 
XLOC_017579 Fibcd1 fibrinogen C domain containing 1 0.66 0.009 
XLOC_033395 Htr2c 5-Hydroxytryptamine (serotonin) receptor 2C, G protein-

coupled 
0.67 0.009 

XLOC_019272 Tspan2 tetraspanin 2 0.67 0.009 
XLOC_018878 Cldn11 claudin 11 0.67 0.009 
XLOC_032578 Trf transferrin 0.68 0.009 
XLOC_018170 Mal myelin and lymphocyte protein, T cell differentiation 

protein 
0.68 0.009 

XLOC_004367 Igfbp4 insulin-like growth factor binding protein 4 0.69 0.009 
XLOC_010490 Enpp2 ectonucleotide pyrophosphatase/phosphodiesterase 2 0.70 0.009 
XLOC_024618 Strip2 striatin interacting protein 2 0.70 0.009 
XLOC_018553 Bcas1 breast carcinoma amplified sequence 1 0.70 0.009 
XLOC_004386 Cnp 2',3'-cyclic nucleotide 3' phosphodiesterase 0.71 0.009 
XLOC_017226 Slc32a1 solute carrier family 32 (GABA vesicular transporter), 

member 1 
0.72 0.009 

XLOC_014296 Mbp myelin basic protein 0.72 0.009 
XLOC_031725 Gria4 glutamate receptor, ionotropic, AMPA4 (alpha 4) 0.72 0.037 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   223	
  

XLOC_010639 Ndrg1 N-myc downstream regulated gene 1 0.73 0.030 
XLOC_014347 Aqp4 aquaporin 4 0.73 0.009 
XLOC_004246 Sept4 septin 4 0.74 0.009 
XLOC_019030 Serpini1 serine (or cysteine) peptidase inhibitor, clade I, member 1 0.76 0.017 
XLOC_033875 Xist inactive X specific transcripts 1.36 0.009 
XLOC_017222 Snhg11 small nucleolar RNA host gene 11 1.40 0.009 
XLOC_021853 Mfsd2a major facilitator superfamily domain containing 2A 1.43 0.009 
XLOC_023798 Miat myocardial infarction associated transcript (non-protein 

coding) 
1.47 0.009 

XLOC_009619 Dgkh diacylglycerol kinase, eta 1.48 0.009 
XLOC_017497 Ptgds prostaglandin D2 synthase (brain) 1.49 0.009 
XLOC_010672 Ly6i lymphocyte antigen 6 complex, locus I 1.53 0.017 

XLOC_010400 Pdzd2 PDZ domain containing 2 1.55 0.009 
XLOC_026419 Leng8 leukocyte receptor cluster (LRC) member 8 1.57 0.009 
XLOC_001048 Fn1 fibronectin 1 1.62 0.009 
XLOC_003748 Hba-a2 hemoglobin alpha, adult chain 2 1.75 0.017 

XLOC_007242 Rreb1 ras responsive element binding protein 1 1.83 0.009 
XLOC_028173 Fxyd5 FXYD domain-containing ion transport regulator 5 1.87 0.017 
XLOC_019383 Etnppl ethanolamine phosphate phospholyase 1.92 0.009 
XLOC_020628 Acer2 alkaline ceramidase 2 1.93 0.009 
XLOC_029918 Fam65a family with sequence similarity 65, member A 1.94 0.009 
XLOC_015363 Malat1 metastasis associated lung adenocarcinoma transcript 1 

(non-coding RNA) 
1.94 0.009 

XLOC_021100 Tnfrsf25 tumor necrosis factor receptor superfamily, member 25 2.00 0.009 
XLOC_020851 Csf3r colony stimulating factor 3 receptor (granulocyte) 2.04 0.009 
XLOC_025169 Vwf Von Willebrand factor homolog  2.06 0.009 
XLOC_028803 Hbb-bs hemoglobin, beta adult s chain 2.08 0.009 

XLOC_003397 Lyz2 lysozyme 2 2.15 0.030 
XLOC_026272 Mgp matrix Gla protein 2.21 0.009 
XLOC_003750 Hba-a2 hemoglobin alpha, adult chain 2 2.28 0.009 
XLOC_002269 Apba3 amyloid beta (A4) precursor protein-binding, family A, 

member 3 
2.38 0.009 

XLOC_010208 Tspo translocator protein 2.43 0.009 

XLOC_017282 Mmp9 matrix metallopeptidase 9 2.70 0.009 
XLOC_015509 Anxa1 annexin A1 3.20 0.009 
XLOC_010172 Tnrc6b trinucleotide repeat containing 6b 4.00 0.009 
XLOC_008713 Gm1821 predicted gene 1821 4.13 0.009 
XLOC_009248 Pde12 phosphodiesterase 12 5.39 0.009 
XLOC_024662 Ubn2 ubinuclein 2 8.01 0.009 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   224	
  

XLOC_013661 Lrg1 leucine-rich alpha-2-glycoprotein 1 10.16 0.009 
XLOC_011372 Gm5483 predicted gene 5483 ∞ 0.009 
XLOC_011787 Stfa2 stefin A2 ∞ 0.009 
XLOC_004217 Wfdc17 WAP four-disulfide core domain 17 ∞ 0.009 
XLOC_011430 Retnlg resistin like gamma ∞ 0.009 

XLOC_020241 NA not annotated ∞ 0.009 
XLOC_009720 NA not annotated ∞ 0.030 
XLOC_006983 NA not annotated ∞ 0.037 

 

Note: Fold-changes of exactly 0.00 represent gene expression in the control and complete lack of 

expression in the comparator. Fold-changes of ∞ represent gene expression in the comparator and 

complete lack of expression in the control. q-values represent FDR-adjusted p-values. 
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CHAPTER 5 

Summary and Future Directions 
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Summary 

The work presented in this dissertation addresses a clinically important 

lack of understanding of the impact that cancer has on the development of 

depression. Several key findings contributed to the fundamental hypothesis that 

was investigated in this dissertation: 

1. Clinical evidence suggests that symptoms of depression may actually 

precede the psychologically stressful diagnosis of cancer (Green & Austin, 

1993; Jacobsson & Ottosson, 1971; Passik & Roth, 1999; Van Esch, 

Roukema, Ernst, Nieuwenhuijzen, & De Vries, 2012).  

2. Investigations into the efficacy of antidepressants in cancer patients have 

produced largely mixed results (Ng, Boks, Zainal, & de Wit, 2011; Rodin 

et al., 2007; Williams & Dale, 2006).  

3. Ketamine, an N-methyl-D-aspartate receptor (NMDAR) antagonists, 

possesses rapid antidepressant properties (Berman et al., 2000). The role 

of glutamatergic dysregulation has now been described in clinical (Ibrahim 

et al., 2012; Zarate et al., 2012) and preclinical studies (Banasr et al., 

2010; Gourley, Espitia, Sanacora, & Taylor, 2012; Gourley & Taylor, 

2009; Li et al., 2011) on depression.  

4. Multiple breast and prostate cancer cell lines secrete significant amounts 

of glutamate into the extracellular environment through the 
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glutamate/cystine antiporter system xc
- (Seidlitz et al., 2009; Sharma et al., 

2010). 

Therefore, I hypothesized the following:  

Cancer can induce depression through defined biological mechanisms, 

which represent a distinct subtype of depression. Glutamatergic signalling 

is involved in the induction and maintenance of cancer-induced depression 

(CID), and is modifiable by pharmacological intervention at the tumour 

site.   

This hypothesis was investigated through 3 distinct objectives, which will 

be discussed in the context of the papers presented in the previous chapters. 

 

Objective 1: To develop a validated behavioural mouse model of CID. 

 This objective addressed a major impediment to the progress of CID 

research: the lack of a useful and validated animal model. Establishing this model 

was met with several challenges. Appendix 1 presents unpublished data from 

early experiments, providing context for the development of the CID model 

outlined in Chapter 2.  

Preclinical data have suggested that tumour burden is associated with 

depressive-like behaviours, with a particular focus on the role of inflammation 

(Lamkin et al., 2011; Norden et al., 2015; Pyter et al., 2009; Yang et al., 2014). 
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However, the study outlined in Chapter 2 was the first to validate a CID model by 

first establishing behavioural assay sensitivity using a stress model of depressive-

like behaviours. Chronic treatment with corticosterone (CORT) was used to 

induce this positive control model. Reversal of depressive-like behaviours with 

chronic fluoxetine (FLX) treatment further established that the assays were 

sensitive to the detection of an antidepressant. The CID model, which was 

induced by subcutaneous inoculation with 4T1 mammary carcinoma cells, 

produced very similar behavioural modifications to those observed in the CORT 

model. Interestingly, although anhedonia was detectable using the sucrose 

preference test (SPT) and behavioural despair was detectable using the forced 

swim test (FST), the tail suspension test (TST) did not detect depressive-like 

behaviours in any model. Power of movement (PM) was a perhaps more sensitive 

measure on the TST, but only non-significant trends were observed, which 

showed decreased PM for both the CORT and the CID model. As discussed in 

Chapter 2, it is possible that the FST and TST are sensitive to different 

pathophysiological mechanisms, with the former being more sensitive to 

glutamatergic dysregulation (Chatterjee, Jaiswal, & Palit, 2012).  

 In addition to the behavioural assays, we sought to validate our CID model 

at the neurostructural level using Sholl analyses on Golgi-Cox stained pyramidal 

neurons from the medial prefrontal cortex (mPFC). Again, this assay was 

validated using the CORT model and reversal with FLX. CORT mice exhibited 

atrophied apical and basilar dendritic branching, and this deficit was partially 
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reversed by FLX treatment. Tumour-bearing mice also had atrophied apical and 

basilar dendritic branching compared to control animals. These findings were 

particularly interesting since previous reports on murine stress models only 

detected deficits in apical, but not basilar, dendrites (Cook & Wellman, 2004; 

Wellman, 2001). The functional integration between apical and basilar dendritic 

domains is not well understood. However, connectionist models suggest that 

pyramidal cells in the cortex receive apical and basilar input from axons 

originating in different cortical areas (Spratling, 2002). It is therefore plausible 

that deficits in each dendritic domain contribute to distinct phenotypic features of 

depression. 

 

Objective 2: To investigate the antidepressant efficacy of pharmacologically 

inhibiting system xc
- glutamate release at the tumour site.   

 This objective expanded on the development of the CID model from 

Chapter 2. The study outlined in Chapter 3 investigated the possible 

antidepressant effects of sulfasalazine (SSZ), a known system xc
- inhibitor. If the 

large amounts of glutamate being released by cancer cells peripherally are 

involved in the induction of depression, then it is reasonable to expect a system xc
- 

inhibitor to prevent the development of depressive-like behaviours in the CID 

model.  
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 First, in vitro experiments were performed to investigate whether 4T1 cells 

released large amounts of glutamate through system xc
-, as we had demonstrated 

in human breast and prostate cancer cell lines (Seidlitz et al., 2009; Sharma et al., 

2010). Previously, we had used AMPLEX Red glutamic acid assay kit 

(Invitrogen/Molecular Probes, Eugene, OR, USA) to quantify glutamate output by 

cells. One of the limitations of the AMPLEX Red assay is that it measures 

glutamate indirectly. Glutamate is oxidized by glutamate oxidase, which produces 

hydrogen peroxide. The hydrogen peroxide then reacts with the AMPLEX Red 

reagent to produce fluorescent resorufin. In our experience, the multiple 

enzymatic steps in this assay are occasionally vulnerable to interference and may 

produce inaccuracies. An alternative method of quantifying glutamate release by 

cells is by utilizing radioactive 14C-cystine. This method quantifies the amount of 

cystine that cells uptake, which is directly proportional to the amount of glutamate 

released from cells through system xc
- (Seidlitz, Sharma, & Singh, 2010). 

Therefore, this assay is more specific to system xc
- activity and does not include 

enzymatic steps, allowing for a more direct method of quantification. Using this 

technique, we showed that 4T1 cells released much higher levels of glutamate 

compared to TM40A cells, which are non-tumorigenic breast epithelial cells 

derived from the same mouse strain: BALB/c. By incubating cells in the presence 

or absence of SSZ, we were also able to establish that system xc
- was largely 

responsible glutamate release in both 4T1 and TM40 cells. 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   231	
  

Results from Chapter 2 were replicated in Chapter 3 by showing that the 

CID mice experienced anhedonia and behavioural despair compared to sham 

control mice. A group of CID mice were treated with oral FLX to establish a 

benchmark antidepressant effect with a standard clinical antidepressant. FLX was 

in fact effective at preventing anhedonia and behavioural despair. Similarly, CID 

mice that were treated with oral SSZ did not develop anhedonia or behavioural 

despair. Orally ingested SSZ is predominantly cleaved into cleaved into 5-

aminosalicylic acid (5-ASA) and sulfapyridine (SP) in the gut (National Center 

for Biotechnology Information, 2005; Sontheimer & Bridges, 2012). Since 5-ASA 

has known anti-inflammatory properties (Kruis et al., 2001), and some depressed 

patients have high levels of systemic cytokines (Young, Bruno, & Pomara, 2014), 

a group of CID animals were also treated with 5-ASA/SP. The SSZ metabolites 

were effective at preventing anhedonia, but not behavioural despair. Serum 

cytokine analysis revealed that among the cytokines known to be elevated in 

depression, interleukin 6 (IL-6) and possibly IL-1β were elevated in CID mice. 

Neither treatment with SSZ nor 5-ASA/SP were effective at preventing the 

elevations in cytokines. Taken together, these data suggested that intact SSZ was 

predominantly responsible for the observed anti-depressant effect on the 

behavioural assays, and this effect was primarily due to system xc
- inhibition, 

rather than anti-inflammatory action.  

 The study in Chapter 3 also included a secondary analysis of the 

behavioural data. Since 4T1 cells are known to metastasize to the brain in 
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approximately 30% of animals (Pulaski & Ostrand-Rosenberg, 2001), it was 

important to address how brain metastasis might be affecting behavioural results. 

Regression analyses revealed that brain metastasis did not predict outcomes for 

the SPT. On the FST, brain metastasis was predictive of higher immobility for 

SSZ-treated mice. This was despite the observation that SSZ-treated mice had 

overall lower FST immobility compared to untreated mice, and suggests that SSZ 

may be less effective in mice that develop brain metastases. On the TST, brain 

metastasis predicted lower immobility and higher PM for untreated tumour-

bearing mice. This observation was counterintuitive. However, it may help 

explain why the TST has been consistently ineffective at detecting behavioural 

despair in the CID model. It is possible that brain metastases affect locomotion on 

this test and confound the results. It would be interesting to further explore this 

possibility in a more controlled experiment using a 4T1 brain tumour model.   

 

Objective 3: To investigate the CID model at the level of gene expression in 

comparison to a stress model of depressive-like behaviours.  

 This objective investigated the differential impact of a CORT-induced 

depressive state vs. a tumour-induced depressive state on hippocampal gene 

expression. Clinical and post-mortem studies on patients with major depressive 

disorder (MDD) have demonstrated abnormal function and decreased volume of 

the hippocampus (Fitzgerald et al., 2008; Koolschijn et al., 2009). In the study 
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outlined in Chapter 4, hippocampi were excised from mice used to establish the 

CID model in Chapter 2. RNA was extracted form the hippocampi and analyzed 

by RNA-sequencing (RNA-seq).  

 Analysis revealed that most differentially expressed genes (DEGs) that 

were associated with the CORT model were also associated with the CID model. 

This observation alone suggests a significant overlap in hippocampal alternations 

at the level of gene expression between the two models. However, the CID model 

was also associated with many additional DEGs that were not identified in the 

CORT model. Therefore, despite significant overlap, it appeared that some 

hippocampal alterations were specific to the CID model.   

 Quantitative real-time RT-PCR (qRT-PCR) was performed on a subset of 

DEGs to validate the results obtained through RNA-seq. Following validation, the 

DEGs were further explored using enrichment analyses. Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway enrichment analysis identified calcium 

signalling and neuroactive ligand-receptor interaction in both models. In addition, 

MAPK signalling, longer-term potentiation (LTP), long-term depression (LTD), 

phosphatidylinositol signalling, and Alzheimer’s disease pathways were identified 

for the CID model. Analysis of biological process gene ontologies (GO:BP) 

identified terms for both models relating to ion transport, chemical homeostasis, 

cellular communication and neurotransmission. In addition, terms were identified 

for the CID model relating to neuronal development and ensheathment, 
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intracellular signalling cascade, and locomotion. Taken together, these data 

suggest that alternations in neuronal signalling and communication are common 

between CORT and CID animals. In addition, alternations relating to learning and 

memory may be specific CID animals.  

 This study was the first of its kind to investigate and suggest a possibly 

distinct underlying pathophysiology associated with CID. However, caution 

should be taken in interpreting the results. This study was confined to changes in 

hippocampal gene expression. Several other brain regions are important in the 

study of depression, including the mPFC, amygdala, anterior cingulate cortex 

(ACC), and striatum. In addition, although alterations in hippocampal structure 

and function are associated with depression, it is possible that not all DEGs 

identified in this study are relevant to depression. It would be interesting to 

investigate the behavioural effects of pharmacologically or genetically interfering 

with the changes identified here. Future studies should exploit these findings to 

further delineate the specific mechanisms that lead to CID.  

 

Future Directions 

 The development of a validated preclinical CID model represents a 

milestone in understanding the underlying pathophysiology of the disease. 

However, it is important to address some of the limitations inherent in animal 

models of complex disease states, and discuss possible methods of mitigating 
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them. The model discussed in Chapter 2 uses a specific mouse strain, BALB/c, 

and a specific murine cell line, 4T1. Based on early experimental data (Appendix 

1), it may not be feasible to run behavioural tests on immunodeficient mouse 

strains inoculated with human cancer cells. Nonetheless, more models should be 

explored using different strains and cell lines. Chronic stress has been shown to 

induce different behavioural and physiological alterations in different mouse 

strains (Ibarguen-Vargas, Surget, Touma, Palme, & Belzung, 2008). Additionally, 

investigating alternate cell lines with varied characteristics would be useful in 

delineating the relationship between glutamate output and the induction of 

depressive features. For instance, it would useful to know whether cancer cell 

lines that do not release large amounts of glutamate still induce depressive-like 

behaviours, and whether these models respond to the same treatment strategies as 

the model developed in Chapter 2. 

 As discussed in Chapter 3, the additive antidepressant effect of system xc
- 

inhibition with standard antidepressants, such as FLX, would be particularly 

interesting to investigate. These treatment strategies are not likely to overlap at the 

physiological level, and yet both were shown to successfully prevent anhedonia 

and behavioural despair in CID mice. It is therefore plausible that the combination 

of both treatments would be more efficacious than either strategy alone. It may 

also be valuable to investigate other modes of drug administration for SSZ. 

Intraperitoneal administration using osmotic pumps would eliminate the 

confounding effect of intestinal cleavage of SSZ. However, it may introduce an 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   236	
  

additional confound of depressive behaviours relating to invasive surgery. Future 

studies should also investigate the effects of S-4-carboxy-phenylglycine (S-4-

CPG), a more specific system xc
- inhibitor. To my knowledge S-4-CPG has not 

previously been administered orally, and would therefore require exploration of 

the safety and bioavailability to establish an appropriate dosage. As discussed in 

Chapter 3, modifying cancer cell strains to produce xCT knockdown cells with 

impaired system xc
- function would be a more direct method of investigating the 

consequences of peripheral glutamate inhibition on the development of a 

depressive-like state. However, this method might introduce additional confounds 

relating to altered cell physiology, which might affect in vivo cellular growth, 

ability to metastasize, etc. Nevertheless, this model would be useful in 

determining whether cancer cell-derived glutamate is etiologically necessary in 

the development of CID. On the other hand, subcutaneously implanted glutamate 

pellets would be useful in determining whether cancer-cell derived glutamate is 

sufficient in inducing a depressive-like state. These pellets would mimic 

glutamate release by cancer cells and eliminate all other cancer-related 

modifications, such as stress and inflammatory responses. A major challenge with 

developing this model would be to determine an appropriate concentration and 

rate of glutamate release that reflects in vivo tumour growth over time. If this can 

be reasonable determined and glutamate pellets do not induce a depressive-like 

state, we may conclude that glutamate is not sufficient to induce CID. If the xCT 

knockdown model also does not induce a depressive-like state, we may conclude 
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that glutamate is likely necessary in the etiology of CID. This can be further 

confirmed if the combination of glutamate pellets in the xCT knockdown model 

restores a depressive-like state.  

 As discussed multiple times throughout this dissertation, peripheral 

glutamate is not able to cross the BBB into the brain under normal physiological 

conditions. In Chapter 3, I discussed the possibility that the weakening of the 

BBB by cancer cells might allow for bidirectional glutamate transport. 

Furthermore, the CID model was shown to be associated with increased IL-6 and 

possibly IL-1β, both of which are known to reduce BBB integrity (Rochfort & 

Cummins, 2015; Wang et al., 2014). To further explore this possibility, a detailed 

assessment of BBB integrity should be conducted on CID mice. This could be 

done using tracers injected systemically and quantified in capillary depleted brain 

homogenate (On et al., 2013). Radiolabeled 3H-mannitol is used as a low 

molecular weight marker and analyzed with a scintillation counter. Evan’s Blue is 

used as a high molecular weight marker and analyzed spectrophotometrically.   

 The work presented in this dissertation did not investigate the possible 

contributing role of cancer therapies on the development of depression in cancer 

patients. This may be particularly relevant for chemotherapies that increase 

oxidative stress, and might therefore contribute to neuroinflammation and 

dendritic atrophy. It would be interesting to investigate whether the antidepressant 
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strategy presented in Chapter 3 remains efficacious in conjunction with common 

cancer treatments, such as chemotherapy, radiotherapy, and hormone therapy.  

 In Chapter 4, RNA-sequencing identified hippocampal gene alterations 

associated with both the CID model and the CORT model, some of which 

overlapped. As cautioned earlier, these alterations are not necessarily related to 

depression. To validate and further explore these alterations, intervention studies 

should be conducted to investigate whether the changes in mRNA levels of genes 

of interest correspond with altered protein activity. Most of the identified DEGs in 

the CID model were downregulated. Therefore, investigating the behavioural 

effects of inhibiting target proteins in healthy mice or creating knockdown models 

would help validate the DEGs identified in Chapter 4. It may also be interesting to 

investigate the vast amount of data produced from RNA-sequencing in more 

detail. Transcripts that were not detected as differentially expressed had a total 

abundance that was not significantly different from control. However, it is 

possible that for some of these transcripts, the relative abundance of different 

isoforms was in fact different between conditions. Since different isoforms of a 

transcript might lead to modified protein function, investigating alternative 

splicing events may be particularly important to consider.  
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Conclusions 

The work presented in this dissertation encompasses the initial steps in 

determining the pathophysiology of CID. To accomplish this, a preclinical model 

of CID was developed and investigated. Behavioural and neuroanatomical data 

were used in conjunction with positive and negative control models to validate the 

CID model. Pharmacologically inhibiting the glutamate/cystine antiporter system 

xc
- using SSZ prevented the development of anhedonia and behavioural despair in 

tumour-bearing mice. RNA-seq of hippocampal RNA derived from CID and 

control animals revealed a significant overlap of DEGs between CID mice and 

CORT mice. In addition, transcriptional changes relating learning and memory 

were specific to CID mice. This dissertation represents a fundamental shift in how 

depression is conceptualized in cancer.  Investigating CID as a distinct form of 

depression will lead to a better understanding of this complex disease state, and 

propagate the development of better treatment strategies.  
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Preface 

 This section summarizes animal experiments leading up to the 

development of the cancer-induced depression (CID) model that was described in 

Chapter 2. The primary purpose of presenting this data is to clarify the rationale 

for the details of this model. Obstacles encountered during this work are 

highlighted, which may also be useful for the development of additional CID 

models and animal models of disease in general. I performed all experimental 

procedures described in this section. Statistical analyses were not performed for 

preliminary experiments due to the low numbers of animals. Rather, the purpose 

of these experiments was to optimize methodology and animal models. Dr. Eric 

Seidlitz provided technical training and input on experimental designs. Dr. Gurmit 

Singh, Dr. Benicio Frey, and Dr. Laurie Doering provided intellectual direction 

and guidance.  
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Experiment 1 

Background Information 

 This study was a preliminary study to optimize the behavioural tests and 

experimental models. I attempted to adapt a model of cancer-induced bone pain to 

study depressive-behaviours. Our team had successfully developed this model in 

immunodeficient BALB/c nu/nu mice inoculated with human MDA-MB-231 

breast cancer cells. These cells had been shown to release high levels of glutamate, 

primarily through the pharmacologically targetable system xc
- antiporter. The 

immunodeficient model allowed for xenotransplantation of human cancer cells to 

an animal model. Cells were injected into the right distal femur of mice and 

allowed to develop for 4 weeks.  

 To induce a positive control model of a depressive-like state, mice were 

chronically administered corticosterone (CORT). Ad libitum oral administration 

was chosen, as this method is particularly non-invasive and would, therefore, 

avoid the additional stress of injections or gavage feeding.   

 

Experimental Design 

Behavioural Assays 

 The sucrose preference test (SPT) was chosen as a proxy for anhedonia. 

To avoid interfering with cancer cell glucose metabolism, saccharin was chosen 
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as a substitute for sucrose. Prior to baseline testing, BALB/c nu/nu preference for 

saccharin was investigated to determine an optimal concentration for the SPT.	
  To 

perform the saccharin preference curve for varying concentrations of saccharin 

solution, animals were single housed and each animal was presented with a 2-

bottle choice of water and one of the saccharin concentrations for a 24h period. 

Bottles were weighed after a 24h exposure period and preference was calculated 

as the percentage of saccharin solution consumed relative to total fluid 

consumption. Tests took place every other day over a 14-day period. By the end 

of this period, each mouse had been exposed to each saccharin concentration in 

random order. Typically, a concentration is used for which animals display ~70-

80% preference. Significantly higher or lower baseline preferences render the test 

insensitive due to insufficient changes in preference post-treatment. Based on the 

results from this preference curve (Figure 1.1), a saccharin concentration of 0.2% 

was chosen for baseline and post-treatment testing. 

The tails suspension test (TST) and forced swim test (FST) were used to 

assess behavioural despair. Automated testing was not available at this stage. 

Therefore, the TST and FST were executed manually. For both tests, mice were 

rated for immobility for a total of 6 minutes. Immobility was defined as the 

absence of active, escape-oriented behaviours. Every 30 seconds for the duration 

of the test, mice were observed for ~10 s and immobility recorded as being 

present or absent. This yielded a non-parametric 12-point data set for each test, 

where a low score indicated more time spent immobile. 
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Positive Control Model 

For the positive control model, CORT hemisuccinate was dissolved in 

Milli-Q water to attain a concentration of 25 μg/ml. Average CORT dose was 

determined over a 14 day period by weighing the bottles daily and dividing 

consumption values by the total body weight of the animals in the cage.  

Cancer Model 

106 MDA-MB-231 cells were injected in the distal femur of mice in the 

cancer group. Sham inoculations with sterile PBS were used for mice in the 

positive control group. Tumours were allowed to develop for 4 weeks prior to 

post-treatment testing. 

Experimental Groups 

Ten BALB/c nu/nu mice, group-housed in 2 cages, were designated to 

receive either chronic CORT administration (n = 5) or cancer cell inoculation (n = 

5). Behavioural testing was performed at baseline and post-treatment.  

 

Results & Discussion  

 Positive control mice consumed a mean CORT dose of 4.61 mg/kg/day, 

which was slightly below the reported effective range of 5.7 – 6.9 mg/kg/day. In 

the SPT, positive control mice did not exhibit a change in preference for saccharin 

between baseline and post-treatment (Figure 1.2). By contrast, cancer mice 

exhibited a reduction in preference for saccharin between baseline and post-
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treatment. During the TST, several mice were completely immobile due to a 

behaviour that the mice adapt whereby they were able to grab on to their hind legs. 

While this behaviour persists, the animals do not struggle, but are also unable to 

show the characteristic immobility associated with despair, rendering a large 

portion of the test invalid. Therefore, all TST data was excluded. During FST 

testing, poor swimming ability was observed in this strain of mice. FST testing 

was terminated due to risk of drowning.    
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Figures 

 

 

Figure 1.1. Saccharin preference curve for BALB/c nu/nu mice. Results show that 

the concentration of 0.2% saccharin should be utilized for this strain. 50% 

saccharin preference represents equal consumption of regular water compared to 

saccharin solution, and therefore no preference for saccharin. Data are expressed 

as the mean of n=10 animals ± the standard error of the mean (SEM). 
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Figure 1.2. Saccharin preference test. Depression group was subjected to chronic 

CORT administration. This group did not show a reduction in preference for 

saccharin. The cancer group was injected intrafemorally with 106 MDA-MB-231 

breast cancer cells. Post-treatment testing occurred 4 weeks after inoculations. 

This group showed a reduction in preference for saccharin (~ 7.5%) post-

treatment. Data are expressed as the mean ± the standard error of the mean (SEM). 
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Experiment 2 

Background Information 

 To mitigate the problems encountered with BALB/c nu/nu mice in 

Experiment 1, Fox Chase SCID mice were obtained for this experiment. SCID 

mice are also immunocompromised (severe combined immunodeficiency 

affecting B and T lymphocytes). This model allowed for continued investigation 

of intrafemorally injected MDA-MB-231 cells.  

 

Experimental Design 

Behavioural Assays 

 The sucrose/saccharin preference test (SPT) was carried out as described 

in Experiment 1. A new preference curve was established for SCID mice (Figure 

2.1), and a concentration of 0.2% saccharin solution was chosen for baseline and 

post-treatment testing.  

The tails suspension test (TST) and forced swim test (FST) were 

performed manually as described in Experiment 1.  

Positive Control Model 

For the positive control model, CORT hemisuccinate was dissolved in 

Milli-Q water to attain a concentration of 35 μg/ml. A higher concentration of 

CORT was chosen for this experiment due to mice drinking less water than 
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expected in the previous experiment, and consequently achieving a suboptimal 

dose.  

Cancer Model 

106 MDA-MB-231 cells were injected in the distal femur of mice in the 

cancer group. Sham inoculations with sterile PBS were used for mice in the 

positive control group. Tumours were allowed to develop for 4 weeks prior to 

post-treatment testing. 

Experimental Groups 

Nine Fox Chase SCID mice, group-housed in 3 cages, were designated to 

receive either chronic CORT administration (n = 3), cancer cell inoculation (n = 

3), or sham inoculation (n =3). Behavioural testing was performed at baseline and 

post-treatment.  

 

Results & Discussion  

Fox Chase SCID mice did not show the same confounding behaviours on 

the TST as BALB/c nu/nu mice, and were adept at swimming in the FST. Positive 

control mice consumed a mean CORT dose of 5.39 mg/kg/day, which is within 

the reported effective range. Despite this, positive control mice did not exhibit 

depressive-like behaviours on any of the 3 behavioural tests (data not shown). 

Mice in the cancer group exhibited increased immobility on the FST and TST, as 

well as reduced preference for saccharin on the SPT (Figure 2.2). 
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Figures 

 

 

Figure 2.1. Saccharin preference curve for Fox Chase SCID mice. Results show 

that the concentration of 0.2% saccharin should be utilized for this strain. 50% 

saccharin preference represents equal consumption of regular water compared to 

saccharin solution, and therefore no preference for saccharin. Data are expressed 

as the mean of n=9 animals ± the standard error of the mean (SEM). 
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Figure 2.2. Behaviour results. 

Control group was sham injected 

with sterile PBS. Cancer mice 

were intrafemorally inoculated 

with 106 MDA-MB-231 breast 

cancer cells. Decreased FST and 

TST scores for the cancer group 

indicate behavioural despair. 

Decreased preference for saccharin 

indicates anhedonia. Post-treatment 

testing occurred 4 weeks after inoculations. Data are expressed as the mean ± the 

standard error of the mean (SEM). 
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Experiment 3 

Background Information 

 In Experiment 2, Fox Chase SCID mice proved to be much more amiable 

to behavioural testing than the BALB/c nu/nu mice in Experiment 1. However, the 

positive mice in Experiment 2 did not show depressive-like behaviours despite 

achieving a reportedly effective dose of oral CORT. This experiment focused on 

troubleshooting the positive control model and was designed to investigate several 

possible reasons for the lack of depressive-like behaviours in this model: 

1) Low number of animals failed to detect depressive-like behaviours. 

2) Manual scoring of TST and FST introduced scoring inaccuracies.  

3) SCID mice (and possibly immunodeficient mice in general) are not 

susceptible to stress via oral administration of CORT.  

4) Oral CORT was not properly prepared/administered. 

 

Experimental Design 

Experimental Groups 

Three experimental groups were included in this experiment: 

• SCID mice; subcutaneous (s.c.) CORT injections (n = 9) 

• SCID mice; oral CORT administration (n = 9) 

• C57BL/6 mice, oral CORT administration (n = 9) 
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Mice were housed 3 per cage. Increasing the number of animals per group 

to 9 addresses the possibility of low numbers failing to detect depressive-like 

symptoms. In addition, the SCID group receiving s.c. injections of CORT was 

introduced to investigate the possibility that the SCID mice are simply not 

susceptible to oral administration of CORT. Finally, the C57BL/6 group was 

included to test the possibility that the oral CORT is not being 

prepared/administered properly since this strain is known to be susceptible to oral 

CORT. The use of automated systems for the FST and TST, as apposed to manual 

scoring, eliminates the possibility of scoring bias. 

CORT Administration  

S.c. CORT was suspended in 0.9% saline and Tween-80, and injected in 

volumes corresponding to 20mg/kg/day over a period of 21 days. Based on water 

consumption in the preliminary results for the SCID mice and literature for the 

C57 mice, orally administered CORT was dissolved in water at 35 ug/ml for 

SCID and 25 ug/ml for C57 mice and presented ad libitum over 21 days. The 

average calculated dose was 5.66 mg/kg/day for SCID mice and 3.78 mg/kg/day 

for C57 mice. In this experiment, C57 mice did not reached the desired dosing of 

CORT. However, using a slightly higher concentration, SCID mice were in the 

appropriate dosing range.  
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Sucrose/Saccharin Preference Test 

 The SPT was carried out at baseline prior to CORT exposure, and again 

post-treatment starting 5 days after CORT cessation. At each time point, 3 

individual SPTs were performed, the first of which was excluded from analysis as 

it merely served to habituate the mice to saccharin and overcome novelty anxiety. 

For the remaining 2 tests at each time point, saccharin and water position were 

counterbalanced in the cage to avoid confound of side preference. Preference was 

calculated as percentage of saccharin solution consumed of the total fluid 

consumption.  

In addition to variable levels of water consumption, different strains of 

mice exhibit different baseline preference for sucrose/saccharin solution. Based on 

preliminary testing, SCID mice were administered a 0.2% saccharin solution, 

while C57 mice were administered a 0.1% solution. Despite this correction, it is 

worth noting that baseline saccharin preference for C57 mice was very high 

(nearly 90%), whereas SCID mice in both groups exhibited more moderate 

baseline saccharin preference (70-80%).  

Tail Suspension Test 

Automated TST was performed using the EB Instruments system. In 

addition to immobility time, this system is able to report energy and power of 

movement. Testing was performed 3 times prior to depression induction to 

establish a stable baseline for each experimental group. The test was performed an 

additional 3 times after cessation of CORT administration. Each test lasted for 6 
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minutes, with the first minute excluded from analysis. In addition to immobility, 

the energy of movement was also analyzed. 

Forced Swim Test 

Automated FST was performed using the EB Instruments system. Testing 

was performed 3 times prior to depression induction to establish a stable baseline 

for each experimental group. The test was performed an additional 3 times after 

cessation of CORT administration. Each test lasted for 6 minutes, with the first 

minute excluded from analysis. Water was warmed to 28-30°C to avoid 

hypothermia and mice were dried off using sterile surgical towels. 

CORT Enzyme-Linked Immunosorbent Assay 

A	
  corticosterone	
  ELISA	
  (Enzo	
  Life	
  Sciences)	
  was	
  used	
  to	
  detect	
  levels	
  

of	
  CORT	
  in	
  the	
  serum	
  of	
  animals.	
  Orbital	
  blood	
  samples	
  were	
  collected	
  at	
  

baseline	
  prior	
  to	
  testing,	
  and	
  at	
  midpoint	
  (1	
  day	
  after	
  CORT	
  cessation).	
  Blood	
  

was	
  collected	
  intracardially	
  at	
  endpoint	
  during	
  sacrifice	
  (3	
  weeks	
  after	
  CORT	
  

cessation).	
  Blood	
  was	
  collected	
  at	
  the	
  same	
  time	
  of	
  day	
  to	
  avoid	
  confounding	
  

fluctuations	
  of	
  CORT	
  levels	
  during	
  different	
  times	
  of	
  the	
  day.	
  Normal	
  CORT	
  

levels	
  for	
  mice	
  are	
  reported	
  in	
  the	
  kit	
  manual	
  to	
  be	
  49	
  to	
  159	
  ng/ml.	
  Samples	
  

for	
  each	
  animal	
  were	
  run	
  in	
  duplicates. 
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Results & Discussion  

Post-treatment results for the SPT revealed no behavioural changes for any 

of the 3 experimental groups (Figure 3.1). While this was expected for the SCID 

mice based on preliminary results, CORT was expected to induce anhedonia in 

C57 mice. One possibility for the lack of anhedonic response by the C57 mice is 

that initial saccharin preference was simply too high to overcome. It is possible 

that a more dilute concentration of saccharin would produce a more sensitive SPT 

for the C57 strain.  

Results from the TST analysis revealed a statistically significant increase 

in immobility time for the oral SCID group and the oral C57 group (Figure 3.2). 

Energy of motion was also significantly reduced in both of these groups. 

Therefore, the TST detected despair with oral administration of CORT, but not s.c. 

injections of CORT, for SCID and C57 mice. 

Results from the FST analysis revealed a statistically significant increase 

in immobility time for the oral C57 group (Figure 3.3). Therefore, the FST only 

detected despair with oral administration of CORT to C57 mice. It should be 

noted that due to software and hardware problems with the FST during this 

experiment, automated testing was performed using the video data only, and does 

not integrate vibration sensor data. 

Chronic CORT treatment severely inhibits the adrenal glands from 

releasing endogenous CORT. Weeks after the end of treatment, adrenal function 

recovers and overcompensates, becoming chronically overactive due to the 
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enduring effects of CORT treatment. In this experiment, both s.c. and oral CORT 

appear to have successfully inhibited adrenal function in both strains of mice at 

midpoint (Figure 3.4). Endpoint serum indicates that adrenal function has begun 

to recover in the s.c. group, but not in the 2 oral groups. If endpoint was delayed 

by a couple of weeks, it is likely that all groups would show elevated CORT 

levels compared to baseline. However, these results reveal that under the 

parameters of this experiment, oral CORT causes more prolonged initial 

inhibition of the adrenal glands. This model may, therefore, be more robust in 

inducing chronic depressive like behaviours. 

All groups in this experiment responded physiologically similarly to 

chronic CORT administration, irrespective of method of delivery or mouse strain. 

However, behavioural responses were varied. SCID mice chronically injected s.c. 

with CORT did not show depressive behaviours on any of the 3 behavioural tests. 

SCID mice administered chronic CORT orally did not show signs of anhedonia 

and presented mixed results for behavioural despair. In contrast, C57 mice 

consistently showed signs of behavioural despair following oral CORT 

administration. Lack of anhedonic response may be attributed a very high baseline 

saccharin preference. In addition, lack of robust results for the C57 group may be 

attributed to failure to reach desired CORT dosing due to unexpectedly low levels 

of water consumption. Despite this, C57 mice displayed more depressive-like 

behaviours than SCID mice. Therefore, SCID mice, and other immunodeficient 

strains, should be avoided in behavioural studies of depression due to 
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complications on behavioural tests as well as difficulty in depression induction 

using the existing validated methodology. 
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Figures 

 

 

Figure 3.1. Saccharin preference test. SCID S.C. CORT group was administered 

subcutaneous CORT at 20mg/kg/day for 21 days. SCID Oral CORT group was 

administered 35ug/mL CORT ad libitum. C57 Oral CORT group was 

administered 25ug/mL CORT ad libitum. No behavioural indications of 

anhedonia were observed for any of the 3 groups. Data are expressed as the mean 

± the standard error of the mean (SEM). Statistical significance was assessed 

through 1-tailed pairwise student t-tests.  
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Figure 3.2. Tail suspension test. Bars represent average scores for 3 baseline tests 

and 3 post-treatment tests. Mice were suspended for 6 minutes, with the first 

minute excluded from analysis.  Both strains of mice under oral CORT 

administration exhibited behavioural despair. Data are expressed as the mean ± 

the standard error of the mean (SEM). Statistical significance was assessed 

through 1-tailed pairwise student t-tests. * P < 0.05. 
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Figure 3.3. Forced swim test. Bars represent average scores for 3 baseline tests 

and 3 post treatment tests. Mice were placed in beakers for 6 minutes, with the 

first minute excluded from analysis. Only C57 mice under oral CORT 

administration exhibited behavioural despair. Data are expressed as the mean ± 

the standard error of the mean (SEM). Statistical significance was assessed 

through 1-tailed pairwise student t-tests. * P < 0.05. 
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Figure 3.4.  CORT ELISA. Baseline and midpoint blood was collected orbitally 

and serum was separated for analysis. Endpoint blood was collected intracardially. 

Analysis indicates inhibited adrenal function at midpoint following CORT 

cessation for all groups. At endpoint, the subcutaneous group shows signs of 

recovering adrenal function, while the oral groups show a continued decline in 

adrenal function 3 weeks after CORT cessation. All samples were run in 

duplicates. 
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Experiment 4 

Background Information 

Results from the previous experiments clearly indicate that 

immunodeficient mice are unsuitable for behavioural studies on depression. 

Therefore, a new model must be chosen that satisfies 2 criteria: 1) the mouse 

strain must be suitable for behavioural testing and depression induction by chronic 

stress, and 2) a suitable cancer cell line must be compatible with the chosen 

mouse strain. This cell line should be a close analogue to aggressive human breast 

cancers that lead to metastatic disease. 

Immunocompetent BALB/c mice are a highly emotional strain and are 

susceptible to depression induction by chronic mild stress. Murine 4T1 mammary 

carcinoma, derived from a spontaneously arising mammary tumour in BALB/c 

mice, are highly invasive, and can spontaneously metastasize to various organs. 

They are, therefore, a good analogue to human stage IV breast cancer. Therefore, 

BALB/c mice with subcutaneous 4T1 cancer cell injections were chosen as the 

new model for cancer induced depression. 

The primary objective of this experiment was to test the BALB/c model 

with 4T1 cancer cells as a potential cancer-induced depression (CID) model. In 

addition to the positive control using chronic oral CORT administration, this 

experiment also introduces a reversal group in which fluoxetine (FLX) is 

administered chronically to reverse the depressive-like behaviours induced by 
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CORT. An additional small group is included as a “double negative” control, 

which will not undergo any behavioural tests at baseline. This group will serve as 

a control for the CORT ELISA analysis and will serve to eliminate any 

confounding effects of behavioural testing exposure on serum CORT levels. 

 

Experimental Design 

Experimental Groups 

Five experimental groups were included in this experiment, with mice housed 3 

per cage: 

• Negative Control (sham cancer cell injections; n = 6) 

• CORT positive control (sham cancer cell injections; n = 6) 

• Cancer, 20x105 cells injected orthotopically (n = 6) 

• Reversal, Co-admin of CORT and FLX (sham cancer cell injections; n = 

6) 

• Double negative control (no sham injections, no behavioural tests) 

CORT & FLX Administration  

In light of previous difficulty ensuring that mice reach the desired CORT 

dosing and exhibit behavioural changes, CORT was administered at a 

concentration of 50 ug/ml. CORT water was presented ad libitum in the cages 
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over a period of 21 days. The average calculated dose was 7.74 mg/kg/day for the 

positive control CORT group and 7.00 mg/kg/day for the reversal group.  

FLX was dissolved in the CORT water at a concentration of 60 ug/ml and 

administered for the same 21-day period in the reversal group. The average 

calculated dose of FLX was 8.40 mg/kg/day, which is slightly lower than the 

reported effective chronic low dose of 10 to 18 mg/kg/day. 

Behavioural Assays 

 Mice were first habituated to sucrose, as well as the TST and FST. The 

SPT was performed 4 times at baseline and 4 times post-treatment and bottles 

were counterbalanced in the cages to avoid side bias. Automated TST and FST 

were performed 2 times at baseline and 2 times post-treatment.  

The SPT was performed as previously described in Experiment 3, with the 

exception of using sucrose in place of previously used saccharin. For the current 

experiment, a 3% sucrose solution was used, which provided baseline preference 

levels of about 65-70%. The TST and FST were performed as previously 

described in Experiment 3 

CORT Enzyme-Linked Immunosorbent Assay 

Blood	
  collection	
  was	
  performed	
  as	
  described	
  in	
  Experiment	
  3,	
  except	
  

for	
  one	
  alteration.	
  Rather	
  than	
  collecting	
  blood	
  at	
  endpoint	
  during	
  sacrifice,	
  

blood	
  was	
  collected	
  orbitally	
  1	
  day	
  prior	
  to	
  sacrifice	
  in	
  order	
  to	
  ensure	
  

consistency	
  in	
  blood	
  collection	
  method	
  and	
  timing. 
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Results & Discussion  

Results for the SPT revealed a reduction in preference, and therefore an 

anhedonic response, for the positive control CORT group and the reversal group 

(Figure 4.1). Thus, reversal of the anhedonic response to CORT was not achieved 

with the current dosing of CORT and FLX in the reversal group. The cancer 

group did not show an anhedonic response on the SPT. This may be due to a 

protective effect of group-housing.  

Results for the TST reveal no differences in time of immobility for any of 

the groups. However, energy of movement was decreased for both the CORT and 

reversal group, although the results are not statistically significant (Figure 4.2). 

Therefore, it is possible that the CORT and reversal groups exhibited behavioural 

despair on the TST in addition to anhedonia on the SPT, but further investigation 

is needed to establish robust response on the TST. Additionally, the energy of 

movement for the cancer group was markedly increased. This was due to a 

confounding behaviour that was observed during testing. Due to the orthotopic 

location of the tumour growth on the lower abdomen, mice were able to grab and 

hold on to their growths and avoid freely hanging. Often unsuccessful due to the 

tumour sizes, the mice would then release their hold abruptly, registering 

increased energy of movement on the TST system. 

Results for the FST did not reveal any increase in immobility for the 

CORT group, and therefore a lack of behavioural despair (Figure 4.3). The 

control, cancer, and reversal groups showed slight decreases in immobility, which 
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indicates absence of behavioural despair in the cancer model, but also possible 

reversal of depressive behaviours for the reversal group in this paradigm. 

Results for the CORT ELISA were standardized to serum CORT levels of 

the double negative control group at each time point (baseline, midpoint, and 

endpoint) (Figure 4.4). The control group had elevated CORT at baseline and 

midpoint. This was somewhat surprising and may be due to handling. The CORT 

group exhibits the pattern that was expected- baseline CORT is close to 100% of 

control, followed by a marked drop in CORT at midpoint due to adrenal inhibition, 

and finally an increase in CORT at endpoint that surpasses control level due to 

overactivity of adrenal glands. Although FLX dosing was likely too low to 

observe significant behavioural changes, it is evident from this serum analysis that 

FLX co-administration had an effect as all 3 time points show similar levels of 

serum CORT. FLX normalizes HPA activity when co-administered by inhibiting 

CORT transport across the blood-brain barrier, which increases CORT in the 

brain and activates glucocorticoid receptors. This in turn increases negative 

feedback on the HPA axis. The cancer group showed increased CORT at midpoint 

due to tumour group, and another very steep increase at endpoint. This may be 

attributable to the pro-inflammatory state of cancer, which activates the HPA axis 

to release CORT in order to negatively feedback on the inflammatory response.  

In this experiment, results from the positive control CORT model were 

promising. CORT mice showed an anhedonic response the SPT as well as 

behavioural despair on the energy of movement measure of the TST. Several 
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adjustments to the current experimental design should be implemented for future 

investigations: 

• FLX solution concentration should be increased to achieve desired 

dosing. To investigate reversal rather than prevention of depressive-

behaviours, FLX administrations should follow CORT administration, 

rather than being co-administered.  

• Group-housing may be inducing a protective effect. Therefore, future 

experiments should be performed using individually-housed mice.  

• The location of cancer cell inoculation needs to be changed in order to 

avoid the confounding effect of tumour grabbing on the TST. For 

future experiments, cancer cells should be subcutaneously injected 

above the flank of the animal, but positioned carefully to avoid 

interfering with joint movement.  

• Prolonged exposure to sucrose solution prior to baseline SPT may 

better ensure absence of novelty-related anxiety. This could be 

accomplished with a 72h sucrose habituation period.  

• It is possible that repeated exposure to the TST and FST are reducing 

the sensitivity of these assays. Future investigations should apply these 

tests only once at endpoint.  

The implementation of these changes led to the development of the CID 

model discussed in Chapter 2 of this dissertation.  
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Figures 

	
  

 

Figure 4.1. Sucrose preference test. CORT and reversal (CORT/FLX) groups 

exhibited anhedonic behaviours on the SPT. The cancer group did not show an 

anhedonic response. Data are expressed as the mean ± the standard error of the 

mean (SEM). Statistical significance was assessed through 1-tailed pairwise 

student t-tests.  
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Figure 4.2. Tail suspension test (energy of movement). Bars represent average 

scores for 2 baseline tests and 2 post-treatment tests. Mice were suspended for 6, 

with the first minute excluded from analysis. None of the experimental groups 

showed any changes in immobility (not shown). Both the CORT and reversal 

group exhibited some reduced energy of movement, but this was not statistically 

significant. Data are expressed as the mean ± the standard error of the mean 

(SEM). Statistical significance was assessed through 1-tailed pairwise student t-

tests.  
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Figure 4.3. Forced swim test. Bars represent average scores for 2 baseline tests 

and 2 post treatment tests. Mice were placed in beakers for 6 minutes, with the 

first minute excluded from analysis. No statistically significant changes were 

observed. The reversal group showed a trend toward reversed behavioural despair 

response. Data are expressed as the mean ± the standard error of the mean (SEM). 

Statistical significance was assessed through 1-tailed pairwise student t-tests. * P 

< 0.05. 
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Figure 4.4. CORT ELISA. Blood was collected orbitally and serum was 

separated for analysis. CORT group shows inhibited adrenal function at midpoint 

and overactivity at endpoint. Reversal group shows normalized CORT levels via 

FLX. Cancer group shows elevated CORT due to inflammatory state of cancer. 

All samples were run in duplicates. 
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APPENDIX 2 

Details for Methodologies 
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Preface 

The purpose of this section is to provide additional details for central 

methodologies. Journal article length restrictions did not allow for these details to 

be presented in the original articles. Details are not provided for methods that 

directly followed manufacturer manuals, such as Golgi-Cox staining, RNA 

isolation, and mouse serum CORT ELISA. In addition, details are not provided 

for methods that directly followed previously published protocols. For example, 

the metastatic clonogenic assay is outlined in step-by-step detail by Pulaski and 

Ostrand-Rosenberg in their 2001 article “Mouse 4T1 breast tumor model” 

published in Current Protocols in Immunology. 
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Cell Culture Technique  

Murine 4T1 mammary carcinoma cells were grown and maintained in T-

flasks with their recommended base medium according to the American Tissue 

Culture Collection (ATCC) recommendations. Roswell Park Memorial Institute 

medium (RPMI-1640) media was supplemented with 10% fetal bovine serum 

(FBS) and 1% antibiotic/antimycotic. Murine TM40A mammary epithelial cells 

were maintained in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

(DMEM:F12) supplemented with 10% FBS, 10 μg/mL insulin, 1% 

antibiotic/antimycotic, and 20 ng/mL mouse Epidermal Growth Factor (mEGF). 

Cells were grown in incubators with 5% CO2 at 37°C, and were regularly 

subcultured once they became confluent. To subculture, cells were first washed 

with 1-2 mL of 1XPBS followed by trypsinization with approximately 1-2 mL of 

2x 0.1% EDTA-trypsin. Cells were placed into the incubator for ~5 minutes to 

allow cells to disconnect from the flask. Fresh culture media was then added to 

the flask to de-activate the trypsin. Excess cells were then removed, and a fraction 

of cells added to a new flask with fresh culture medium.  
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Tail Suspension Test 

 Mice should be moved to the behavioural room at least 1 hour prior to 

testing. This helps the mice acclimate to the new setting and avoids confounding 

novelty stress on the test. 

1. Plug the TST USB connection into the laptop. Plug the software USB key into 

the laptop. 

2. Open Instacal (on Desktop) to allow the detection of the TST system. A 

window may appear confirming that a new USB connection was detected. 

Click OK and close Instacal.  

3. Open the TST software (shortcut icon on Desktop).  

4. To create a new experiment, click on File > Create an experiment. There are 

also options to continue a halted experiment, use parameters from other 

experiments, and replay an experiment with different parameters.  

5. Enter a name for the new experiment and set the parameters. For “Threshold 

for taking motion into account”, a value of 6 is standard and should be used 

unless there is rationale for increasing or decreasing the threshold. A 360 

second experiment (6 minutes) is standard, with 60 seconds of latency time.  

6. To name the groups, select the group from the dropdown menu and input the 

desired name in the panel to the right of the dropdown menu. NOTE: 

accidentally clicking outside the dropdown menu or naming panel during this 

process will reset all the names to default. Repeat this step for mouse names.  

7. Click “Start the Randomization” to randomize the mice into suspensions.  
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8. Calibrate the system by clicking on Calibration > Check the calibration. A 

window will appear that allows you to perform a “calibration test” on to check 

the accuracy of each of the 3 channels. This test should read 0 when no weight 

is attached to the channel. A 20g calibration falcon tube was constructed, and 

can be used to check the accuracy of the channels with a weight attached. 

9. If any of the channels are inaccurate by more than 2g, a calibration must be 

performed. To do this, click on the “Calibrate” button. A window will prompt 

you to enter a password. Enter “TsT” (case sensitive) and click Ok.  

10. Select “Channel 1” and with no weights attached, click “Calibration on the 

first level”. Attach the 20g weight and click “Calibration on the second level”. 

Repeat this for Channel 2 and Channel 3. Note: a 20g weight was used 

because adult female BALB/c mice weigh approximately 20g. For other mice, 

calibration weights should be used to closely match their mean weight.  

11. Attach a small piece of masking tape (~4 cm) to the tale of the mice in the first 

suspension. Tape should be attached so that it forms a “flag” with the tail 

acting as the flag post. Tape should be approximately 3 cm below the tip of 

the tail. To prevent tail grabbing, insert cylindrical plastic piece (made from a 

1 mL syringe) around the tail with the flange toward the tape end, distal to the 

base of the tail to avoid grabbing onto it.  

12. Back at the main test screen, click “Start” to begin the first suspension. A 

window will appear with a summary of the current suspension. Once you click 

“Ok” you will have 2 minutes to suspend the fist mouse.  
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13. Suspend each mouse by puncturing the tape attached to the tail through the 

hook of the TST system. Once a mouse is attached, begin their channel 

recording by clicking F1, F2, or F3 for channel 1, channel 2, or channel 3, 

respectively.  

14. During the recording of a suspension, prepare the next set of mice by 

attaching table to their tails. 

15. Once all the recordings of a suspension are complete, remove mice from the 

hooks and place them back into their cage. To remove the tape, hold the base 

of the tail securely with your left hand. Grab the tape with the right hand and 

pull it parallel to the tail, toward the tip and away from the mouse. 

16. Repeat steps 13-15 until all suspensions are complete.  

17. To save the results, click Edit > Export the results and export as an excel 

document. The excel document will include recorded immobility, energy, and 

power of movement for each mouse in each group.  

 

 

 

 

 

 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   285	
  

Forced Swim Test 

 Mice should be moved to the behavioural room at least 1 hour prior to 

testing. This helps the mice acclimate to the new setting and avoids confounding 

novelty stress on the test. 

1. Plug the 2 FST USB connections into the laptop (one is for the vibration 

sensors and one is for the camera). Plug the software USB key into the laptop. 

2. Open Instacal (on Desktop) to allow the detection of the FST system. A 

window may appear confirming that a new USB connection was detected. 

Click OK and close Instacal.  

3. Open the FST software (shortcut icon on Desktop).  

4. Under Settings in the Video Detection Setting tab, click “Start settings”. 

Select the video source (should be set to the correct source by default). 

Compression Codecs should also be left at default settings. Under “Working 

Areas Definition”, adjust the blue boxed on the video screen so that each box 

fits just around each beaker. Make sure that beakers are not touching and of 

the barriers around them to avoid transfer of motion. Calibrate distance using 

the on-screen red line—the diameter of any beaker is 20 cm. Finally, set the 

video detection configuration. To do this, first click “reference” to take a 

reference picture. Then click “start detection” and place the foam mouse in 

each beaker and adjust the threshold of each channel such that the green 

outline correctly detects the mouse. Remove the foam mouse, click on “stop 

detection” and click “valid settings” to finish the configuration. NOTE: for 
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white mice, use the blue side of the beaker matt and the white side of the foam 

mouse for calibration. For black mice, use the white side of the beaker matt 

and the black side of the foam mice for calibration. 

5. Under the General tab, make sure the time parameters are set correctly. For a 

6-minute test with 1-minute latency, the acquisition time should be 300 

seconds and latency time should be 60 seconds. 

6. Under the Sensors Checking tab, click “noise detection test” and run the test 

to make sure the vibration sensors are not detecting too much noise. NOTE: 

The laptop must be unplugged from the power supply during this test and all 

of the actual forced swim tests because the interference causes the sensors to 

pick up noise.  

7. Run a “peak detection test” to make sure the vibration sensors are able to pick 

up movement in the beakers. 

8. Check that a green box appears next to the acquisition card. 

9. For a new experiment, select 4 naïve mice that will be used for calibration. 

Click on the Calibration box and select “Complete calibration from a new 

experiment”. Create a name for the calibration and mice and begin the 

acquisition. For the first acquisition of any experiment (the calibration 

acquisition in most cases), place all mice into their beakers first before 

beginning. This gives you an opportunity to further adjust the video thresholds, 

as the foam mice used earlier are not always accurate. Begin the acquisition 

for each channel. Once complete, you may choose to calibrate prior to further 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   287	
  

acquisition, or calibrate at a later time and use an older calibration file 

tentatively for the remaining acquisitions. It is only important to use the 

proper calibration file during analysis. The calibration file used during 

acquisition will not have an impact on the analysis.  

10. To perform the calibration, select a 2 state scoring mode (mobile vs. 

immobile). Click on a channel to be calibrated, click new scoring and follow 

the instructions to perform a manual scoring of the test. Do this for each of the 

4 channels. More than one scoring for each channel can be done and you may 

select the one you feel was most accurate for calibration. Once the scoring is 

done, click on “auto-calibration: calibration file from 4 channels” under 

“Calibration”. Then select the Channel 1 and scoring session you want to use 

and click “Calibrate”. Repeat this for Channels 2, 3 and 4 then click “Save 

Calibration.  

11. Click on the acquisition box to start the experiment.  

12. Create a subject list by defining the number of groups and subjects per group. 

You can click “modify” to rename groups or subjects. You may also export 

the subject list you created or import subject lists from previous experiments. 

13. Select the desired randomization mode and click “apply” to generate the list of 

runs. Note that full runs can be deleted if necessary.   

14. In the experiment interface, click “Acquisition” to start. A window will appear 

with a summary of the current acquisition. Click “Start Acquisition” and being 
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placing mice in beakers. As each mouse is placed, click “start” for that 

channel to begin.  

15. Once acquisitions for all channels are completed, remove the mice one at a 

time and dry them with a heated surgical towel to avoid hypothermia. Towels 

are heated on the heating pad next to the FST system.  

16. Once all acquisitions are made for the experiment, you can close the 

experiment and analyze at a later time.  

17. When ready for analysis, open the experiment in the Analysis tab. You will be 

prompted to select a calibration file. At this point, the appropriate calibration 

file that was created earlier should be selected. This file can also be selected 

under “Analysis Mode”. Select the “analysis period” (usually the entire 5 

minutes” and click “Analyse Selection”. Results will display with graphics. 

The important thing is to export the excel file from this results interface. This 

file will contain immobility times for each mouse in each group.  
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Dendritic Analysis  

Mouse brains were stained using the Golgi-Cox method. Neurons in layer 

II–III of the mPFC were identified using the aid of a mouse brain atlas. Z-stacked 

images were captured for each neuron in 2 μm increments using OpenLab 5. Prior 

to saving images, a scale was calibrated and displayed for each image, which was 

later used in Fiji. Folders were create for each animal and image stacks saved 

as .tif files with file names identifying the neuron—e.g. “Mouse23_Bregma 

1.45_Neuron 2”. Neurons were then digitally reconstructed using the Simple 

Neurite Tracer plugin for the open source software Fiji, and Sholl analyses were 

performed as follows: 

1. Open Fiji software 

2. Open image stack to be analyzed. The image will be loaded in a window that 

allows you to scroll left-to-right to view all the images in the stack. 

3. So calibrate the image scale, zoom on the scale displayed on the image 

(created in OpenLab). Use the rectangular selection tool to select the width of 

the scale. Make note of the width (in pixels) in the top panel. Go to Analyze > 

Set Scale. Input the width of the scale bar in pixels for “Distance in pixels” 

and the known length of the bar (in μm) for “Known distance”. For “Unit of 

length” type “um”. Click Ok. 

4. Under Plugins, go to Segmentation and choose Simple Neurite Tracer. 

5. Start the neuronal reconstruction by identifying the center of the neuron’s 

soma. Click to start a path. By scrolling side to side through the stack, find an 
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arbour to be traced, select the next point along the arbour and click again. This 

will prompt the software to scan through the image layers and create a path 

between the two points along the arbour. This processes requires some 

practice to discern how far apart points should be for the software to identify 

the correct path.  

6. When two points are joined by the software, a line segment is created in blue 

and the instructions prompt you to either accept or cancel this segment. If the 

segment was correctly identified by the software, click yes to accept it. The 

line segment now turns red and instructions prompt you to complete or cancel 

the path. If the arbour is not yet completely traced, click on the next point 

along the arbour and a new segment will be created. Repeat this until the 

entire arbour is traced, then click “complete path”. The completed path now 

turns purple.  

7. To create a branching path from an existing path, select the path from the 

screen listing the paths. The selected path will turn green. Holding Alt (Mac) 

or Ctrl (Windows) will now lock your curser to the selected path. Choose the 

spot of bifurcation and click to create a new point. Select another point along 

the branching arbour to begin tracing it as described before.  

8. Once all the arbours have been traced, they can be grouped by category. Select 

all the arbours in one category (e.g. apical dendrite), right click, scroll down to 

“set SWC type” and select the appropriate category. 

9. To save, go to File > Save traces file. Files can also be exported as SWC. 
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10.  Select all paths in one category to be analyzed by Sholl analysis. With all the 

tracings selected, go to the image window, and press and hold the Shift key 

and Alt (Mac) or Ctrl (Windows). Using the curser, find the center of the 

soma, and while continuing to hold Shift + Alt/Ctrl, press “A”. The Sholl 

analysis interface should now appear. 

11. In the Sholl analysis interface, specify that only the selected paths should be 

analyzed. Next to “Circle/sphere separation” type “10” if the desired 

separation between concentric rings is 10 μm. Then click on “Export detailed 

results as CSV”. 

12. Repeat step 10-11 for all categories of traced arbours you wish to analyze by 

Sholl analysis (e.g. apical and basilar arbours). 

13. The CSV files can be opened in Excel and combined for analysis.  
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14C-Cystine Uptake Assay 

This protocol was adapted by Jennifer Fazzari and Natalie Zacal from the 

following papers: 

Lutgen et al, 2013, Psychopharmacology, 226:531-540. 

Shih et al, 2006, The Journal of Neuroscience, 26(41):10514-10523. 

1. Seed 250,000 cells per well in a 6-well plate and let the cells adhere overnight. 

2. Drug-treat the cells in 300ul of HBSS for 20 minutes in 37ºC incubator. 

3. DO NOT ASPIRATE DRUG AND HBSS.  Instead, add the cystine directly to 

the HBSS and drug on the cells.  Make a master mix using 0.45ul of stock 

radioactive 14C-cystine per well plus 4.55ul HBSS per well to bump the volume of 

radioactive cystine up to 5ul per well.  Multiply these volumes by the number of 

samples or wells (plus one extra volume) you have to make your master mix.     

4.  Add 5ul of the master mix to each well and incubate for 20 minutes in 37ºC 

incubator.   

 Stock radioactive 14C-L-Cystine is 10uCi in 500ul or 20uCi/ml 

 Perkin Elmer Catalog number:  NEC845010UC 

5. Quickly wash each well 3x in ice cold HBSS (2ml per well). 

6. Lyse cells in 220ul of lysis buffer (0.1N NaOH containing 0.1% Triton-X) for 

30 minutes. 

7. Collect cell lysates into 1.5ml microtubes. 

8. Put 100ul of each cell lysate into 1ml of Ecoscint-H solution in a 5ml plastic 

scintillation vial. 
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Make a blank using 100ul of lysis buffer in 1ml of Ecoscint-H solution.  

9. Go to the High Throughput Screeing Facility to do a scintillation count of your 

samples using the Beckman LS6500 scintillation counter.  Put the scintillation 

vials into the blue plastic holder (Put the blank in the first position, leave a space, 

and then load your samples) and load the racks in the machine starting closest to 

you on the right hand side in the following order:  first the blue holder with the 

“HALT” card facing you, then another blue holder that you have put your samples 

into.   Hit the 3sec button on the printer until the “Pause” light goes off and make 

sure the printer is loaded with paper.   Using the control buttons on the Beckman 

counter, select: “Main Menu”, “Count Single Rack”, Select “User Program”, 

Enter “15” for 14C with 3 minute reads, hit Select, Select again, and hit Start.    

10. Do a Bio-Rad assay of the cell lysate to determine protein concentration for 

normalizing CPM per mg of protein.  Perform a Bio-Rad assay using the cell 

lysate (or a 1:2 or a 1:3 dilution if appropriate) in a 10ul volume in duplicate or 

triplicates of a 96 well plate.  
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Bio-Rad Protein Assay 

This protocol was developed by Dr. Eric Seidlitz.  

1. Label eppendorf tubes for BSA standards and sample dilutions 

2. Prepare the BSA standard by making a stock of ~10 mg/mL BSA powder 

with Milli-Q water 

3. Make BSA standard dilutions: 

a. 2.0 mg/mL 
b. 1.0 mg/mL 
c. 0.5 mg/mL 
d. 0.250 mg/mL 
e. 0.125 mg/mL 
f. 0.0625 mg/mL 
g. 0.0313 mg/mL 

 
4. Prepare BioRad solution in a 1:4 dilution with Milli-Q water (e.g. 3 + 12 

mL; 2+8 mL; 2.5+10 mL, etc.) 

5. Using a 96-well plate, add 10 μL of each BSA standard (in triplicate) with 

3 wells of Milli-Q water as a blank (rows A, B, and C will therefore have 

3 blanks plus the 7 different BSA concentrations from wells 4-10) 

6. Add 10 μL of each test sample and each dilution (1:10 and 1:100 are 

usually sufficient) in triplicate to the plate 

7. Add 240 μL of BioRad 1:4 solution to each well 

8. Remove unwanted bubbles from the wells 

9. Read plate in BioTek PowerWave XL plate reader at 570 nm (using Eric – 

BioRad protein protocol) 

10. Export data file to Excel then save this file on a 3.5” floppy disc 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   295	
  

11. Using Excel, copy the raw absorbance values then Paste Special…Values 

into the protein measurement template file (v.3) at the appropriate location 

– the standard curves and equations will be automatically generated 

12. Select the appropriate dilution for each sample that falls within the linear 

range of the standard curve and perform the final protein concentration 

calculation using the equation y=mx+b where x is the average absorbance 

of the triplicate sample and both m and b are derived from the linear 

equation generated by Excel from the standard curve 

 

 1 2 3 4 5 6 7 8 9 10 11 12 
A 0.000 0.0000 0.0000 0.0313 0.0625 0.1250 0.2500 0.5000 1.0000 2.0000     

B 0.000 0.0000 0.0000 0.0313 0.0625 0.1250 0.2500 0.5000 1.0000 2.0000     

C 
0.000 0.0000 0.0000 0.0313 0.0625 0.1250 0.2500 0.5000 1.0000 2.0000     

D                         

E 
                        

F                         

G 
                        

H                         

 

 

 

 

 

 

 

 



Ph.D.	
  Thesis	
  –	
  M.	
  G.	
  Nashed	
   McMaster	
  University	
   Medical	
  Sciences	
  

	
   296	
  

Quantitative Real-Time RT-PCR  

In Chapter 4, total RNA was isolated from each sample using the Qiagen 

RNAeasy Kit. 400 ng of total RNA was reverse transcribed into cDNA using the 

SuperScript III kit. Briefly, RNA in the presence of 1 μL of 50 μM oligo(dT)20 

and 1 μL of 10 mM dNTP mix (final volume of 13 μL) was incubated on a 

thermocycler at 65°C for 5 min. Reactions were place on ice prior to adding 4 μL 

of 5X first strand buffer, 1 μL of 0.1 M DTT, 1 μL RNaseOUT Recombinant 

RNase Inhibitor, and 1 μL SuperScript III reverse transcriptase for a final volume 

of 20 μL. Reactions were then incubated at 50ºC for 50 min and 70ºC for 15 min. 

The resulting cDNA was diluted to a final volume of 60 μL through addition of 

nuclease-free water and stored at -20°C. 

Relative mRNA levels were evaluated by qRT-PCR. Each 12.5 μL 

reaction contained 2 μL of diluted cDNA, 6.25 μL of SYBR Green premix, and 

0.5 μL of 10 μM forward (FOR) and reverse (REV) primer. All target and 

housekeeping gene primers based on sequences specific for Mus Musculus were 

derived from PrimerBank, with annealing temperatures of 60°C. Official gene 

symbols, primer sequences, product sizes, and specific melting peaks for each 

target gene product are listed in Table S1 of Chapter 4. The specifications of the 

three housekeeping genes used in this study are summarized in Table S2 of 

Chapter 4. A MiniOpticon 48-well Real-Time PCR System linked to CFX 

Manager software was programmed with the following cycling parameters: 95°C 

for 1 min, 40 cycles of 95°C for 10 sec and 60°C for 25 sec, and a final melting 
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peak determination (95°C for 15 sec, followed by incremental 0.5°C increases of 

5 sec from 65°C to 95°C). Reactions for target genes were run in duplicate for 

each cDNA sample. Parallel duplicate reactions for the appropriate housekeeping 

gene were carried out to calculate relative mRNA levels using the 2−ΔΔC
T method. 

Fold changes relative to a given treatment were subsequently calculated to 

validate results derived from the analysis of RNA-seq results. For each of 9 

selected target genes, a specific housekeeping gene was chosen based on 

efficiency testing of primer pairs. Efficiency testing was achieved by evaluating 

the slopes derived from plotting the log of a 2-fold serial dilution of murine brain 

cDNA (template) versus the CT of each target gene compared to three different 

possible housekeepers at each template dilution. This test resulted in parallel lines, 

with slopes of well-matched targets and housekeepers being equivalent and 

optimally >3. A further test was carried out by plotting Δ CT values (target CT at 

each template dilution minus housekeeper CT at the equivalent dilution) across the 

dilution series, which yielded a straight line with a slope close to 0 (< 0.1). 

Amplification efficiencies were tested for each primer pair, with efficiency (E) = 

[10 raised to (-1/S)] - 1 (E should be close to 1), and the integrity of each product 

was verified by gel electrophoresis to validate expected product sizes. 
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RNA-seq Analysis 

Galaxy—Tuxedo Protocol Up To CuffDiff 

This protocol describes how to perform a basic analysis of differential 

gene expression using RNA-seq results. The platform used here is the Galaxy 

Project, which is free online software. The final steps to visualize results require 

RStudio. This analysis follows the Tuxedo protocol. Note that for this project, 

each biological sample (RNA from 1 mouse) was split between 2 lanes during 

sequencing, and therefore files from each lane needed to be merged. In addition, 

each lane produced multiple files (due to size) that needed to be merged in a 

different way. 

1. Create account on usegalaxy.org. 

2. Under “Get Data”, upload all FASTQ files, specifying type as "fastqsanger" 

and genome as "mouse mm10". 

3. For each mouse, merge multiple files representing one lane into one FASTQ 

file using Text Manipulation > Concatenate datasets tail-to-head. 

4. Remove possible new/empty lines created between files by using Filter and 

Sort > Select > "that: NOT Matching" and "the pattern: ^$". 

5. Rename newest merged file appropriately, ex. "Balbc 9 L1" and repeat for 

both lanes of each mouse sample. 

6. Run FastQC (under NGS: QC and manipulation) on all samples to generate a 

quality control report. Note: Looking at overrepresented sequences gives you 
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an idea if there are any sequences (such as 3' adapters/indices) that need to be 

cut from the file. If there are any, consult the Clip tool). If there are issues 

with low quality reads, you can "Filter by quality".   

• Example—Index format for my data:  

GATCGGAAGAGCACACGTCTGAACTCCAGTCACXXXXXXAT

CTCGTATGCCGTCTTCTGCTTGAAAAAAA 

Where XXXXXX represents the specific index used for that specific 

sample (Ex. for Balbc2 9 (both lanes) it's ATCACG). The index 

sequences are found on the quality report spreadsheet. If SOME of the 

files show overrepresentation of index sequences, it might be best to 

just filter indices out from ALL files. 

7. For Tophat parameters: I had 70bp reads so changes allowed mismatches to 3 

instead of default 2. Change max realign edit distance to 0 instead of default 

1000. Select to use gene annotation model. Use gene annotation gft file 

downloaded from UCSC (see below). If you keep "only look for supplied 

junctions" on "no" then new splice variants will still be picked up. Introducing 

the annotation file at this stage will help guide reads to alignment but may 

slightly bias reads towards known alignments. Probably not good to do if main 

purpose is to look for splice variants, but for a study primarily looking at 

differential gene expression, it's best to do it this way. 

• To get annotation file, Get Data > UCSC Main, select the appropriate 

genome (mm10 in my case) and for group choose "genes and gene 
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prediction tracks", for track select "UCSC" in my case (this is what 

matches the mm10 genome used by Galaxy), select entire genome (not 

chromosome location), make output format GFT and select "send to 

galaxy". 

8. Once alignments are done, Galaxy will output multiple files for each replicate, 

one of which is the accepted hits BAM file. Use NGS: BAM Tools > Convert, 

Merge, Randomize to merge the technical replicates from the two lanes for 

each biological replicate and rename appropriately, e.x. "Balbc2 9 Aligned". 

9. Assemble transcripts for each biological replicate using Cufflinks. In most 

cases, it is desirable to keep the ability to detect novel splicing events and 

genes. If we choose to supply an annotation file, Cufflinks will ONLY report 

reads that map to known/annotated genes. If we do not supply annotation file, 

it might be prone to false positives in terms of novel genes. So we will choose 

"use reference annotation as a guide" which essentially biases reads towards 

known genes, but still takes into consideration reads that don't map to known 

coding areas. 

• Other	
  customized	
  parameters:	
  under	
  "perform	
  bias	
  correction",	
  

select	
  "yes".	
  Under	
  "use	
  multi-­‐read	
  correct"	
  select	
  "yes". 

10. Use Cuffmerge to create a merged transcriptome assembly. Here, select all the 

GTF files produced by cufflinks to be merged. Make sure to use "insert 

additional GTF input file" to insert each GTF assembly—do not use the batch 

option where you select all at the same time; this does individual merges for 
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each file instead of merging them together. Under "use reference annotation" 

select “yes” and use the mm10 annotation that was downloaded from UCSC. 

Under "use sequence data" select “yes” and keep it selected at "locally 

cached". 

11. Use Cuffdiff to analyze differential gene expression (can also be used to 

analyze novel splicing events). Change the following default parameters: 

• Generate SQLite: yes 

• Library normalization method: quartile  

• Use multi-read correct: yes 

• Perform bias correction: yes 

• Reference sequence data: Locally cached [Mouse (Mus Musculus): 

mm10] 

RStudio—Tuxedo Protocol: CummeRbund 

At this point, the analysis is technically completed, but still needs to be 

visualized. CummeRbund is not on the main Galaxy server, so CuffDiff output 

files must be saved to local computer.  

• In working directory with all the downloaded CuffDiff files, remove 

cuffData.db and the SQLite file, and rename the following: 

...splicing_differential_expression_testing].tabular	
  	
  splicing.diff	
  

..._promoters_differential_expression_testing].tabular	
  	
  promoters.diff	
  

..._CDS_overloading_differential_expression_testing].tabular	
  	
  CDS.diff	
  

..._CDS.FPKM_differential_expression_testing].tabular	
  	
  cds_exp.diff	
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..._CDS_FPKM_tracking].tabular	
  	
  cds.fpkm_tracking	
  

..._TSS_groups_differential_expression_testing].tabular	
  	
  tss_group_exp.diff	
  

..._TSS_groups_FPKM_tracking].tabular	
  	
  tss_groups.fpkm_tracking	
  

..._gene_differential_expression_testing].tabular	
  	
  gene_exp.diff	
  

..._gene_FPKM_tracking].tabular	
  	
  genes.fpkm_tracking	
  

..._transcript_differential_expression_testing].tabular	
  	
  isoforms_exp.diff	
  

..._transcript_FPKM_tracking].tabular	
  	
  isoforms.fpkm_tracking 

On the local computer, download and install R and RStudio, and install the 

Bioconductor package. There are many resources available online for RStudio and 

scripts available for many different visualizations and analyses. It is 

recommended that users unfamiliar with R programming language watch a couple 

of online video tutorials prior to starting.  

• Use the command biocLite("BiocUpgrade") to make sure BioConductor is 

updated 

• Use the command biocLite("cummeRbund") to get CummeRbund and 

biocLite("RSQLite") to get SQLite    

• In the bottom right console under “Packages”, users can select any of the 

available packages (e.g. all the BioConductor packages) to be loaded into 

the current session. Under “Help” users can also see examples of each 

package and how to customize the parameters in each one.  

The following script was created and run to produce the graphics presented in 

Chapter 4. These are standard graphics for analysis of differential gene expression. 

Note, some of the code presented here also relates to specific formatting of these 

figures. For more detail, consult the “Help” section associated with the packages.  
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# Load CummeRbund Library 
library('cummeRbund') 
 
# Set working directory with all the CuffDiff files (after re-naming and deleting db 
file) 
setwd("~/Desktop/MEDICAL SCIENCE/THESIS/EXPERIMENTS/NGS") 
 
# Create CummeRbund database from the CuffDiff output 
cuff_data<- readCufflinks('CuffDiff') 
 
# Note: when you save and exit, then re-open, you should set the directory again. 
This time set to actual folder with newly created cuffData.db file instead of folder 
leading to this folder. To set directory, go to the console on the bottom right 
corner, select the Files tab and navigate to the directory containing the 
cuffData.db file. Click More > Set as Working Directory.  
cuff_data <- readCufflinks(dbFile = "cuffData.db")   
 
# Density Plot: distribution of expression levels for each sample 
den <- csDensity(genes(cuff_data)) 
den <- den + labs(title = "Genes", x = "log10(FPKM)", y = "Density") 
den <- den + theme(title=element_text(size=20), 
plot.title=element_text(colour='black'), axis.title.x=element_text(hjust=0.5, 
vjust=0), axis.title.y=element_text(hjust=0.5, vjust=1), 
axis.text.x=element_text(size=20, 
colour='black'),axis.text.y=element_text(size=20, 
colour='black'),legend.text=element_text(size=14),legend.title=element_text(colo
ur='white'), panel.background=element_rect(fill='white', colour='grey'), 
panel.border=element_rect(fill=NA, colour='black',size=1.5)) 
den # View plot  
 
# Scatterplot (matrix): compares expression of each gene between all conditions  
scatter <- csScatterMatrix(genes(cuff_data)) 
scatter # View plot 
 
# Scatterplot for Control vs. CORT 
sca_Cont_CORT <- csScatter(genes(cuff_data), 'CORT', 'Control') 
sca_Cont_CORT <- sca_Cont_CORT + labs(title = "Genes") 
sca_Cont_CORT <- sca_Cont_CORT + theme(title=element_text(size=20), 
axis.title.x=element_text(hjust=0.5, vjust=0), axis.title.y=element_text(hjust=0.5, 
vjust=1), axis.text.x=element_text(size=16, colour='black'), 
axis.text.y=element_text(size=16, colour='black'), 
panel.border=element_rect(fill=NA, colour='black',size=1.5)) 
sca_Cont_CORT # View plot 
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# Scatterplot for Control vs. CID 
sca_Cont_CID <- csScatter(genes(cuff_data), 'CID', 'Control') 
sca_Cont_CID <- sca_Cont_CID + labs(title = "Genes") 
sca_Cont_CID <- sca_Cont_CID + theme(title=element_text(size=20), 
axis.title.x=element_text(hjust=0.5, vjust=0), axis.title.y=element_text(hjust=0.5, 
vjust=1), axis.text.x=element_text(size=16, colour='black'), 
axis.text.y=element_text(size=16, colour='black'), 
panel.border=element_rect(fill=NA, colour='black',size=1.5)) 
sca_Cont_CID # View plot 
 
# Scatterplot for CORT vs. CID 
sca_CORT_CID <- csScatter(genes(cuff_data), 'CID', 'CORT') 
sca_CORT_CID <- sca_CORT_CID + labs(title = "Genes") 
sca_CORT_CID <- sca_CORT_CID + theme(title=element_text(size=20), 
axis.title.x=element_text(hjust=0.5, vjust=0), axis.title.y=element_text(hjust=0.5, 
vjust=1), axis.text.x=element_text(size=16, colour='black'), 
axis.text.y=element_text(size=16, colour='black'), 
panel.border=element_rect(fill=NA, colour='black',size=1.5)) 
sca_CORT_CID # View plot 
 
# Volcano Plot (matrix): identify differentially expressed genes 
volcano <- csVolcanoMatrix(genes(cuff_data), alpha=0.05, xlimits=c(-20,20)) 
volcano # View plot 
 
# Volcano Plot for Control vs. CORT 
vol_Cont_CORT <- csVolcano(genes(cuff_data), 'Control', 'CORT', alpha=0.05, 
showSignificant=TRUE,features=FALSE, xlimits = c(-20, 20)) 
vol_Cont_CORT <- vol_Cont_CORT + labs(title = "Genes:Control/CORT") 
vol_Cont_CORT <- vol_Cont_CORT + theme(title=element_text(size=20), 
axis.title.x=element_text(hjust=0.5, vjust=0), axis.title.y=element_text(hjust=0.5, 
vjust=1), axis.text.x=element_text(size=16, colour='black'), 
axis.text.y=element_text(size=16, 
colour='black'),legend.text=element_text(size=16), 
panel.border=element_rect(fill=NA, colour='black',size=1.5)) 
vol_Cont_CORT # View plot 
 
# Volcano Plot for Control vs. CID 
vol_Cont_CID <- csVolcano(genes(cuff_data), 'Control', 'CID', alpha=0.05, 
showSignificant=TRUE,features=FALSE, xlimits = c(-20, 20)) 
vol_Cont_CID <- vol_Cont_CID + labs(title = "Genes:Control/CID") 
vol_Cont_CID <- vol_Cont_CID + theme(title=element_text(size=20), 
axis.title.x=element_text(hjust=0.5, vjust=0), axis.title.y=element_text(hjust=0.5, 
vjust=1), axis.text.x=element_text(size=16, colour='black'), 
axis.text.y=element_text(size=16, 
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colour='black'),legend.text=element_text(size=16), 
panel.border=element_rect(fill=NA, colour='black',size=1.5)) 
vol_Cont_CID # View plot 
 
# Volcano Plot for CORT vs. CID 
vol_CORT_CID <- csVolcano(genes(cuff_data), 'CORT', 'CID', alpha=0.05, 
showSignificant=TRUE,features=FALSE, xlimits = c(-20, 20)) 
vol_CORT_CID <- vol_CORT_CID + labs(title = "Genes:CORT/CID") 
vol_CORT_CID <- vol_CORT_CID + theme(title=element_text(size=20), 
axis.title.x=element_text(hjust=0.5, vjust=0), axis.title.y=element_text(hjust=0.5, 
vjust=1), axis.text.x=element_text(size=16, colour='black'), 
axis.text.y=element_text(size=16, 
colour='black'),legend.text=element_text(size=16), 
panel.border=element_rect(fill=NA, colour='black',size=1.5)) 
vol_CORT_CID # View plot 
 
# In RStudio, you can extract corresponding UCSC gene names to match the 
XLOC names, but you can't directly get gene symbols. Therefore, before 
proceeding below, you must import list with UCSC names and corresponding 
gene symbols. To acquire list: UCSC -> Table -> clade(Mammal) -> 
genome(Mouse) -> assembly(GRCm38/mm10) -> group(Genes and Gene 
Prediction Tracks) -> track(RefSeq Genes) -> table(kgXref) -> output 
format(selected fields from primary and related tables) -> get output -> select 
"kgID" and "geneSymbol", then get output (send to Galaxy, download from 
Galaxy). Rename this list to a .txt file, open it and rename the UCSC gene column 
to "gene_short_name".  
 
# Tools > Import Dataset > From Text File 
 
#	
  To extract list of significantly different genes in pairwise comparison and have 
corresponding UCSC names, do the following: 
 
# Identify differentially expressed genes (XLOC names): Control vs. CORT 
SigGenesData_ContCORT <- getSig(cuff_data, level = "genes",'Control','CORT', 
alpha = 0.05) 
# Use returned identifiers to create a CuffGeneSet object with all relevant info for 
given genes 
DiffGenes_ContCORT <- getGenes(cuff_data, SigGenesData_ContCORT) 
# UCSC names and corresponding XLOC names can be retrieved from the 
CuffGeneSet by using: 
GeneIDs_ContCORT <- featureNames(DiffGenes_ContCORT) 
# Export table 
write.csv(GeneIDs_ContCORT, file = 'GeneIDs_ContCORT.csv', quote = FALSE, 
row.names = FALSE) 
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# Open the csv file in excel. You'll notice that some loci have multiple UCSC gene 
names pasted in adjacent cells. Delete all but the first column of gene names. 
Save the new file and import the new csv file using tools > import dataset > from 
text file. Import back in using the same name to update the old data set. 
# Merge data set containing UCSC and XLOC names with imported gene symbol 
list from UCSC website 
ContCORT <- merge(GeneIDs_ContCORT, Gene_Symbols, all.x=TRUE) 
# Export new merged table with gene symbols 
write.csv(ContCORT, file = 'ContCORT.csv', quote = FALSE, row.names = 
FALSE) 
 
# Identify differentially expressed genes (XLOC names): Control vs. CID 
SigGenesData_ContCID <- getSig(cuff_data, level = "genes",'Control','CID', 
alpha = 0.05) 
# Use returned identifiers to create a CuffGeneSet object with all relevant info for 
given genes 
DiffGenes_ContCID <- getGenes(cuff_data, SigGenesData_ContCID) 
# UCSC names and corresponding XLOC names can be retrieved from the 
CuffGeneSet by using: 
GeneIDs_ContCID <- featureNames(DiffGenes_ContCID) 
# Export table 
write.csv(GeneIDs_ContCID, file = 'GeneIDs_ContCID.csv', quote = FALSE, 
row.names = FALSE) 
# Open the csv file in excel. Delete all but the first column of gene names. Import 
back in using the same name to update the old data set. 
# Merge data set containing UCSC and XLOC names with imported gene symbol 
list from UCSC website 
ContCID <- merge(GeneIDs_ContCID, Gene_Symbols, all.x=TRUE) 
# Export new merged table with gene symbols 
write.csv(ContCID, file = 'ContCID.csv', quote = FALSE, row.names = FALSE) 
 
# Identify differentially expressed genes (XLOC names): CORT vs. CID 
SigGenesData_CORTCID <- getSig(cuff_data, level = "genes",'CORT','CID', 
alpha = 0.05) 
# Use returned identifiers to create a CuffGeneSet object with all relevant info for 
given genes 
DiffGenes_CORTCID <- getGenes(cuff_data, SigGenesData_CORTCID) 
# UCSC names and corresponding XLOC names can be retrieved from the 
CuffGeneSet by using: 
GeneIDs_CORTCID <- featureNames(DiffGenes_CORTCID) 
# Export table 
write.csv(GeneIDs_CORTCID, file = 'GeneIDs_CORTCID.csv', quote = FALSE, 
row.names = FALSE) 
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# Open the csv file in excel. Delete all but the first column of gene names. Import 
back in using the same name to update the old data set. 
# Merge data set containing UCSC and XLOC names with imported gene symbol 
list from UCSC website 
CORTCID <- merge(GeneIDs_CORTCID, Gene_Symbols, all.x=TRUE) 
# Export new merged table with gene symbols 
write.csv(CORTCID, file = 'CORTCID.csv', quote = FALSE, row.names = 
FALSE) 
 
# Create table of differentially expressed genes common to [Control vs. CORT] 
AND [Control vs. CID] 
ContCORT_ContCID <- merge(ContCORT, ContCID, all = FALSE) 
# Export table 
write.csv(ContCORT_ContCID, file = 'ContCORT_ContCID.csv', quote = 
FALSE, row.names = FALSE) 
 
# Create table of differentially expressed genes common to [Control vs. CORT] 
AND [CORT vs. CID] 
ContCORT_CORTCID <- merge(ContCORT, CORTCID, all = FALSE) 
# Export table 
write.csv(ContCORT_CORTCID, file = 'ContCORT_CORTCID.csv', quote = 
FALSE, row.names = FALSE) 
 
# Create table of differentially expressed genes common to [Control vs. CID] 
AND [CORT vs. CID] 
ContCID_CORTCID <- merge(ContCID, CORTCID, all = FALSE) 
# Export table 
write.csv(ContCID_CORTCID, file = 'ContCID_CORTCID.csv', quote = FALSE, 
row.names = FALSE) 
 
# Extract specific fold-changes:  
# Using the master excel file created with all the differentially expressed genes, 
create a simple txt list of any gene (using XLOC name) that is differentially 
expressed. To create a simple tab delimited txt file of this list, use "save as" in 
Excel, don't copy/paste into TextEdit. Read txt file in RStudio and follow these 
steps to derive FPKM values for those specific genes: 
 
# Extract specific fpkm levels for differentially expressed genes. 
# Load gplots 
library(gplots) 
# Read text gene list 
alldiff <- read.delim("alldiff.txt", header=FALSE, sep = "\t") 
# Extract expression level associated with list of genes 
fpkm_values <- fpkmMatrix(getGenes(cuff_data, t(alldiff))) 
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# Export this table and manually import fpkm values into master Excel file 
write.csv(fpkm_values, file = "fpkm_values.csv", quote = FALSE, row.names = 
TRUE) 
 
# Extract specific stats info regarding differentially expressed genes (i.e. p and q 
values)  
gene_diff_data <- diffData(genes(cuff_data)) 
sig_gene_data <- subset(gene_diff_data, (significant == 'yes')) 
write.csv(sig_gene_data, file = "sig_gene_data.csv", quote = FALSE, row.names 
= TRUE) 
 
# In Excel, calculate fold-changes for each pairwise comparison and then use the 
vlookup function to match the fold-changes to the gene list using XLOC names 
 
# Create Heatmap of significantly different genes 
DEG <- diffData(genes(cuff_data)) 
DEG_significant <-subset(DEG,significant=='yes') 
DEG_sign_IDs <- DEG_significant$gene_id 
DEG_genes <-getGenes(cuff_data,DEG_sign_IDs) 
heatmap2 <- csHeatmap(DEG_genes, clustering='row',labRow=F, LabCol=T, 
logMode=T, pseudocount=1.0, 
heatscale=c(low='lightyellow',mid='orange',high='darkred'), heatMidpoint=NULL, 
replicates=FALSE, method='none') 
heatmap2 <- heatmap2 + theme(axis.text.x=element_text(size=14, colour='black', 
angle=0, hjust=0.5)) 
heatmap2 # View heatmap 
 
# To clear any plot that is displayed: 
dev.off() 
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