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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 evi-
dence suggests that cancer-induced depression (CID) is mediated by biological pro-
cesses. This oncodynamic effect of cancer on the development of depression is poorly
understood, leading to ineffective treatment of CID with drugs that are developed for
depressive disorders in the general population. This chapter begins by outlining the
clinical profile of major depressive disorder (MDD). We then provide a discussion of
the most prominent neurobiological hypotheses of depression, including the mono-
amine 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 CID, including the effects of physiological stress, inflam-
mation, and glutamatergic signalling. We conclude that more research is needed to
determine oncodynamic events in the development of CID. 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 devel-
oped 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.

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 nineteenth 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 nineteenth
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 (CBT), the last several decades have seen a proliferation of psychotropic
drugs, which target specific biological pathways, enter the market. In the case of
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antidepressants, while the efficacy and tolerance have generally improved, low
clinical response rates underscore the importance of continued progress in under-
standing the neurobiology of depression.

Diagnosis and 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
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 (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 five (or
more) of nine symptoms, summarized in Table 1.1. In addition, at least one of the
symptoms must be either (1) depressed mood or (2) anhedonia (loss of interest or
pleasure).

Table 1.1 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
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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 aro-
matic amino acids, and most notably include serotonin, norepinephrine, and
dopamine. In the 1950s, 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
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 1980s,
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 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
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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 neuro-
transmission 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 reg-
ulates expression of brain-derived neurotrophic factor (BDNF). Clinical studies
report decreased levels of CREB in the cortex of depressed patients, and experi-
mentally 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 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 volu-
metric 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 neu-
roimaging studies. These results were summarized in a meta-analysis, which
revealed consistent volume reductions in frontal regions (anterior cingulate, orbi-
tofrontal, and PFC), 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 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
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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 investigate the possibility of a causal association, a
single-nucleotide polymorphism (SNP) in BDNF was developed, 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].

Stress and Cytokines

There is a 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 hypothala-
mus 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 pitu-
itary, 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 glucocorti-
coids 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 hip-
pocampus, certain types of acute stress have been demonstrated to suppress neu-
rogenesis 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 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
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in depression [103]. Chronic mild stress, chronic unpredictable stress, social defeat
paradigms, as well as direct chronic administration of corticosterone have all pro-
vided 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 reduced 5-HT1A

receptor downregulation [72, 80].
“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 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].
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Ketamine is a widely used general anaesthetic, and is pharmacologically clas-
sified 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 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 antide-
pressant mechanism for ketamine. They found that administration of ketamine
rapidly activated the mammalian target of rapamycin (mTOR) pathway, leading to
increased synaptogenesis in the PFC [74]. Additionally, blocking mTOR signalling
effectively blocked ketamine’s ability to induce synaptogenesis. It is now suggested
that antagonism of NMDA receptors 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 (AMPA)
receptors, 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 PI3 K-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 antidepres-
sant 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 NMDA receptor.
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 modula-
tion of both AMPAR and NMDAR [91].

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].
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Antidepressants

Treatment for MDD has improved significantly since the serendipitous discovery of
MAOIs and the formation of the monoamine hypothesis of depression in the 1950s.
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.

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 4041 adult patients
(1127 dropped out; 2876 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 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
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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 pharmaco-
logical modulation, 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 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 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
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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 specif-
ically [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
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
makes 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 19 countries and more than 52,000 patients [107]. The study found that
depression symptoms appear predictive of a later cancer diagnosis. By demon-
strating an increased prevalence of depression in patients who have cancer but are
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unaware of their diagnosis, these clinical findings effectively eliminate the con-
founding 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 an
essential tool in manipulating inflammatory, stress, and glutamatergic systems in
the investigation of the causal oncodynamic effect of cancer on depressive symp-
toms. 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 Fig. 1.1.

b Fig. 1.1 Schematic summarizing proposed oncodynamic mechanisms of CID. 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 PFC, which leads to depressive symptoms. Peripheral
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
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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 stimulates fibroblasts to secrete matrix metalloproteinases (MMPs).
These enzymes break down the ECM of damaged cells and allow the 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 onco-
dynamic 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 symp-
toms 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.

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.

118 M.G. Nashed et al.



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 con-
tribution. 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.

Oncodynamic Effect Through Glutamatergic Signalling

As early as the 1980s, results from clinical investigations have demonstrated ele-
vated 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 envi-
ronment 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
[130–133, 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
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
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(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.

An alternative oncodynamic mechanism would be analogous to pain transmis-
sion. 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, pre-
clinical 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.

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 onco-
dynamic 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 through manipu-
lation 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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