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Abstract 
 

Cancer patients have idiopathic sleep problems that may persist for years after 

treatment cessation. The underlying contributors to sleep disruption in these patients are 

not well defined. Differing treatment (e.g., chemotherapy and/or radiotherapy) regimens, 

heterogeneity among tumor cells and cancer types, as well as social and lifestyle factors 

(e.g., stress, obesity) could independently promote sleep problems. Mouse models offer a 

unique opportunity to test the role each of these factors plays in sleep disruption 

independently, and allow for the direct investigation of candidate mechanisms driving 

these changes. 

Therefore, the goal of the work presented herein was to tease apart different 

potential contributors to sleep disruption in cancer patients, by focusing on cancer 

treatment (i.e., cytotoxic chemotherapy) and cancer independently. Cancer and the agents 

used to treat it alter immune signaling that can have wide-reaching effects throughout the 

body. Neural circuits that control sleep-wake states are sensitive to immune challenges, 

and can modulate vigilance states in response to inflammation. Because of this, a primary 

overarching hypothesis for this work was that cancer or chemotherapy-induced 

inflammatory signaling alters sleep. During the course of this research, the role metabolic 

factors play in sleep regulation became central to the study of tumor-induced changes in 

sleep. In Chapter 2, I investigate how non-metastatic mammary tumors contribute to 

sleep and metabolic disruption. I observed that subcutaneous injection with 67NR murine 
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mammary cancer cells resulted in increased and fragmented sleep once the tumors 

reached approximately 3-4% of the mouse’s body mass. These changes were 

accompanied by marked peripheral inflammation, largely driven by IL-6 signaling. 

However, I found no evidence of central inflammation at the mRNA or protein level. 

Tumors deregulated metabolism, as assessed through expression of key liver enzymes 

along the glycolysis/gluconeogenesis pathway, and observation of impaired glucose 

tolerance and hyperglycemia along with hyperinsulinemia. In Chapter 3, I provide 

evidence for the inflammatory effect of cytotoxic chemotherapy, dependent on time-of-

day. Indeed, I observed that mice administered a drug cocktail of cyclophosphamide and 

doxorubicin during the early inactive phase had exaggerated transcriptional inflammatory 

responses in the spleen compared to mice administered the same treatment during the 

early active phase. This pattern was reversed in the brain, and correlated with the 

expression of liver enzymes involved in the breakdown of these drugs into more toxic 

metabolites. In Chapter 4, I link hypothalamic inflammation to sleep disruption 

following administration the same drugs as in the previous chapter. After a single dose of 

chemotherapy, sleep increased and became fragmented, and this was accompanied by 

increased interleukin-6 transcription in the hypothalamus, a key node in the regulation of 

arousal. Together, these data demonstrate that both cancer and chemotherapeutics can 

alter sleep independently, likely through disparate mechanisms.  
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Chapter 1 
 

Methought I heard a voice cry “Sleep no more! 

Macbeth does murder sleep,” the innocent sleep, 

Sleep that knits up the ravell’d sleave of care… 

Chief nourisher in life’s feast--    William Shakespeare, Macbeth 

 

Cancer, Chemo, and Sleep: What’s the Problem? 
 

1. Introduction 

Cancer patients have idiopathic sleep problems that may persist for years following 

treatment cessation. Indeed, 35-80% of cancer patients report poor sleep quality (Dean et 

al., 2013; Fortner et al., 2002), as compared to 29-32% of the general population 

(Zeitlhofer et al., 2000). These problems may stem from the cancer itself, the stress or 

stigma surrounding a cancer diagnosis, different treatment regimens (e.g., chemotherapy, 

immunotherapy and/or radiotherapy), or additional factors. Indeed, sleep disruption is a 

prevalent problem in cancer patients across a wide spectrum of cancers with the most 

common being lung and breast (Davidson et al., 2002). Breast cancer affects about 1 in 8 

(12%) of the women in the United States and in 2013 (the most recent year available 

from the Centers for Disease Control and Prevention (CDC)) (Mokdad et al., 2017), 

230,815 women were diagnosed with breast cancer, and 40,860 women died from the 

disease (U.S. Cancer Statistics Working Group, 2013). The underlying mechanisms that 

contribute to sleep problems in cancer patients remain unknown. This lack of knowledge 
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prevents targeted therapies from being developed and impairs quality of life in cancer 

survivors. Sleep disruption is associated with increased mortality in breast cancer 

independent of other factors like estrogen receptor status, depression, anxiety, and 

socioeconomic status (Palesh et al., 2014). Below, I discuss the nature of sleep problems 

in patients with cancer as well as potential signaling pathways that may contribute to 

these disturbances. I focus on two primary mechanisms of disrupted sleep involving 

secreted factors from cancer itself, and immune signaling secondary to treatment with 

cytotoxic chemotherapy. An overview of sleep and circadian circuitry, as well as immune 

factors that alter vigilance states are discussed to put the succeeding data chapters in 

context.  

2. Sleep Problems in Cancer Patients 

There are three primary ways that sleep disturbances in cancer patients have been 

investigated: (1) actigraphy monitoring, (2) subjective questionnaires (e.g., the PSQI), 

and (3) polysomnography; the most common being a combination of (1) and (2). Below, I 

briefly describe these techniques and the primary findings from studies of sleep 

disturbance in cancer patients using the aforementioned methods, with specific focus on 

breast cancer. A brief discussion of ‘fatigue’ and ‘sleepiness’ is also presented to outline 

the important differences between these related topics contributing to (or resulting from) 

sleep disruption.  

2.1 Activity-based monitoring (Actigraphy) 

Actigraphy is a non-invasive method used to monitor human rest and activity cycles. 

An actimetry sensor, a (usually) wrist-worn device that continuously logs movement, is 
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worn by the subject for at least a week to provide ample data to conduct analysis of 

rest/activity rhythms (Sadeh et al., 1995). The unit is usually worn on the non-dominant 

arm. Although the ‘gold-standard’ for sleep measurement is polysomnography (discussed 

below), actigraphy has gained traction as a useful tool to measure sleep-wake cycles 

given its versatility, ease of use, and affordability. However, a significant problem in data 

interpretation is that long periods of wakefulness without movement are interpreted as 

sleep, as is the case in daytime sleepiness and nighttime insomnia (Sadeh and Acebo, 

2002). Despite this limitation, the method has become popular to assess disturbances in 

normal rest/activity cycles in cancer patients before, during, and following treatment. It is 

important to note, though, that this limitation muddles the interpretation of inactivity as 

‘fatigue’ or ‘sleep’ as the data are equivalent regardless of whether the subject is asleep 

or awake and simply not moving.  

2.2 The Pittsburgh Sleep Quality Index (PSQI)  

 The Pittsburgh Sleep Quality Index (PSQI) was devised to fill a need in the 

psychiatric community to assess sleep quality in clinical populations using a non-invasive 

questionnaire. It is a self-rated instrument that assesses sleep quality and disturbance over 

a 1-month interval using 19 individual items that generate 7 ‘component’ scores for 

subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep 

disturbances, use of medication, and daytime sleepiness (Buysse et al., 1989). The sum of 

these scores forms one ‘global’ score (ranging from 0-21 points) used as a general index 

of sleep dysfunction, with a lower score more consistent with ‘good sleep’. Because of its 

ease of use, internal consistent reliability, and construct validity, the PSQI has been a 
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valuable tool to assess sleep disturbances in cancer patients (Beck et al., 2004). Other 

instruments are further used to measure subjective sleepiness and fatigue (discussed 

below).  

 2.3 Polysomnography 

 Polysomnography is a comprehensive recording of biophysical changes that occur 

during sleep, comprising the electroencephalogram (EEG), electrooculogram (EOG), 

muscle activity (EMG), heart rate (ECG), along with measures of respiration and blood 

oxygenation levels (peripheral pulse oximetry). It is the ‘gold standard’ in the diagnosis 

of sleep-wake disorders (Douglas et al., 1992). Sleep components are determined from 

the EEG/EMG/EOG signals, and several different outputs are defined, including sleep 

onset latency (how long it took the subject to enter sleep from a defined time (usually 

lights off); normal values are < 20 minutes), sleep efficiency (the number of minutes 

asleep divided by the number of minutes in bed; normal values are 85-90%), and sleep 

stages (usually defined as NREM 1-4, REM sleep, and wakefulness). In mice, different 

NREM sleep stages are not delineated, but in humans NREM 1-4 represent differing 

levels of sleep depth depending the prevalence of the delta (0.5-4 Hz) frequency 

oscillation. The EEG is discussed in detail below.  

2.4 ‘Sleepiness’ and ‘Fatigue’  

Sleepiness 

Some of the most common complaints in breast cancer patients related to quality of 

life are persistent fatigue and/or sleepiness (Minton et al., 2008). Sleepiness and fatigue 

are two frequently inter-related, but distinct phenomena, and deserve special 
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consideration when discussing potential mechanisms for sleep disruption in cancer 

patients. For a significant amount of time, these terms were used interchangeably in the 

cancer literature, but more recently a concerted effort has been made to define and 

present distinct and testable hypotheses for the causes of both sleepiness and fatigue in 

psychiatric disease and in cancer patients (Shen et al., 2006). Sleepiness has generally 

been defined as pathology when its presence (or absence) becomes pervasive, as in 

narcolepsy or insomnia. Sleepiness can also be considered aberrant when it occurs at the 

wrong time of day, but there is not a consensus as to what constitutes ‘excessive’ 

sleepiness, resulting in an extreme range of prevalence estimates between 0.3-35.8% 

(Partinen, 2011). One general measure of sleepiness is based on the propensity to fall 

asleep, and objectively measured using the multiple sleep latency test (MSLT) via 

polysomnography, where reduced latencies are interpreted as elevated ‘sleepiness’. There 

are problems with this test though, as it measures sleep propensity in a ‘controlled 

laboratory’ condition that may not reflect real-world situations, potentially limiting 

generalizability and skewing results. Another objective measure of sleepiness is the 

Maintenance of Wakefulness Test (MWT), designed to provide a more clinically valid 

counterpart to the MSLT (Mitler et al., 1982). It measures the ability to maintain 

wakefulness when required to do so by simply asking the subject to ‘try and stay awake’, 

under the exact same conditions as the MSLT. Different wake-maintenance protocols 

have been used, where subjects are asked to try and remain awake for 20, 30, or 40 

minutes at a time in a quiet, darkened room, with normal wake-maintenance values of 

approximately 18 minutes (Doghramji et al., 1997). The MSLT and WMT are two of the 



6 

 

most common objective measures of sleepiness, but others exist including pupilometry, 

evoked potential analysis, cognitive and psychomotor function tasks, and the alpha 

attenuation test (reviewed in: (Shen et al., 2006). 

 Subjective sleepiness can also be measured via questionnaires to assess general states 

of drowsiness, fatigue (discussed below), and other subjective feelings contributing to 

arousal (Cluydts et al., 2002). This subjective measure is important to consider in 

addition to objective tests such as the MSLT, as many patients with psychiatric disorders 

or insomnia report excessive feelings of sleepiness despite high sleep latencies on the 

MSLT (Riedel and Lichstein, 2000). One of the most simple and widely used subjective 

tests is the Stanford Sleepiness Scale (SSS) (Hoddes et al., 1973) developed by Dement 

(discussed in section 3.3) and colleagues. It consists of seven statements that are ranked 

describing different degrees of arousal/sleepiness ranging from “1 – feeling active and 

vital”, to “7 – sleep onset soon, lost struggle to remain awake”. Subjects are asked to 

choose one statement that most accurately describes their current state of sleepiness. 

Dement and colleagues claimed that ratings made every 15 minutes were sensitive to 

changes in sleepiness. Upon closer examination of this test, it seems to lack correlation 

with objective sleep measures of sleepiness including the MSLT (Johnson et al., 1990), 

suggesting it does not accurately measure sleep propensity but rather a generalized state 

of sleepiness comprising the summed effects of ‘loss of control’ and ‘cognitive factors’. 

Similar to the SSS is the 9-point Karolinska Sleepiness Scale (KSS) developed by 

Åkerstedt and Gillberg (Åkerstedt and Gillberg, 1990), however these ordinal tests don’t 

seem to be as sensitive to markers of sleepiness as Visual Analogue Scales (VASs), 
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where subjects are asked to indicate their subjective experience on a 100 mm line 

between two extreme values (Monk, 1987). Another frequently used instrument to 

measure subjective sleepiness is the Epworth Sleepiness Scale (ESS), developed by Johns 

(Johns, 1991). Compared to the tests mentioned above, the ESS is a validated measure of 

trait sleepiness, more useful for clinical settings than for research purposes and is used to 

detect pathological aberrations. This is a self-administered questionnaire that asks 

subjects to rate their chance of dozing or falling asleep in different situations on a 0-3 

scale, with a total score ranging from 0-24. A score over 10-11 indicates abnormal or 

pathological sleepiness (Johns, 2000). 

Fatigue 

Fatigue is one of the most significant sources of disablement across a wide range of 

patient populations, including patients with cancer (Shapiro, 2004). Despite the 

prevalence of fatigue, it is only diagnosed and treated in a small proportion of those 

affected. This may be due to confusion among what constitutes excessive daytime 

sleepiness (EDS), fatigue, and sleep disruption, under the common header of ‘feeling 

tired’. Fatigue is hard to quantify as it is an ultimately subjective experience with no 

known biomarker (see: (Strawbridge et al., 2016), potentially causing physicians to 

overlook or question the importance of fatigue in disease progression and outcome. The 

definition of fatigue has evolved over time, depending on its duration, source, and 

psychosocial and cognitive factors that contribute to its development. Some authors 

further distinguish central vs. peripheral, as well as physical vs. psychological fatigue 
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(Aaronson et al., 1999), adding even further to a complex soup of nomenclature 

surrounding this topic.  

For the purpose of this dissertation, fatigue will be defined in the context of the brain 

(i.e., central rather than exercise-related fatigue), and be of a physiological source (i.e., 

not related to subjective experience or mood). By these criteria, fatigue is defined as an 

overwhelming sense of tiredness and exhaustion, which is not attenuated with subsequent 

sleep or rest (see: (Shen et al., 2006)). This lack of homeostatic rebound following sleep 

distinguishes fatigue from generalized sleepiness, as discussed above. Unlike sleepiness, 

however, there is no objective tool with which to measure fatigue. Instead, over 30 

subjective scales for measuring fatigue have been devised. I will discuss two of the most 

common and widely used below.  

The fatigue severity scale (FSS) measures the perceived effect of fatigue on different 

types of functions related to behavior, rather than symptoms of fatigue itself (Hossain et 

al., 2003). It is a 9-item severity scale which is sensitive to change with time and 

treatment, showing good test-retest reliability, and has been used to distinguish patients 

with different diagnoses, such as chronic fatigue syndrome (CFS) and primary depression 

(Chalder et al., 1993; Dittner et al., 2004). The Multidimensional Fatigue Inventory 

(MFI-20) is another widely used subjective instrument used to assess fatigue. It is a self-

report instrument that aims to rate the severity of fatigue over the past week (i.e., short 

term). It has 5 ‘dimensions’ comprised of general, physical, and mental fatigue, as well as 

reduced motivation and reduced activity. The MFI-20 has been used to assess fatigue in 
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patients with cancer receiving radiotherapy, those with CFS, and army recruits and junior 

physicians (Smets et al., 1995).  

2.5 Sleep Problems in Patients with Breast Cancer 

 Advances in therapy, prevention, and treatment have led to a substantial increase 

in survival among patients with breast cancer. However, quality of life problems, 

including depression, fatigue, and sleep disturbance persist within this patient population 

(Segrin and Badger, 2014). Enduring sleep disturbance is one of the most common 

complaints of breast cancer survivors, with a 35-80% prevalence rate, which is twice that 

of the general population (Fiorentino et al., 2011). Despite this large-scale problem, there 

are no clinical trials aimed to address sleep disruption in cancer patients. As discussed 

above, sleep disturbance is an independent predictor of mortality in this patient 

population (Palesh et al., 2014), and can exacerbate comorbid conditions. The most 

common problems related to sleep in breast cancer patients across a wide range of studies 

using subjective and objective measures of sleep (discussed above) are poor sleep 

efficiency (i.e., < 85% time in bed spent asleep), frequent nocturnal awakenings 

(>15/night) , extended wake after sleep onset (WASO), and daytime sleepiness (Budhrani 

et al., 2015). The mechanisms contributing to these problems are unclear, but may stem 

from cancer-related signals, chemotherapy-induced stress and inflammation, radiotherapy 

or hormonal therapy factors, and night-sweats or hot flashes (Costa et al., 2014). These 

symptoms often co-occur with others (e.g., depression, fatigue) that may either contribute 

or be a result of ongoing sleep disturbance (see Figure 1.1). This lack of knowledge 

regarding the underlying processes at a basic level prevents targeted therapies from being 
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developed. Below, I discuss the neural circuits controlling sleep and waking, how 

chemotherapeutics and cancer alter the immune system, and how the immune system can, 

in turn, alter sleep. A primary hypothesis is that cancer or chemotherapy-induced sleep 

disruption is caused via inflammation-induced alterations in sleep-wake circuitry in the 

brain (Bower et al., 2011). Indeed, circulating inflammatory cytokine concentrations are 

associated with changes in fatigue and sleep quality in breast cancer patients undergoing 

chemotherapy (Liu et al., 2012a), and inflammatory cytokines can directly modulate 

sleep in humans (discussed below), providing an attractive link among cancer, 

chemotherapy, and sleep (Krueger et al., 2016; Schmidt et al., 2015).  
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3. The EEG, Sleep, and Circadian Circuitry 

Sleep is defined as a state of unconsciousness and reduced response to external 

stimuli. It is under homeostatic control, that is, increased time spent awake is mirrored by 

a proportional increase in subsequent sleep. The ‘two-process’ model, first put forth by 

Alexander Borbély in 1982, posits that sleep is controlled by this homeostatic process 

(process S) and the circadian system (process C; discussed below) to ensure the correct 

Figure 1.1: Conceptual Model of mechanisms by which cytotoxic chemotherapy and 

cancer alter sleep-wake states. Question marks denote pathways with limited information 

available or where no causal evidence has been presented. The present set of studies 

examined how chemotherapy and cancer directly alter sleep, and potential mechanisms 

that mediate this effect. (CNS = central nervous system). 
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amount and the appropriate timing of sleep behavior (Borbély, 1982; Borbély et al., 

2016).  

In all mammals (and many non-mammalian vertebrates), sleep stages and structure 

can be objectively determined via comparative analysis of the electroencephalogram 

(EEG) and electromyogram (EMG) signals. The EEG reflects large scale changes in 

electrical activity in the cerebral cortex, as the firing rate of cortical neurons steadily 

declines during non-rapid eye movement (NREM) sleep in comparison to rapid eye 

movement (REM) sleep and wakefulness (Loomis et al., 1935; Siegel, 2009; Szymusiak 

et al., 2007). The EEG reflects the aggregate firing of cortical neuronal ensembles, and 

can be parsed into conventional bandwidths that describe cortical firing rates at the 

approximate frequencies: alpha (9-12 Hz), beta (12-30 Hz), delta (i.e., slow-waves; 0.5-4 

Hz), low (30-60 Hz) and high (60-100 Hz) gamma, and theta (5-9 Hz). Synchronization 

(reflected in high-voltage, low frequency EEG) of the cortical EEG during NREM sleep 

(delta-rich) depends on a corticothalamocortical loop, which is modulated by local 

oscillators and is distally controlled by subcortical systems (discussed below) (Crunelli 

and Hughes, 2010; 1993). During NREM sleep, delta waves dominate the EEG, and 

EMG activity (postural tone) is low or absent. Delta activity during NREM sleep is 

directly related to the duration of prior waking, providing an index of sleep drive (process 

S). During wakefulness, EMG activity is high reflecting muscle activity, and the EEG 

shows task dependent spectral properties, with low theta frequencies building over time 

indicating growing sleep propensity (Vyazovskiy and Tobler, 2005). REM sleep, also 
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known as paradoxical sleep, is characterized by a wake-like (high theta) EEG spectral 

composition, but (paradoxically) low or absent EMG activity.  

 While the neural substrates controlling process C are localized primarily in the 

suprachiasmatic nuclei (SCN) in mammals (discussed below), the anatomical or cellular 

basis for tracking homeostatic sleep pressure (process S) is less well defined. One 

population of cells that are suspected to track prior wake and adjust the sleep homeostat 

to ensure proper recovery sleep are GABAergic neurons located in the in the median 

preoptic area (MnPO). These cells are sleep active, and project to wake-active brain areas 

including the locus coeruleus, dorsal raphe nuclei, and ventrolateral periaqueductal gray 

(vlPAG), as well as hypocretin/orexin neurons in the lateral hypothalamus (Gvilia et al., 

2006a, 2006b, Suntsova et al., 2002, 2007). MnPO activity occurs during total sleep 

deprivation (or REM sleep-specific deprivation) prior to sleep onset, indicating that this 

population may track accumulating sleep pressure. Another candidate population is 

cortical interneurons that express neuronal nitric oxide synthase (nNOS). In contrast to 

most other cortical interneurons, these cells express cFos during sleep but not 

wakefulness, and cFos expression in these neurons mirrors the intensity of slow-wave 

activity in the EEG (Gerashchenko et al., 2008). These neurons, which also co-express 

the substance P receptor NK1, are an exceedingly rare and anatomically distinct 

GABAergic population. Specifically, they are the only sleep-active cortical interneurons, 

they receive input from subcortical cholinergic and serotonergic populations, and they 

send long range projections rather than form local connections (Cauli et al., 2004; 

Pasumarthi et al., 2010; Tomioka et al., 2005; Vaucher et al., 1997). Their activity 
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depends on prior sleep pressure, and nNOS mutant mice have fragmented NREM sleep, 

reduced NREM delta power, enhanced delta activity during waking, and display a 

blunted response to sleep deprivation with increased sleepiness. These data suggest that 

these neurons couple homeostatic sleep drive to EEG delta power during NREM sleep to 

track prior sleep debt (Dittrich et al., 2015; Kilduff, 2011).  

3.1 Arousal Circuitry 

During World War I, Baron Constantin von Economo, a Viennese neurologist, 

meticulously analyzed and documented the symptoms of a new condition he termed 

‘encephalitis lethargica’. The causative agent (presumed viral or autoimmune) of this 

condition remains unknown, but patients showed prolonged states of sleep (>20h/day) 

and they could only be awakened with strong and sufficient stimulation (Dickman, 2001). 

He noticed that some of these patients had significant damage to the posterior 

hypothalamus and rostral midbrain, and patients showing the opposite problem 

(prolonged insomnia) had lesions of the preoptic area and basal forebrain (Economo, 

1931). Based on these observations, he predicted that neurons in the anterior 

hypothalamus promote sleep while those in the posterior region promote wakefulness. 

His predictions have largely been substantiated by studies in multiple species including 

monkeys (Ranson, 1939), rats (Nauta, 1946), and cats (Swett and Hobson, 1968). In the 

years following von Economo’s work, the first application of the EEG to dissect sleep 

circuitry was published by Giuseppe Moruzzi and Horace Magoun (Moruzzi and 

Magoun, 1949). In their study, cats were anesthetized or prepared using the ecephale 

isole (used to isolate the brain from the rest of the body) preparation first described by 
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Frederick Bremer. EEG biopotentials were recorded from multiple cortical sites. In both 

cases, high-voltage, low frequency oscillations were observed (major components of 

slow-wave (NREM) sleep), that could be stimulated to transition to low-voltage, high 

frequency oscillations consistent with cortical activation. During these acute preparations 

(i.e., single trial), Moruzzi and Magoun aimed to stimulate the superior peduncle, a 

pathway that extends from the cerebellum through the rostral pons and mesencephalon, 

and examine its effects on the activity of the motor cortex through the thalamus. In 

essence, their strategy comprised the stimulation of the reticular formation. They found 

that stimulation of this area caused a rapid switch from high-voltage, low-frequency EEG 

to low-voltage, high-frequency oscillations across the entire cortex indicating arousal. 

They had discovered what came to be known as the ‘ascending reticular activating 

system’. 

The reticular activating system sends expansive innervations to excite the forebrain 

and is composed of different monoaminergic cell groups (e.g., cholinergic, noradrenergic, 

dopaminergic, and serotonergic) which provide excitatory drive to initiate and maintain 

wakefulness (Schwartz and Kilduff, 2015). In particular, the cholinergic 

pedunculopontine and laterodorsal tegmental nuclei (PPT-LDT) are the main excitatory 

projections to the thalamus mediating cortical desynchronization and activation (Saper et 

al., 2001). These cells fire rapidly during wakefulness, but also during REM sleep. If the 

thalamocortical system is activated during both wakefulness and REM sleep, then what is 

the difference between these two states? Different monoaminergic populations show 

vigilance state-dependent firing frequencies and project diffusely to each other and the 
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entire cortex. For example, histaminergic neurons from the tuberomammillary nucleus 

(TMN), serotonergic neurons in the raphe nuclei, and noradrenergic neurons in the locus 

coeruleus all fire maximally during waking and not at all during REM sleep. Cholinergic 

neurons in the basal forebrain maximally fire during wakefulness in a ‘burst’ pattern 

which is synchronized with waking theta activity in the EEG (Lee et al., 2005). 

Furthermore, optogenetic activation of these neurons facilitates state transitions from 

NREM sleep to wakefulness (Irmak & de Lecea, 2014). More recently, dopaminergic 

neurons in the ventral tegmental area (VTA) have been shown to rapidly promote arousal 

upon optogenetic stimulation, and their inhibition promotes sleep and sleep-associated 

nesting behavior in mice (Eban-Rothschild et al., 2016). Extensively studied in the 

context of motivation and reward (e.g., (Schultz et al., 1997)), these neurons fire at a high 

rate during active waking and REM sleep, making them unique from other 

monoaminergic brainstem populations and suggest the VTA is involved in processes 

shared by wakefulness and REM sleep. These findings outline a distributed arousal 

circuit spanning the brainstem and midbrain to the forebrain.  

3.1.1 Hypocretin/Orexin Neurons 

In addition to the aforementioned cell groups, hypocretin (also known as orexin) 

neurons in the lateral hypothalamus (LH) stabilize wakefulness to prevent maladaptive 

vigilance state switching. I give special attention to this cell group as Chapter 2 details 

findings involving this neural population. The hypocretins (hcrt; 1 and 2) were 

discovered via directional tag PCR subtraction, enriching mRNAs that were specifically 

expressed in the hypothalamus (de Lecea et al., 1998). They were named hypocretins 
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after the name was voted on at an annual Society for Neuroscience meeting, the rationale 

being their restricted hypothalamic localization and their similarities to the gut hormone 

secretin. Another group identified the same peptides via ligand screening of multiple 

orphan G-protein coupled receptors (GPCRs) using a cell-based reporter system, and, 

because they promoted feeding, named them orexins (A and B) at approximately the 

same time (Sakurai et al., 1998). Because their essential purpose seems to be for wake 

maintenance (hypocretin deficiency results in the sleep disorder narcolepsy) and not 

feeding, I will refer to them as hypocretin neurons throughout the rest of this document. 

These cells project widely throughout the brain (Peyron et al., 1998) to participate in 

several behaviors related to motivation, reward, arousal, and metabolism. Afferent inputs 

to these neurons were mapped using a combination of tract tracing methods, uncovering 

major projections from the lateral septal nucleus, bed nucleus of the stria terminalis, 

preoptic area, multiple hypothalamic nuclei, substantia nigra and VTA, as well as the 

dorsal raphe (Yoshida et al., 2006). Genetic tracing studies revealed cell-type specific 

afferents arriving from cholinergic neurons in the laterodorsal tegmentum, preoptic 

GABAergic neurons, as well as 5-HT neurons in the median/paramedian raphe, 

suggesting a major role for these neurons in functions ranging from neuroendocrine 

control to arousal and metabolic processes (Sakurai et al., 2005). Subsequent studies 

revealed that their primary arousal promoting effects are mediated though direct synaptic 

connections with noradrenergic neurons in the locus coeruleus (Carter et al., 2012), 

which fire at 1-3 Hz during wakefulness and reduce activity during NREM and are silent 

during REM sleep (Carter et al., 2010). Destruction of hypocretin/orexin neurons or lack 
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of hcrt receptors results in the sleep disorder narcolepsy, characterized by extensive 

daytime sleepiness, cataplexy, and aberrant transitions directly from wakefulness to REM 

sleep (Hara et al., 2001; Lin et al., 1999). This suggests that these neurons fulfill a role in 

wake stabilization, preventing aberrant switches between vigilance states. A schematic 

describing subcortical populations that regulate sleep-wake states is presented in Figure 

1.2.  

In addition to their roles in wake stabilization, growing evidence suggests that these 

cells can both receive information about whole body metabolism and alter metabolic state 

through humoral and autonomic pathways. Hypocretin neurons sense energy balance by 

monitoring glucose concentrations in the extracellular space through use of a specialized 

‘tandem-pore’ potassium (K+) channel (K2P) (Burdakov et al., 2006). They are inhibited 

by elevations in glucose concentrations and activated by insulin-induced hypoglycemia 

(Burdakov et al., 2005). Because these neurons contribute to arousal, this provides a 

mechanistic link between metabolic state and vigilance. Indeed, periods of fasting (which 

results in low glucose) promote arousal, presumably to initiate a behavioral food-seeking 

program to restore metabolic homeostasis (Yamanaka et al., 2003a). Recently, hypocretin 

neuron activity has been examined in real-time during the course of eating using fiber 

photometry (González et al., 2016). Interestingly, upon eating, these cells rapidly reduce 

activity, even when the ‘food’ eaten is calorie-free. Destruction of hypocretin cells results 

in an overweight phenotype, and mice lacking hypocretin eat more during their active 

phase than those with intact cells. This suggests that the act of eating, rather than the 

nutritional value of the food, contributes to hypocretin neural activity in relation to 



19 

 

metabolism. Glucose is not the only metabolic factor that hypocretin neurons monitor to 

adjust behavioral state. They express receptors for, and are inhibited by the satiety 

hormone leptin either directly (Hakansson et al., 1999), or through local GABAergic 

neurons that express the leptin receptor (LepRb) (Bonnavion et al., 2015). Ghrelin, a 

peptide hormone produced in the hypothalamus and stomach in response to fasting, 

stimulates cFos activity in hypocretin neurons. Importantly, ghrelin-induced feeding is 

prevented by co-administration of antibodies against hypocretin-1 and hypocretin-2 and 

this response is absent in hypocretin-deficient mice (Toshinai et al., 2003).  

Because hypocretin neurons project to sympathetic output nuclei which subsequently 

innervate the liver and other organs (la Fleur et al., 2000), these neurons have the 

capacity to directly alter metabolic state. Indeed, disinhibiting hypocretin (but not MCH) 

neurons through perifornical hypothalamic administration of the GABA antagonist 

bicuculline causes a significant increase in blood glucose levels (Yi et al., 2009). This 

effect is mirrored by intra-cerebroventricular administration of hypocretin, and prevented 

by hepatic sympathetic denervation, providing direct evidence of liver metabolic 

modulation by hypothalamic hypocretin neurons. Glucocorticoids (primarily 

corticosterone in rodents and cortisol in humans) are another metabolism-regulating class 



20 

 

of steroid hormones altered via hypocretin neuron activation. Indeed, optogenetic 

stimulation of hypocretin neurons increases corticosterone concentrations in mice, 

suggesting that these neurons regulate energy balance via multiple output pathways 

including the liver and adrenal gland, and further suggests that they play a role in the 

stress response (Bonnavion et al., 2015). These findings paint a picture of hypocretin 

Figure 1.2: Major connections among subcortical wake and sleep regulating regions. Wake 

promoting cell groups are blue, NREM promoting groups are green, and REM promoting groups 

are red. Blue regions with red outlines reflect dual wake/REM active populations. Excitatory 

connections are marked with arrowheads and inhibitory with rounded ends. The 

neurotransmitters associated with these populations are listed under the anatomical area. LH, 

lateral hypothalamus; MnPO, median preoptic area; VLPO, ventrolateral preoptic area; BF, 

basal forebrain; PB, parabrachial; PZ, parafacial zone; SLD, sublatero-dorsal; LDT/PPT, 

laterodorsal/pedunculopontine tegmentum; DRN, dorsal raphe nuclei; VTA, ventral tegmental 

area, LC, locus coeruleus, TM, tuberomammillary nucleus (After Schwartz & Kilduff, 2015).  
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neurons as a metabolic sensor, gating arousal and fine-tuning metabolism according to 

energy status. 

3.2 NREM Circuitry 

Building on von Economo’s observations, as well as efforts following WWII (e.g., 

(Nauta, 1946), the neuroanatomical and neurochemical bases of NREM and REM sleep 

have come into focus only in the last 25 years. Sherin and colleagues identified a 

population of sleep-active neurons in the ventrolateral preoptic area (VLPO) that 

innervate histaminergic neurons in the tuberomammillary nucleus (TMN) (Sherin et al., 

1996). These neurons were found to contain the inhibitory neurotransmitters GABA and 

galanin, and innervate other components of the ascending arousal system including the 

locus coeruleus (LC), raphe, periaqueductal gray, parabrachial nucleus, and the lateral 

hypothalamus (Sherin et al., 1998). Structurally, the VLPO was found to be comprised of 

a dense core of sleep-active, galanin+ neurons that primarily project to the TMN, 

surrounded by a more diffuse population projecting to other targets like the dorsal raphe 

and LC (Lu et al., 2000). Cell specific-lesion studies from Clifford Saper’s group 

demonstrated that neurons within the core are most closely associated with NREM sleep, 

and those in the extended VLPO are associated with REM sleep, as destruction of these 

cells suppressed NREM and REM sleep by 50% or more, respectively. Although 

interspersed with other neurons that do not show vigilance-state dependent changes in 

firing rate, VLPO putative ‘sleep-active’ neurons fire at about 1-2 Hz during 

wakefulness, 2-4 times faster during NREM sleep, even more frequently during NREM 
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sleep following sleep deprivation, and the fastest during REM sleep (Szymusiak et al., 

1998).  

 The preoptic area contains other sleep active cell populations, but their ability to 

contribute to sleep rather than just firing during this vigilance state is unclear. Neurons in 

the median preoptic nucleus (MnPO) express the immediate early gene cFos during sleep 

and contain the inhibitory neurotransmitter GABA (but not galanin as in the VLPO) 

(Gong et al., 2004). Only about 75% of MnPO neurons show increased firing during 

sleep compared to waking, and 10% of these are more active during either NREM or 

REM sleep. Unlike VLPO neurons, these neurons also seem to fire in advance of sleep 

onset, suggesting a role in tracking accumulation of sleep pressure (Process S, as 

discussed above) (Suntsova et al., 2002). MnPO projections to the VLPO suggest that it 

drives the initial transition to sleep which the VLPO maintains. The MnPO also receives 

input from arousal promoting centers (e.g., LC and periaqueductal gray), but these inputs 

are sparse (Saper and Levisohn, 1983). Because rats with very large lesions of the VLPO 

still sleep about 50% of the time, other distributed populations of cells are thought to 

contribute to sleep initiation and maintenance. One recently described population is a 

group of GABAergic neurons in the medullary parafacial zone (PZ). They act through 

modulating the wake-promoting effect of neurons in the parabrachial nucleus, thereby 

inhibiting arousal and tipping the scale towards NREM sleep (Anaclet et al., 2014). 

3.2.1 Somnogens 

Molecules that promote sleep are known as ‘somnogens’, of which adenosine is the 

most well understood. Adenosine is produced throughout the basal forebrain, cortex, and 
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hippocampus during extended periods of wakefulness and declines with subsequent sleep 

(Porkka-Heiskanen et al., 1997). Astrocytes are a major source of extracellular adenosine, 

and adenosine kinase in astrocytes regulates its levels according to vigilance state 

(Schmitt et al., 2012). Injections of adenosine receptor agonists into the brain promote 

sleep, while adenosine antagonists (e.g., caffeine) promote wakefulness (Gould et al., 

1984). Adenosine’s actions are accomplished via direct inhibition of wake-promoting 

regions and stimulation of sleep-promoting regions (discussed above) (Fredholm et al., 

2005; Scammell et al., 2017).  

Recently, it was demonstrated that brain interstitial ion concentrations directly 

influence sleep and wakefulness (Ding et al., 2016). Neuromodulators (e.g., dopamine, 

norepinephrine, hypocretin) all alter membrane properties to influence spiking properties 

and intracellular signaling components. In doing so, network-wide changes in ionic 

concentrations must occur, which in turn, may further alter vigilance states to ensure 

concerted brain activity. Ding and colleagues discovered that wakefulness and sleep were 

associated with specific changes in interstitial ion content in the brain. They further 

showed that, independent of synaptic activity, altering the concentrations of extracellular 

K+, Ca2+, Mg2+, and H+ was able to cause a reversible switch between sleep and 

wakefulness. This suggests that secondary to neuromodulator actions, the buildup of 

certain ionic concentrations in the brain may independently drive sleep pressure and alter 

the wakefulness threshold. Cytokines, messenger molecules of the immune system, are 

also powerful somnogens. Their effects on sleep are discussed in section 4.2 Sleep and 

Immunity.  
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3.3 REM Circuitry 

The first description of REM sleep as a separate ‘active’ form of sleep was published 

in Science in 1953 by Eugene Aserinsky and Nathaniel Kleitman (Aserinsky and 

Kleitman, 1953), who noted regularly occurring periods of rapid eye motility during sleep 

in healthy humans by using electrodes attached to the skin surrounding the eyes (ECOG). 

By simultaneously recording EEG signals, changes in eye movement could be analyzed 

in tandem with cortical activity. They noted that during these periods of eye movement, 

the EEG showed a waking pattern of activity (irregular frequency, near the beta range), 

which led them to suspect that this phenomenon was associated with dreaming. They 

tested this by waking up and interrogating the participant during periods of rapid eye 

movement and also periods of non-rapid eye movement (NREM) sleep. They concluded 

that REM sleep was significantly associated with dreaming. Another student of 

Kleitman’s, William Dement, began a project focusing on the relationship between REM 

sleep and dreaming by waking up many different participants during various stages of 

sleep. This led to the publication of a paper detailing their findings on the association 

between REM sleep, body motility, and dreams in humans as well as one describing the 

REM phenomenon in cats (Dement, 1958; Dement and Kleitman, 1957). Intrigued by 

these findings, Dement and Kleitman were interested as to whether people who stated 

they did not dream also did not experience REM sleep. They observed that a small 

number of people did not report being able to dream, but nonetheless showed the normal 

four or five REM episodes during sleep. When awoken during one of these REM 

episodes, the subjects reported that they had been dreaming, suggesting that everyone 



25 

 

does indeed dream, but not everyone remembers their dreams (Dement, 1955). More 

recent research has suggested that REM sleep and dreaming are not coupled 1 to 1, that 

is, not all REM episodes are associated with dream recall (Siegel, 2002). A chief problem 

remains whether the neuroanatomical substrates that contribute to REM sleep (i.e., a 

wake-like EEG) are the same that control dreaming.  

Following the discovery of REM sleep, evidence accumulated that the pons is 

indispensable for this vigilance state as excitotoxic lesions (Webster and Jones, 1988) or 

transections of this area severely disrupt REM sleep behavior (Jouvet, 1962). Just prior to 

waking and during REM sleep, high voltage EEG waves occur in the pons, lateral 

geniculate, and occipital cortex (known as PGO waves), which are phase locked to burst 

firing cholinergic neurons in the PPT and LDT, at the junction of the midbrain and pons 

(Mansari et al., 1989; Sakai and Jouvet, 1980). As discussed above, neurons in the LC, 

dorsal raphe, and TMN subcortical monoaminergic populations become silent during 

REM sleep. This suggests that cholinergic neurons in the LDT/PPT regulate the alteration 

of NREM and REM sleep through interactions with monoaminergic neurons in specific 

subcortical regions. This idea was supported by the observation that application of drugs 

that enhance cholinergic signaling in the mesopontine tegmentum can elicit REM sleep 

(Luppi et al., 2006). However, other studies do not support this cholinergic-aminergic 

hypothesis of REM sleep control, as lesions of the LDT and LC have no effect on the 

number of transitions to REM sleep (Shouse and Siegel, 1992). Available evidence 

suggests that cholinergicaminergic signaling is important for REM modulation but not 

for the initial switch to this vigilance state. 
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What then, is the population in the pons that contributes to REM initiation? Other 

studies have examined cFos expression in this area during acetylcholine-driven REM 

sleep (using microinjections of carbachol and other drugs) (Boissard et al., 2002; Lu et 

al., 2006). During these studies, increased cFos immunoreactivity was observed in 

slightly caudal groups to the PPT/LDT, the sublaterodorsal nucleus (SLD), the pre-

coeruleus region (PC), and the medial parabrachial nucleus (PB). Injection of the GABA 

antagonist bicuculline into the SLD (causing disinhibition), elicits REM sleep (Boissard 

et al., 2002). These neurons receive dense input from the ventrolateral periaqueductal 

gray (vlPAG), which in turn receives diverse inputs from neurons contributing to both 

NREM and wakefulness including the VLPO and hypocretin neurons in the lateral 

hypothalamus. Retrograde and anterograde tracing studies from the PAG to the SLD (and 

back) demonstrate that these populations send mutually inhibitory projections to each 

other (see section 3.4) to regulate entry into REM sleep.  

A unique aspect of REM sleep is motor atonia, a mechanism to putatively protect the 

sleeper from acting out their dreams. Neurons from the REM-active SLD send 

descending projections to brainstem and spinal inhibitory systems that ultimately prevent 

aberrant muscle activity during REM sleep (Vetrivelan et al., 2009). Glutamatergic 

neurons interspersed with GABAergic populations in the SLD may, in turn, support 

muscle tone during NREM sleep by projecting to spinal motor circuits (Burgess et al., 

2008).  

 Recent evidence suggests that descending projections from the hypothalamus and 

periaqueductal gray have important regulatory actions on pontine REM generation. 
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Specifically, melanin concentrating hormone (MCH)-expressing neurons in the lateral 

hypothalamus innervate many of the same targets as hypocretin neurons but are most 

active during REM sleep (Hassani et al., 2009; Verret et al., 2003). MCH-expressing cells 

are inhibitory neurons that frequently co-express GABA, and optogenetic activation of 

this cell population promotes sleep (both NREM and REM) in a reciprocal manner to that 

of the co-distributed hypocretin neurons (Konadhode et al., 2013). Indeed, more recent 

evidence suggests inhibitory signaling from hypocretin to MCH neurons prevents 

simultaneous activation of both neuronal populations (Apergis-Schoute et al., 2015). Still, 

it is unclear how or if MCH is required for REM sleep maintenance, as mice lacking 

MCH or the MCH1-receptor have limited impairments in normal REM sleep activity 

(Adamantidis et al., 2008; Willie et al., 2008). 

3.4 The ‘Flip-flop’ Model 

A primary hypothesis for describing the interacting circuits that promote arousal is 

the ‘flip-flop’ model of sleep-wake regulation, where wake- and sleep-promoting neural 

populations mutually inhibit each other to prevent aberrant state switching (Saper et al., 

2001). The name of this model is derived from an electrical engineering term used to 

describe a type of switch that ensures rapid and complete state transitions (mutually 

exclusive states). Because sleep- and wake-promoting neurons mutually inhibit each 

other, if one side obtains an advantage over the other, a rapid collapse in activity on the 

weaker side occurs and a stable and complete switch to the dominant state takes place 

(Saper et al., 2010). This rapid switching is reflected in the fact that (in a wide range of 

species) transitional states (i.e., states between NREM, REM, and wake) account for less 
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than 1% of bout length (Wright et al., 1995). Once the state has been switched, and 

inhibition of one state over another predominates, it requires substantial stimulation to 

switch back. This idea is familiar to everyone, as boredom does not give immediate rise 

to sleep, and small noises that occur at night do not immediately promote wakefulness. 

REM-off and REM-on circuits are also configured in a mutually inhibitory arrangement 

creating a REM-sleep switch (Lu et al., 2006). Configured in the mesopontine 

tegmentum, each population is a mixture of excitatory glutamatergic and GABAergic 

neurons. The  GABAergic neurons seem to project to and inhibit both the glutamatergic 

and GABAergic neurons in the other side of the switch, resulting in rapid and stable 

switches in and out of REM sleep (Saper et al., 2010). 

3.5 Circadian Clockwork 

The circuitry discussed above largely controls vigilance state switching on short time 

scales. However, daily changes in how these neural populations interact, ensuring arousal 

and sleep are allocated to specific times of the day, is controlled by the circadian clock 

(i.e., process C). Together, homeostatic sleep pressure and circadian factors ensure that 

the proper amount of sleep is achieved, and that this behavior occurs at the right time. 

Each nucleated cell within the body contains a cell-autonomous clock composed of 

multiple transcriptional-translational feedback loops. In mammals, the primary loop is 

comprised of BMAL1 and CLOCK (or NPAS2) proteins, which heterodimerize and 

promote the transcription (through binding transcriptional enhancers called E-boxes) of 

their negative regulators PER(1,2,3) and CRY(1,2) (along with many other ‘clock 

controlled genes’). Upon translation, these proteins hetero- or homodimerize, re-enter the 
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nucleus and bind to the promoters of Clock and Bmal1 to inhibit their transcription. This 

cycle takes approximately 24 h, resulting in tightly controlled gene expression in a 

circadian fashion. Approximately 10% of mRNA that is transcribed is under circadian 

control (Akhtar et al., 2002; Reddy et al., 2006), including vital processes involved in 

gluconeogenesis, cardiovascular function, renal detoxification, and cytokine production.  

Different kinases (e.g., Casein Kinase 1-ε) and phosphatases interact with these 

components to further adjust the phase of the clock. The nuclear receptors Reverb-α and 

ROR-α additionally refine the pacemaker by acting as transcriptional repressors and 

activators, respectively (reviewed in: (Partch et al., 2014). It is important to note that 

these cycles in transcription and translation oscillate with periods close to, but not exactly 

24 hours, requiring frequent ‘entrainment’ signals via external cues to keep the cell and 

whole organism in sync with its environment. This is vital, as deregulation of circadian 

timing can directly impair biological fitness (e.g., (DeCoursey and Krulas, 1998)). 

Light is the most powerful external regulator of the circadian clock. Daily cycles of 

day and night ensure that endogenous oscillations are maintained on a 24 h schedule to 

coincide with temporally gated activities such as foraging, eating, sleeping, and mating. 

In contrast to birds and other non-mammalian vertebrates, diurnal and nocturnal 

mammals possess no extra-ocular photoreceptors (Nelson and Zucker, 1981), and all light 

information must reach the brain through specialized cells within the retina. Intrinsically 

photosensitive retinal ganglion cells (ipRGCs) are unique in that they express a 

photosensitive opsin (melanopsin), but do not contribute heavily to vision as do classical 

photoreceptors such as rods and cones (Hattar et al., 2002). Indeed, the primary role of 
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ipRGCs is as the initial cells that receive light information important for circadian 

entrainment, although they also contribute to the pupillary light reflex and low acuity 

vision (Güler et al., 2008; Lucas et al., 2003). Their axons traverse the 

retinohypothalamic tract (RHT) and form glutamatergic synapses within the 

suprachiasmatic nuclei (SCN) of the hypothalamus (Baver et al., 2008). This is a 

‘teardrop’ shaped structure, comprised of mainly GABAergic neurons in the 

anteromedial hypothalamus (Figure 1.3). ipRGCs can be subdivided into distinct 

populations depending on their expression of the transcription factor, brn3b. Brn3b-

negative ipRGCs directly project to the SCN to participate in circadian entrainment, 

whereas Brn3b-positive cells project to several other brain regions to mediate their other 

functions (Chen et al., 2011b). The SCN act as the primary circadian pacemakers for 

physiological and behavioral outputs in mammals (Hastings et al., 2014). Indeed, SCN 

cells display autonomous circadian rhythms in vitro (Groos and Hendriks, 1982), and 

lesions of the SCN abolish circadian rhythms in several physiologic functions and 

behavior (Moore and Eichler, 1972; Stephan and Zucker, 1972). The SCN can be 

subdivided into a ‘core’ and ‘shell’ region delineated based on neuropeptides exclusively 

expressed in these areas which help ensure cohesive, synchronous output from the 

collective SCN ensemble. The core is comprised mainly of neurons that receive retinal 

input and co-express vasoactive intestinal peptide (VIP), while the shell contains those 

that mainly express arginine vasopressin (AVP). Mice lacking the VPAC2 receptor (for 

VIP) have grossly altered circadian behavior and physiology, and disruption of VIP 

signaling greatly reduces the phase-coherence of SCN neurons (Harmar et al., 2002; 
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Maywood et al., 2006). Rescue of this ‘dampened’ phenotype can be accomplished 

through administration of another SCN-neuropeptide, gastrin-releasing peptide (GRP), as 

well as general adenylyl cyclase activation (and cAMP production) via administration of 

forskolin (Hastings et al., 2014). This suggests that there must be a tight linkage between 

events at the neuronal membrane and intracellular components that can alter the phase of 

the clock. That is, events at this level must participate in the integration of external 

signals into changes in clock timing. One ubiquitous signal that acts on the circadian 

clock each day is light. Light alters SCN function through glutamatergic signaling at 

NMDA and non-NMDA receptors (receiving signals from RHT axons), resulting in 

increased intracellular calcium (Ca2+) within core SCN neurons. This signal starts a 

cascade of kinase activity, ultimately leading to the phosphorylation (i.e., activation) of 

the calcium/cAMP-dependent transcription factor CREB. CREB binds to regions of the 

genome called CREB-response elements (CREs) upstream of transcriptional start sites. 

The Per genes contain numerous CREs, allowing light-evoked signaling from the retina 

to cause downstream Per gene expression in the SCN, thereby re-setting the phase of the 

clock (Quintero et al., 2003; Sakamoto et al., 2013). This mechanism of phase-resetting 

highlights a more general aspect of transcriptional-translational feedback loops and free-

running oscillators within each cell (O’Neill et al., 2008). In organotypic cultures of the 

SCN, spontaneous firing rates peak around the middle of the circadian day, which is 

accompanied by peaks in the levels of cAMP. Genetic calcium reporters (such as 

GCamp3), when delivered to SCN neurons via AAV viral transfection, demonstrate that 

peaks in cAMP (and Ca2+) activity are closely followed by peaks in Per expression and 
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other genes containing CREs in unstimulated samples (Brancaccio et al., 2013; Doi et al., 

2011). Therefore, calcium signaling links events at the membrane (e.g., light-evoked 

action potentials, neuropeptide signaling) to phase re-setting events in the circadian 

oscillator. 

3.5.1 Hypocretin interactions with circadian circuitry 

How do the SCN interact with sleep-wake circuitry? One primary way is through 

interactions with wake-promoting hypocretin neurons, where the SCN (active during the 

day) prevent hypocretin neuron activity, ensuring that they do not aberrantly activate 

during periods of rest (Kalsbeek et al., 2006). Indeed, in dark pulse experiments, where a 

6 h pulse is given during the subjective day (a stimulus that promotes arousal and phase 

advances behavioral rhythms in mice), a pulse of dark is sufficient to release hypocretin 

neurons from SCN-mediated inhibition (Marston et al., 2008), providing evidence for 

light-dependent suppression of hypocretin signaling via the SCN.  

Reciprocally, hypocretin neurons send inputs to the SCN to modulate clock function 

(see Fig. 1.3). The SCN are sensitive to arousal promoting stimuli (Mistlberger and 

Antle, 2011), which can alter entrainment properties via a mechanism that likely involves 

signaling through neuropeptide Y-containing neurons in the intergeniculate leaflet (IGL), 

which projects to the SCN to modulate clock gene expression (Gribkoff et al., 1998; 

Harrington, 1997). Hypocretin neurons are also activated by such arousal promoting 

stimuli (Estabrooke et al., 2001; Harris and Aston-Jones, 2006), and SCN neurons 

express hypocretin receptors (Bäckberg et al., 2002), suggesting that there may be 

interplay between the two populations to coordinate phase coherent output of the SCN 
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coinciding with behavioral arousal. This poses a conundrum, though, as hypocretin 

receptor signaling is generally excitable, but SCN neural activity is low during the 

circadian night when hypocretin activity is high (in nocturnal rodents). A few years ago, 

it was discovered that unlike other connections, projections from hypocretin neurons to 

the SCN were suppressive, and the mechanisms mediating this effect varied in a circadian 

fashion (Belle et al., 2014). By examining calcium activity in SCN neurons, both 

spontaneous and in response to hypocretin administration, it was demonstrated that a 

subset showed reduced (69%) or increased (31%) cytosolic Ca2+ levels in response to 

hypocretin during the day, and 97% reduced Ca2+ activity in response to hypocretin at 

night. This response depended on hypocretin-receptor activation, as treatment with a 

receptor antagonist (SB334867) prevented this response, but did not interfere with 

NMDA-induced Ca2+ increase. The suppressive effects of hypocretin seems to further 

depend on GABAergic signaling within the SCN, as the inhibitory effect is blocked when 

hypocretin is applied in the presence of gabazine and CGP55845 (antagonists of GABAA 

and GABAB receptors). These observations provide evidence for a reciprocal relationship 

between the SCN and hypocretin neurons in the lateral hypothalamus, demonstrating 

suppressive and phase-modulatory actions (through Ca2+ signaling) of hypocretin on the 

circadian clock (Belle et al., 2014). 
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Figure 1.3: Hypocretin-positive axonal fibers (examples denoted by arrows) surrounding 

the mouse SCN (10x, coronal). Approximate core and shell regions are delineated by 

hatched lines. (Hcrt, green; cFos, red; DAPI, blue). 

 

 

3.5.2 Melatonin 

How do the SCN communicate circadian time to the rest of the brain and body? One 

primary neurochemical mediator of this is the pineal hormone melatonin. The SCN 

integrate ipRGC input and send GABAergic projections to the adjacent paraventricular 

nuclei (PVN), to the intermediolateral cell column of the cervical spinal cord, and then 

onto the superior cervical ganglion. Sympathetic post-ganglionic noradrenergic 

projections then innervate the pineal gland to modulate the synthesis and secretion of 

melatonin (Teclemariam-Mesbah et al., 1999). Because light activates the SCN to cause 

downstream inhibition of the pineal gland, night-induced disinhibition allows melatonin 

release only in response to extended darkness.  
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Melatonin is widely distributed in plants, unicellular organisms, algae, bacteria, 

invertebrates, and vertebrates (Hardeland and Poeggeler, 2003; Iriti et al., 2010; Maronde 

et al., 2011; Paradies et al., 2010; Reiter, 1991; Tan et al., 2010). This wide distribution 

reflects its pleiotropic functions, acting through several signaling pathways (Gómez-

Moreno et al., 2010; Jung‐Hynes et al., 2010; Tan et al., 2010). Circadian-responsive 

melatonin production is primarily reserved to the pineal gland in mammals, but extra-

pineal melatonin is produced in the retina, skin, gut, and immune competent cells (Chen 

et al., 2011a; Huang et al., 2013; Kleszczynski and Fischer, 2012; Maldonado et al., 

2010). Melatonin is synthesized in a two-step process from its precursor serotonin via N-

acetyltransferase (AANAT) and then hydroxyindole-O-methyltransferase (HIOMT). Its 

production is driven by noradrenergic input from the superior cervical ganglion, with 

adrenergic receptor signaling induced cAMP formation leading to downstream 

expression of AANAT (Carpentieri et al., 2012; Konturek et al., 2007). In many non-

mammalian vertebrates, AANAT expression in the pineal is under the direct control of 

circadian clock genes (Hardeland and Poeggeler, 2003). By using a radioiodinated ligand, 

2-[125I]-iodomelatonin, melatonin binding sites were discovered throughout the 

mammalian central nervous system (Dubocovich and Markowska, 2005) and periphery 

(Slominski et al., 2012). Melatonin signals via multiple membrane bound G-protein 

linked receptors (MT1 and MT2) and a receptor independent pathway via quinone 

reductase II enzyme binding (previously identified as MT3). MT1 and MT2 can homo or 

heterodimerize, but the role these receptor dimer species play in melatonin signaling 

outside the retina are unclear (Ayoub et al., 2004; Baba et al., 2013). A feedback loop 
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mediating the mid-night peak and pre-dawn decline in melatonin secretion is thought to 

be governed by MT1 but not MT2 (Bedrosian et al., 2013). More controversially, 

melatonin has also been shown to be synthesized directly by T lymphocytes and act as a 

ligand of the retinoic acid-related orphan receptor alpha (ROR-α) and other nuclear 

receptors (Carrillo-Vico et al., 2004; Lardone et al., 2011; Slominski et al., 2012). 

Intracellularly, the melatonin signal is largely transduced to influence downstream gene 

transcription via Gi and Gq activation, which leads to a reduction in cAMP via adenylyl 

cyclase inhibition (Gi) and in some cells increases Ca2+ via phospholipase-C activation 

(Gq). Given its ancient phylogenetic history, melatonin regulates the expression of 

hundreds of genes to provide daily and seasonal temporal order throughout the entire 

organism (e.g., (Farez et al., 2015; Sharman et al., 2007)).  

4. Interactions Among Sleep, Circadian Rhythms, and Immunity 

4.1 Immune system 

Because chemotherapeutics and cancer interact with immune cells and tissues 

extensively, and immune signaling can alter sleep (discussed below), a brief overview of 

the primary components of the immune system is warranted. Classically, two interacting 

branches of the immune system have been described, the phylogenetically ancient 

‘innate’ and the targeted ‘adaptive’ immune system. The innate immune system is a non-

specific defense mechanism that responds to danger signals from infection or injury 

indicating cell death or compromise (Matzinger, 2002). Neutrophils, leukocytes that 

serve as a ‘first responders’ to injury and infection, secrete molecules that both kill 

pathogens (e.g., myeloperoxidase) and recruit further immune cells to aide in the 
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inflammatory response (e.g., macrophage inflammatory protein (MIP)-1α) (Scapini et al., 

2000). Macrophages and dendritic cells, upon receiving signals from neutrophils or other 

cells within the damaged area, can engulf the pathogen, process it, and express 

component proteins on their surface through the major histocompatibility complex 

(MHC) II. These are classical ‘antigen presenting cells’ (APCs), and upon traveling to 

lymph nodes or other lymphoid organs (e.g., spleen, thymus, Peyer’s patches), they can 

present protein antigens derived from the pathogen to cells of the adaptive immune 

system (i.e., B and T lymphocytes) by interacting with their cognate receptors (TCR, 

BCR). CD4+ T-cells, which are the primary type that respond to antigens presented 

through MHC II, can then begin transcriptional programs that are optimal for 

inflammation and pathogen destruction or tissue repair and immune modulation. 

Elimination of pathogen invaders is initially accomplished via the recognition of 

conserved microbial motifs termed pathogen-associated molecular patterns (PAMPs) 

sensed via pattern recognition receptors (PRRs) on cells of the immune system. More 

recent evidence demonstrates that these receptors can also be activated by non-microbe 

signals, termed damage-associated molecular patterns (DAMPs), resulting in what is 

known as ‘sterile inflammation’ (Chen and Nuñez, 2010). This can occur in response to 

trauma, ischemia-reperfusion injury, or chemically induced injury in the absence of 

micro-organisms, and is similar to a pathogen-driven response in that neutrophils and 

macrophages are recruited and produce pro-inflammatory cytokines and chemokines, 

most notably tumor-necrosis factor alpha (TNF-α) and interleukin-1 beta (IL-1β).  
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These pro-inflammatory cytokines are causal agents of ‘sickness behavior’, a suite of 

adaptive responses caused by the immune system to promote rest, limit social and sexual 

interaction, and reduce food intake (Dantzer and Kelley, 2007). Sickness behavior 

becomes maladaptive when it occurs in the absence of a pathogenic initiator, or when it 

endures long after its adaptive effects would be beneficial. The symptoms of impaired 

cognitive function, sleep disturbance, fatigue, depression, and reduced motivation in 

patients with cancer clearly mirror immune-evoked sickness behaviors, suggesting that 

immune-targeted treatment strategies could be effective in treating cancer-related 

behavioral problems (Dantzer et al., 2012).  

Interleukin-6 

 As many of the experiments detailed below focus on the actions of interleukin-6 

(IL-6), a brief description of it and its signaling pathways is warranted. There are nine 

members within the IL-6-like cytokine family including IL-6, IL-11, leukemia-inhibitory 

factor (LIF), and IL-27, among others. They are grouped together based on their shared 

signal transducing receptor subunit called gp130. IL-6 has two different types of 

receptors, created via alternative splicing, one being membrane-bound (IL-6R) and the 

other in a soluble form (sIL-6R). This soluble receptor, in contrast to most other soluble 

cytokine receptors, has agonistic actions. It can transfer IL-6 signaling properties to cells 

that do not normally express the membrane bound IL-6R (classic signaling), therefore 

this signaling pathway is known as IL-6 trans-signaling (Scheller et al., 2014). Here, I 

will primarily focus on classic signaling, as the primary organ that orchestrates the acute 

phase response to IL-6, the liver, expresses the membrane-bound IL-6R, and much of 
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Chapter 2 focuses on hepatic IL-6 signaling. IL-6 is found at very low concentrations in 

healthy subjects (1-5 pg/ml), but concentrations rise rapidly in virtually all 

pathophysiological conditions involving inflammation (Wolf et al., 2014). IL-6R-gp130 

binding results in the activation of Janus kinase-signal transducer and activator of 

transcription (JAK-STAT) signaling. IL-6 activates JAK1 and JAK2, producing a 

docking site for STAT3 that results in its phosphorylation at a tyrosine residue (Aaronson 

and Horvath, 2002). This event allows STAT3 dimers to enter the nucleus, where they 

bind the promoters of genes that harbor a GAS-like element (also known as a sis-

inducible element; SIE), resulting in their transcription. One of these genes, suppressor of 

cytokine signaling 3 (SOCS3), acts as a negative regulator of JAK-STAT signaling by 

directly binding the kinases and preventing their action. SOCS1 and SOCS3 also have 

metabolic-modulating properties, as they are able to directly bind insulin receptor 

substrates 1 and 2 (IRS-1/2) and target them for degradation, resulting in reduced glucose 

uptake and the development of hyperglycemia (Rui et al., 2002). As mentioned above, 

because neurons that control vigilance states (e.g., hypocretin, MCH neurons) are 

sensitive to physiological levels of glucose, this provides a link between IL-6 driven 

changes in glucose metabolism and changes to the sleep-wake cycle.  

4.2 Sleep and Immunity 

The role of motivation, stress, and immune status as factors that regulate arousal has 

gained substantial traction (Eban-Rothschild et al., 2016; Ingiosi et al., 2013; McHugh 

and Lawlor, 2013). Emerging evidence suggests that bi-directional communication 

between the immune system and sleep circuitry occurs (Bryant et al., 2004), where poor 
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sleep can impair immune function and immune challenge can influence sleep 

(Besedovsky et al., 2012). In this way, sleep is an integral component of the immune 

system. Several wake-promoting molecules, such as cortisol, epinephrine, and 

norepinephrine have well characterized influences on immune function. Additionally, 

sleep-associated melatonin (in diurnal species), growth hormone, leptin, and prolactin 

also have immune-modulatory effects. Reciprocally, the immune system can influence 

the brain via several pathways: signaling at circumventricular organs, direct transport of 

cytokines across the blood brain barrier, migration of immune cells into the brain, or 

peripheral stimulation of vagal afferents (reviewed in (Quan and Banks, 2007)) (Figure 

1.4). Specifically, IL-1β directly interacts with multiple neurotransmitter systems in the 

brain that control sleep-wake states (Alam et al., 2004), such as acetylcholine (Rada et 

al., 1991), adenosine (Luk et al., 1999), and monoamine (Manfridi et al., 2003) systems. 

More recently, hypocretin neurons have been suggested to play a role in inflammation-

induced lethargy, as hypothalamic neurotensin neurons that respond to IL-1β send 

inhibitory inputs to hypocretin neurons to attenuate their activity (Grossberg et al., 

2011a). Additionally, interleukin-6, a proinflammatory cytokine frequently elevated in 

patients with cancer, has sleep modulatory properties (Späth-Schwalbe et al., 1998; 

Vgontzas et al., 1999). Prostaglandins E2 and D2, cytokines that modulate temperature 

during immune activation, can directly alter sleep, although their effects seem to be 

independent from the NREM-promoting effects of lipopolysaccharide (LPS) (Oishi et al., 

2015). In this way, upon immune challenge, several cytokines act as powerful somnogens 
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(and see section 2.1.1) to promote rest and recovery by interacting with ascending arousal 

circuitry (Imeri and Opp, 2009). 

Sleep disruption can, in turn, activate inflammatory signaling (Irwin et al., 2008). 

Sleep apnea, a disease defined by poor and fragmented sleep, is frequently accompanied 

by high concentrations of circulating inflammatory cytokines (Ryan et al., 2005). The 

mechanistic links between poor sleep and immune dysfunction are still undefined, but 

many groups have begun to tease apart the role of individual cellular populations. For 

example, extended wakefulness increases oxidative stress within wake-active locus 

coeruleus adrenergic neurons, resulting in their degeneration and subsequent sleep 

problems (Zhang et al., 2014). This sleep loss directly promotes the activity of 

inflammatory STAT-family proteins in monocytes, promoting an inflammatory 

environment that may contribute further to disease (Irwin et al., 2015) Extended 

wakefulness induces, and sleep promotes the repair of, DNA double-strand breaks 

(DSBs), which lead to cell death (Bellesi et al., 2016). Housing mice in a 20 h day, under 

which they cannot entrain their activity rhythms, disrupts circadian rhythms, sleep 

quality, and differentially deregulates immune responses in the brain and periphery 

(Phillips et al., 2015). Recently, a link between the immune system and reward circuitry  
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has been described, where activation of ventral tegmental area dopaminergic (VTA-DA) 

neurons boosts subsequent adaptive and innate immunity (Ben-Shaanan et al., 2016). 

These neurons also control motivational gating of arousal (Eban-Rothschild et al., 2016), 

providing a direct neural link between sleep-wake circuitry and immune function.  

4.3 Circadian regulation of immunity 

Mounting an immune response is energetically expensive (Demas et al., 1997; 

Muehlenbein et al., 2010). Circadian regulation of immunity allows organisms to 

predictably allocate resources and adjust their responses accordingly. Additionally, 

Figure 1.4: Activation of the innate immune system through recognition of danger 

molecules (alarmins, DAMPs) leads to the production of inflammatory cytokines in the 

periphery by macrophages, neutrophils, and dendritic cells (e.g., IL-6, IL-1β). These, 

through humoral or neural pathways, can communicate the peripheral immune signal to 

the brain. Then, the brain can propagate that signal, producing cytokines de novo, leading 

to altered brain function and disrupted sleep. Disruption of downstream processes can 

feedback onto the brain to perpetuate the cycle. (Adapted from Dantzer et al, 2012).  
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rhythms in immunity allow for efficient tissue repair and the clearance of potentially 

harmful components from circulation. Halberg and colleagues were the first to investigate 

how time of day altered susceptibility to an immune challenge using Escherichia coli 

(Halberg et al., 1960). They described a striking susceptibility rhythm, in which ~80% of 

the mice exposed to the pathogen during the mid-late light phase died whereas those 

given the same challenge during the mid-dark phase had a mortality rate of only ~8-10%. 

These results suggest that the circadian system bolsters the immune response dependent 

on time-of-day and circadian phase. Subsequent research supported their findings, with 

striking differences between diurnal and nocturnal species. For example, mice and 

humans show nearly opposite responses to timed administration of the immunogen 

lipopolysaccharides (LPS). In humans, LPS promotes a stronger inflammatory response 

at night (e.g., (Alamili et al., 2014)) than day, whereas in mice the opposite is true (e.g., 

(Fonken et al., 2016)). Temporal variability in immune responses depends on both 

intrinsic clocks within immune cells and circadian rhythms in extrinsic signals that are 

received by immune cells. For example, many immunomodulatory molecules are 

produced and secreted in a circadian fashion (e.g., cortisol, growth hormone, and 

melatonin).  

Glucocorticoids (e.g., corticosterone and cortisol) show robust circadian oscillations, 

driven by the central clock in the SCN and a local clock in the adrenal gland (Oster et al., 

2006). Because immune cells are sensitive to daily (or stress-induced) changes in 

glucocorticoid concentrations, these rhythms have the capacity to alter inflammatory 

responses. In response to glucocorticoids, glucocorticoid receptors (GCRs) bind 
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glucocorticoid response elements (GREs) within the genome to promote specific gene 

transcription. The clock gene Per2 contains GREs upstream of its transcriptional start 

site, and GCR binding to its promoter can directly modulate clock function (So et al, 

2009). Reciprocally, the molecular clock can alter GCR status to fine-tune responses to 

elevations in glucocorticoids throughout the day or in response to stress. Indeed, CLOCK 

and BMAL1 in immune cells can attenuate glucocorticoid responsiveness by acetylating 

the GCR, reducing its capacity to bind GREs within the promotor regions of target genes 

(Charmandari et al., 2011; Kino and Chrousos, 2011). CRY1,2 have also been shown to 

repress GCR-mediated transcriptional activity (Lamia et al, 2011), and a recently 

described clock component, CHRONO, forms a complex with the GCR to alter 

glucocorticoid responsiveness (Goriki et al., 2014). These pathways provide a direct link 

between the circadian clock and glucocorticoid actions on immune cells. 

 Virtually all immune cells contain intrinsic clocks that regulate their activity and 

contribute to circadian rhythms in immune responses. Myeloid-derived macrophages and 

microglia display circadian rhythms in clock gene expression and cytokine expression 

that are 6-8 hours out of phase with one another (Fonken et al., 2015; Keller et al., 2009). 

Essentially all core clock genes within these cells can regulate inflammatory responses 

directly or indirectly. For example, cryptochrome proteins (CRY1/2) act as brakes on 

pro-inflammatory cytokine production by binding adenylyl cyclase, limiting cAMP 

production and downstream NF-κB phosphorylation (Narasimamurthy et al., 2012). 

PER2 acts as an important regulator of natural killer (NK) cell function, as mice deficient 

in Per2 show dramatically reduced NK-cell derived interleukin-1β (IL-1β) and 
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interferon-γ (IFN-γ) production following LPS challenge (Liu et al., 2006). The nuclear 

receptor ROR-α further contributes to the survival of IgA+ memory B cells by controlling 

the transcription of IgA-containing B-cell receptors (Wang et al., 2012), and the core 

clock component Bmal1 regulates circadian rhythms in monocyte trafficking to sites of 

inflammation (Nguyen et al., 2013). Indeed, myeloid-cell specific knockout of bmal1 

reduces both innate and adaptive immune capacity. REV-ERBα further regulates pro-

inflammatory cytokine expression, as circadian gating of immune responses is lost in rev-

erbα knockout mice and synthetic REV-ERB ligands are capable of modulating cytokine 

responses in human macrophages (Gibbs et al., 2012). Mice inoculated with murine 

vesicular stomatitis virus show increased mortality when administered the virus at the 

start of the inactive phase (ZT 0) compared to the start of the active phase (ZT 12).  REV-

ERBα seems to mediate this effect, as blocking its actions prevents it from suppressing 

expression of the chemokine CCL2 at the start of the active phase, resulting in increased 

inflammation and mortality (Gagnidze et al., 2016). Data such as these demonstrate that 

circadian clock components are fundamentally integrated into immune responses. 

Substantially less work has been done on how the immune system regulates circadian 

rhythms, but an emerging picture suggests that a feedback loop exists wherein 

cytokines/chemokines are capable of ‘entraining’ the circadian system. The transcription 

factor NF-κB is active in the SCN, and blocking its actions via administration of 

pyrrolidine-dithiocharbamate (PDTC) prevents light-induced phase shifts in Syrian 

hamsters (Mesocricetus auratus) (Marpegan et al., 2004), suggesting that immune 

regulators directly interact with the core clock. In support of this hypothesis, timed LPS 
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administration can activate cells in the SCN and phase shift the circadian activity rhythm 

in free-running mice without photic stimulation (Marpegán et al., 2005). This effect 

seems to depend on LPS-stimulated TNF-α release, as TNF-α receptor 1/p55 (Tnfr1) 

knockout mice do not phase delay their activity in response to LPS (Paladino et al., 

2014). In humans, acute administration of LPS substantially (80-90%) reduces clock gene 

expression in peripheral blood leukocytes, neutrophils, and monocytes for up to 17 hours 

post-infusion, regardless of time of administration (Haimovich et al., 2010), suggesting a 

direct link between toll-like receptor (TLR) signaling and clock function. Indeed, TLR4 

(LPS-receptor) deletion prevents circadian modulation by LPS administration (Paladino 

et al., 2010). Additionally, the molecular clock controls TLR9 (which detects 

unmethylated CpG sequences in bacterial or viral DNA) expression and subsequent 

immune responses (both innate and adaptive) to challenge with a TLR9 ligand (Silver et 

al., 2012). TNF-α is capable of impeding clock gene expression by interfering with E-box 

mediated transcription, a genetic regulatory site upstream of the transcriptional start site 

in many clock genes (Cavadini et al., 2007). The chemokine CCL2 and its receptor CCR2 

show circadian expression rhythms in the SCN, and modulating their levels in this region 

can phase-shift the clock (Duhart et al., 2016). These examples, and others discussed 

above, provide evidence for direct immune feedback onto circadian clocks. 

5. Chemotherapy and Cancer Interact with the Immune System: Consequences 

for Sleep and Circadian Rhythms 

Many chemotherapeutic drugs with different mechanisms of action have been 

demonstrated to elicit an inflammatory (i.e., cytokine driven) response in preclinical 
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models. Whether these inflammatory responses are present in the brain remains unclear, 

as many studies infer brain inflammation from peripheral measures, limiting conclusions. 

Because most chemotherapeutics cannot cross the blood-brain barrier directly (Deeken 

and Löscher, 2007), secondary signaling from the immune system (or another source) 

likely drives sickness behaviors stemming from cancer treatment.  

5.1 Chemotherapeutics 

Taxanes are mitotic inhibitors, acting by inducing tubulin polymerization, resulting in 

the formation of non-functional microtubules and anti-tumor activity. In mouse primary 

macrophages, taxanes induce the expression of inflammatory cytokines including TNF-α, 

IL-1β, and the damage associated molecule IL-1α via the TLR4/MyD88-dependent 

pathway (Byrd-Leifer et al., 2001). The inflammatory effects of taxanes can be attenuated 

via the anti-inflammatory cytokine IL-10, or through glucocorticoid treatment (Bogdan 

and Ding, 1992; Ding et al., 1993). 

Anthracycline antibiotics, such as Adriamycin (doxorubicin) and daunorubicin act by 

inhibiting topoisomerase II, an enzyme required for DNA replication and cell division 

(Tewey et al., 1984). These drugs can cause irreversible damage to the heart, resulting in 

heart failure via an inflammatory mechanism (Kobayashi et al., 2016). Adriamycin and 

its more toxic metabolite doxorubicinol (DOX-OL) (see Chapter 3) directly interact with 

an upstream component in the synthesis and release of mature IL-1β, the NLRP3 

inflammasome (Sauter et al., 2011). Adriamycin is capable of providing a ‘danger signal’ 

which promotes the processing and release of mature IL-1β from bone-marrow derived 

macrophages. In cells lacking components of the NLRP3 inflammasome (e.g., ASC, 
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Caspase-1, and NLRP3), this response was eliminated, providing causal evidence that 

anthracyclines interact with a primary component of the inflammatory response. 

Additionally, inhibition of upstream mitogen-activated protein kinases (MAPKs), which 

are critically involved in cytokine signaling,  is capable of blocking the inflammatory 

effects of doxorubicin (Wong et al., 2013).  

Cisplatin, a chemotherapeutic which binds DNA resulting in the formation of cross-

links, is a common treatment for solid tumors. Cross-linking of DNA interferes with 

DNA repair and subsequently causes cellular apoptosis (Jordan and Carmo-Fonseca, 

2000). Cisplatin directly upregulates the production of inflammatory cytokines including 

TNF-α and IL-1β in bone marrow derived macrophages, increasing their tumoricidal 

capacity (Suresh and Sodhi, 1991). Induction of TNF-α by cisplatin is responsible for 

renal injury following drug administration in mice (Ramesh and Reeves, 2002), and 

cisplatin-induced renal failure is associated with IL-1β, IL-18, IL-6, and neutrophil 

infiltration into the kidney (Faubel et al., 2007).  

Etoposide, a chemotherapeutic with a mechanism of action similar to the 

anthracyclines, also elicits an inflammatory response, although it does not have the 

cardiac toxicity effect of doxorubicin and related drugs. Etoposide increases IL-6 

production by murine macrophages, increases serum IL-6 concentrations, and promotes 

sickness behaviors (i.e., reduced food intake, body mass, running wheel activity) in mice 

(Wood et al., 2006a). Inhibition of a primary upstream kinase responsible for pro-

inflammatory cytokine production (p38 MAPK) is capable of reducing inflammation in 
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response to combination etoposide, 5-fluorouracil, and doxorubicin, without altering 

tumoricidal capabilities (Elsea et al., 2008a). 

Cyclophosphamide (Cytoxan) is a pro-drug of the oxazaphosphorine class, which 

requires metabolic processing to become active. Liver P450 enzymes process 

cyclophosphamide into its active metabolite, 4-hydroxyclyclophosphamide (see Chapter 

3). Formation of toxic phosphoramide mustard and acrolein is completed in cells that 

have low levels of aldehyde dehydrogenase (ALDH), resulting in DNA cross-links and 

apoptosis (Boddy and Yule, 2000). Because bone marrow-derived cells usually have high 

levels of ALDH, they are relatively resistant to the toxic effects of cyclophosphamide. 

However, cyclophosphamide is capable of activating the processing and cleavage of 

mature IL-1β via activation of the NLRP3 inflammasome, similar to the anthracyclines 

(Hughes et al., 2014), and cyclophosphamide is more frequently being used to study 

cellular responses to ‘sterile inflammation’ (Moschella et al., 2013).  

5.2 Cancer 

Cancer is capable of co-opting normal immune responses to aid in its growth and 

metastatic spread (de Visser et al., 2006). Initially, innate immune cells infiltrate the 

tumor and provide guidance cues for angiogenic growth. This process normally occurs 

during wound healing and comprises a key step in the inflammatory response. However, 

cancer cells are capable of interacting with these infiltrators, tipping the scale towards a 

‘pro-tumor’ phenotype, which can subvert adaptive immune responses and impair 

chemotherapeutic efficacy (Mantovani et al., 2008). As a tumor grows, necrotic cell death 

at its core results in the release of danger molecules (e.g., IL-1α and HMGB1), 
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compounding the inflammatory response and promoting further angiogenesis and 

delivery of nutrients and growth factors to the tumor (Grivennikov et al., 2010). 

Additionally, tumor cells can promote the development of immunosuppressive T-

regulatory cells via a cytokine-mediated mechanism involving cyclo-oxygenase-2 (COX-

2) and prostaglandin-E2, ensuring self-tolerance and immune system evasion (Sharma et 

al., 2005). These cytokines, and others altered through tumor/immune interactions have 

well known effects on the brain and can participate in the development of sickness 

behavior (see Fig. 1.4).  

5.3 Cancer and Chemotherapeutic Modulation of Circadian Clocks 

How are the immune modulatory actions of cancer and chemotherapy (discussed 

above) related to circadian clocks? Cancer cells (dependent on tissue type and stage of 

growth) show a range of circadian abnormalities. Some tumors display dampened rhythm 

amplitudes, phase shifts, or changes in period (τ) resulting in the appearance of ultradian 

rhythms (Mormont and Lévi, 1997). The extent of circadian disruption can be linked to 

tumor progression and the expression of the pro-angiogenic and inflammatory proteins 

(Cash et al., 2015). In mice, lesioning of the SCN causes tumors to grow 2-3 times faster 

compared to SCN-intact conspecifics, suggesting that the host circadian clock plays a 

direct role in controlling tumor progression (Filipski et al., 2002). Indirectly, cancer can 

alter circadian gene expression in distal organs. For example, Masri and colleagues 

discovered that inflammatory signaling (interleukin-6; IL-6) from lung adenocarcinoma 

can induce a circadian pattern of inflammatory gene expression within the liver of mice 

(Masri et al., 2016). This has downstream consequences for whole-organism metabolism 
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as STAT3/SOCS3 mediated degradation of insulin receptor substrate 1 (IRS1) within 

hepatocytes results in glucose intolerance and a shift towards insulin resistance. These 

changes were evident despite normal clock gene oscillations in the liver, suggesting that 

tumors may act as an endogenous entraining signal for the immune response in distal 

organs through an IL-6-mediated mechanism.  

The toxicity of targeted biological agents, cytostatics, cytokines, and other anti-cancer 

drugs is greatly modified by circadian timing (reviewed in (Levi et al., 2010b)). Indeed, 

Hrushesky first described marked differences in the toxicity of doxorubicin and cisplatin 

dependent on circadian phase in patients with advanced ovarian cancer (Hrushesky, 

1985). Many cancer therapies directly or indirectly cause an inflammatory response, 

which may alter circadian function. Indeed, administration of cyclophosphamide 

(Cytoxan) alone or in combination with doxorubicin during the inactive phase greatly 

increases inflammatory cytokine transcription within the liver and spleen of mice 

compared to those administered the drug during the active phase (Borniger et al., 2017; 

Dycke et al., 2015). Mice receiving repeated doses of cyclophosphamide have large 

disparities in toxicity-induced mortality dependent on time of drug administration 

(Gorbacheva et al., 2005). Mice treated with the drug during the dark-to-light transition 

(Zeitgeber time (ZT) 22 to 2) were much more sensitive (i.e., lost more body mass and 

died after repeated dosing at a higher frequency) than those treated at the light-to-dark 

transition (ZT 10 to 14). These responses were abrogated in mice lacking core circadian 

clock genes Clock and Bmal1, suggesting that time-of-day differences in mortality 

require a functional circadian clock. The authors hypothesized that the downstream 
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regulators of this effect were enzymes responsible for cyclophosphamide metabolism, but 

found no evidence for the differential expression of cyclophosphamide metabolites 

dependent on time-of-day. It is likely that inflammatory responses, which are known to 

promote weight loss and the development of ‘sickness behavior’ (Dantzer and Kelley, 

2007), contributed to the different responses in line with time-of-drug administration. 

Furthermore, chemotherapeutic compounds can directly alter clock gene expression, as 

acute slices of the SCN show dampened circadian rhythms when exposed to the 

chemotherapeutic 5-fluorouracil (but not the structural homologue uracil), and animals 

administered the drug show attenuated Per1 and Per2 expression in the liver and SCN 

(Terazono et al., 2008). These studies provide evidence for a bidirectional relationship 

among cancer, chemotherapeutics, and the circadian clock that contribute to disease 

progression and outcome.  

 The overview presented above sets the following data chapters in context, and 

outlines the complex interactions among cancer, chemotherapy, the immune system, and 

sleep. 
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Chapter 2: Metabolic and Sleep Abnormalities in a Mouse Model of 

Non-Metastatic Breast Cancer 
 

INTRODUCTION 

Among patients with cancer, metabolic dysfunction is a significant problem that 

contributes to decreased quality of life and increased mortality (Protani et al., 2010). In 

breast cancer survivors, elevated blood glucose (>130 mg/dl) is associated with decreased 

survival independent of comorbid type II diabetes (Villarreal-Garza et al., 2012), and 

patients frequently have elevated blood glucose concentrations at diagnosis, which are 

associated with worsened short- and long-term outcomes (Contiero et al., 2013). Sleep 

problems are also prevalent in breast cancer survivors, and poor sleep is a strong 

predictor of subsequent mortality even when accounting for other medical and 

demographic risk factors including age, estrogen receptor status, metastatic spread, 

cortisol concentrations, and depression (Palesh et al., 2014). Despite the prevalence of 

these problems, the underlying mechanisms mediating cancer-associated metabolic 

changes and sleep disruption are unknown. 

 Cancer cells produce and secrete a number of factors, including inflammatory 

molecules and metabolic ‘waste’ which contribute to inflammation (Grivennikov et al., 

2010; Hanahan and Weinberg, 2011). These factors are capable of altering the function of 

organs locally, or at a distal site (Colegio et al., 2014; Masri et al., 2016). Indeed, a 
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prevalent hypothesis linking cancer to metabolic deregulation is that tumor-induced 

elevations in interleukin-6 (IL-6) promote hepatic insulin resistance via signal transducer 

and activator of transcription 3/suppressor of cytokine signaling 3 (STAT3/SOCS3) 

signaling (Masri et al., 2016), and a similar inflammatory mechanism has been proposed 

to underlie changes in sleep (Bower et al., 2011). Sleep is essential for proper metabolic 

regulation, as chronic sleep disruption promotes weight gain and the development of a 

chronic inflammatory state which may contribute to cancer initiation or progression 

(Irwin et al., 2008; Lucassen et al., 2012). Because the relationships among metabolism, 

sleep, and inflammation are poorly understood in the context of cancer, we sought to 

examine how these components interact during the course of tumor development in a 

mouse model of non-metastatic breast cancer. We hypothesized that tumor-induced 

inflammation contributes to metabolic and sleep abnormalities. To test this, we took a 

multifaceted approach yielding data on metabolic function, immune activation, and sleep 

throughout tumor growth. We demonstrate that non-metastatic tumors (derived from 

67NR cells) promote deficits in glucose processing, alter the activity of wake-stabilizing 

hypocretin neurons in the hypothalamus, and cause sleep disruption, which are 

concurrent with peripheral, but not central, inflammation. This inflammatory response 

was largely driven by interleukin-6. However, blockade of IL-6 signaling (via a 

neutralizing antibody) did not rescue metabolic or sleep deficits in tumor-bearing mice. 

These data provide evidence for an alternative mechanism driving metabolic and sleep 

changes in cancer, independent from tumor-induced inflammation.  

RESULTS 
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Non-metastatic mammary tumors promote peripheral IL-6 signaling 

To assess the inflammatory profile in tumor-bearing mice, we measured the 

expression (both mRNA and/or protein) of many cytokines in tumors, serum, spleen, 

liver, and brain at multiple time-points during tumor development. We observed 

increased spleen masses, macrophage (F4/80+) infiltration into the tumor, as well as high 

concentrations of IL-6 protein in serum and tumor parenchyma. Because the liver 

orchestrates acute phase responses to elevations in IL-6 (Castell et al., 1990), we 

examined whether tumor-induced inflammation was associated with altered liver 

function. We sampled livers from tumor-bearing mice ‘around the clock’ for 24 hours 

and observed increased protein concentrations of the IL-6 regulated transcription factor 

pSTAT3, whose phosphorylation at tyrosine (Tyr) 705 is known to activate STAT3 and 

promote its transcriptional activity via nuclear translocation (Darnell, 1997), as well as 

increased mRNA expression of IL-6 target genes including stat3, socs3, interleukin-1 

receptor-1 (il1r1), interleukin-6 receptor-alpha (il6rα), and C-reactive protein (crp) (Fig. 

2.1). Importantly, these changes were not detected at all circadian times, suggesting that 

circadian gating of immune responses may modulate the hepatic response to tumors at a 

distal site(Masri et al., 2016). Inflammatory changes were not evident in the 

hypothalamus (Fig. 2.1h,l), a key brain region involved in the regulation of metabolism 

and sleep, or in the hippocampus or cortex (Figure 2.2). These data suggest that 67NR 

derived tumors promote peripheral, but not central inflammatory responses largely driven 

by IL-6.   

Non-metastatic mammary tumors deregulate hepatic glucose metabolism  
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 Because inflammatory signaling can disrupt liver glucose metabolism 

(Hotamisligil, 2006), we investigated gluconeogenesis and glycolysis pathway gene 

expression in the livers every four hours ‘around the clock’. We observed marked 

deregulation of primary enzymes responsible for glucose processing including lactate 

dehydrogenase-A (ldha), glucokinase (gck), glucose-6-phosphatase 

(g6pc),phophoenolpyruvate carboxykinase 1 (pck1), and pyruvate kinase isozymes L/R 

(pklr). These changes were associated with impaired glucose tolerance after an overnight 

fast and higher glucose when fed ad libitum (Fig. 2.3). We further assessed whether 

insulin signaling was intact by measuring a downstream kinase in the insulin receptor 

activation pathway, phosphorylated Akt (Ser473). We observed reduced pAkt and the 

insulin-dependent glucose transporter (GLUT4; slc2a4) expression in the livers of tumor-

bearing mice, suggesting that serum elevations in glucose were a result of impaired 

insulin-dependent glucose uptake. Metabolic abnormalities did not become apparent until 

the exponential phase of tumor growth, as no differences were observed when tumor-

burden was ~0.05g, at 15 days post-injection (Fig. 2.3k).  

Altered sleep-wake states in tumor-bearing mice 

Because metabolic and immune factors directly contribute to changes in sleep and 

wakefulness (Opp and Toth, 2003; Sakurai, 2005), we assessed whether tumors directly 

altered normal sleep-wake cycles. We monitored EEG/EMG biopotentials via wireless 

telemetry throughout the course of tumor development. Reductions in locomotor activity, 

indicative of fatigue, as well as changes in body temperature regulation were detected 

towards the later stages (days 19-24) of tumor development (Fig. 2.4). This was 
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accompanied by reduced time spent awake, and an increase in NREM but not REM sleep 

(Fig. 2.5). Tumor-induced sleep was fragmented (Figs. 2.5m, 2.6, 2.7), as tumor-bearing 

mice did not maintain long bouts of wakefulness during their normal active phase. 

However, no changes in the spectral components of sleep were detected during this time 

(Fig. 2.8), suggesting that there was no change in sleep quality despite increased and 

fragmented sleep. To test whether tumors impaired normal responses to a homeostatic 

sleep challenge, mice were sleep deprived for 6 hours at the start of the normal inactive 

phase by gentle handling (Oyanedel et al., 2015). Both tumor and non-tumor-bearing 

mice showed enhanced NREM delta power during recovery sleep that dissipated over 

time as sleep pressure resolved, suggesting an intact sleep homeostat (Fig. 2.9). 

Importantly, these problems were evident without simultaneous changes in other 

behaviors classically associated with disrupted sleep, including depressive- and anxiety-

like behaviors (Fig. 2.10).  

Altered hypocretin (orexin) neuron activity in tumor-bearing mice 

Next, we investigated whether sleep problems were associated with changes in the 

activity of neurons that control behavioral state switching, namely hypocretin (also 

known as orexin) and melanin-concentrating hormone (MCH) neurons in the lateral and 

perifornical hypothalamus. Because hypocretin neurons gate arousal depending on 

metabolic state (Taylor and Samson, 2003; Yamanaka et al., 2003b), we hypothesized 

that changes in their activity would further be associated with disrupted metabolism. We 

collected tissue at two time-points coincident with the peak and trough of normal 

hypocretin neural activity (ZT 7 and ZT 17) (Estabrooke et al., 2001) and co-labeled 
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hypothalamic sections with antibodies against hypocretin and the immediate early gene 

cFos. We observed an active-phase specific (ZT 17) increase in cFos+ hypocretin 

neurons in tumor-bearing mice, without simultaneous changes in adjacent MCH 

populations (Fig. 2.11). This change was observed throughout the extent of the 

hypocretin field, as a greater number of cFos+ cells were detected in the dorsomedial, 

perifornical, and lateral hypothalamic areas (Fig. 2.11i). This was not due to a 

generalized activation of the hypothalamus, as the total number of cFos+ cells was 

unchanged between groups.  

IL-6 blockade does not rescue metabolic or sleep phenotypes 

 Because insulin receptor substrates 1 and 2 (IRS1/2), key components in the 

insulin signaling pathway, are targeted for degradation via IL-6-STAT3-SOCS3 signaling 

(Rui et al., 2002), and we observed elevated hepatic responses to tumor-derived IL-6, we 

predicted that blockade of IL-6 signaling would restore normal metabolic function and 

sleep. To test this, we administered a monoclonal antibody (mAb) against IL-6 (IP) or the 

IgG1 isotype control to mice in a full-factorial design at multiple time-points throughout 

tumor development; on day 15 (before abnormalities become apparent), 19, and 23, 

followed by tissue collection on day 26. We conducted a parallel experiment to test 

whether IL-6 blockade could rescue sleep deficits in tumor-bearing mice by 

administering the mAb at day 22 post-injection and collected tissue at day 25 after 

measuring sleep throughout the later stages of tumor development. We used a single 

antibody injection protocol for this experiment as it had equivalent efficacy at knocking 

down IL-6 compared to the triple-dose administration procedure (Fig. 2.12). Despite 
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successfully reducing IL-6 concentrations and pSTAT3-mediated gene transcription, 

metabolic problems remained, and serum glucose levels remained elevated in tumor-

bearing mice (Fig. 2.13). Additionally, IL-6 blockade did not improve (or alter) sleep in 

tumor-bearing mice, which still displayed reduced wakefulness and fragmented vigilance 

states. Together, these data demonstrate that IL-6 is not responsible for tumor-induced 

changes in sleep and metabolism.  

DISCUSSION 

 Patients with breast cancer have idiopathic metabolic and sleep problems that 

reduce quality of life and may contribute to increased mortality (Palesh et al., 2014; 

Protani et al., 2010). Here, we demonstrate that non-metastatic tumors, independent from 

other extraneous factors (e.g., diet, stress, age, or metastasis), can deregulate hepatic 

glucose metabolism and sleep. A prevailing idea regarding the cause of these problems is 

that tumors directly (or indirectly) promote inflammatory signaling that can disrupt 

metabolic processes and the sleep/wake cycle (Bower et al., 2011; Masri et al., 2016). 

Our data do not support this notion, and suggest that metabolic and sleep abnormalities 

arise independent from tumor-induced IL-6 signaling.  

First, we investigated whether non-metastatic tumors in the periphery were able to 

induce systemic immune activation (Fig. 2.1), and demonstrate that 67NR-derived 

tumors promote a predominantly IL-6 driven response. IL-6 is a pleiotropic cytokine that 

has modulatory actions on metabolism. Specifically, IL-6 binding its receptor results in 

the downstream phosphorylation of the transcription factor STAT3. This protein 

regulates the expression of hundreds of genes, including its own negative regulator 
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socs3(Dauer et al., 2005). SOCS3 interacts and targets insulin receptor substrates 1 and 2 

for ubiquitin-mediated degradation(Rui et al., 2002). These are major components 

regulating insulin-dependent glucose uptake, and their suppression results in insulin 

insensitivity concurrent with hyperglycemia, a phenotype we observed in the present 

study.   

The promotion of hyperglycemia is a strategy used by tumors to facilitate their 

proliferation and growth (Ryu et al., 2014), therefore, we examined genes involved in 

gluconeogenesis and glycolysis in tumor-bearing mice. We observed impaired glucose 

tolerance, spontaneous hyperglycemia, as well as altered temporal expression patterns of 

genes responsible for glucose synthesis (ldha, pck1, g6pc) and breakdown (gck, pklr), 

with the former showing an increase and the latter showing a decrease in expression. This 

suggests a shift towards gluconeogenesis and away from glycolysis. Tumor-driven 

disruption of liver function has recently been demonstrated in metastatic mouse models 

of lung adenocarcinoma (Masri et al., 2016), transplanted colorectal cancer, and 

spontaneous pancreatic ductal adenocarcinoma(Flint et al., 2016). Importantly, our data 

provide further evidence for tumor-induced liver dysfunction mediated by a secreted 

factor or neural signal from the tumor, as non-metastatic 67NR cells fail to intravasate 

and do not leave their primary site(Lou et al., 2008). Additionally, in contrast to other 

models, 67NR-derived tumors do not cause behavioral deficits or cachexia (Figs. 2.4, 

2.10), which may independently contribute to the changes we observed.  

Given the reciprocal interactions among sleep, metabolism, and immunity 

(Laposky et al., 2008), we investigated whether tumors in the periphery could disrupt 
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sleep-wake states. Tumor-bearing mice had increased and fragmented sleep towards the 

later stages of tumor development (when total tumor burden was ~3-4% of body mass) 

(Figs. 2.5, 2.6, 2.7). They also displayed altered temporal patterns of NREM delta power 

(Fig. 2.8), but no differences were observed in the spectral components of sleep. This 

suggests that sleep quality was largely unaffected. Because cytokine signaling directly 

interacts with neural circuitry controlling vigilance states (Imeri and Opp, 2009), we 

initially predicted that altered sleep was driven by central inflammation, however we 

found no evidence of altered immune activation in the brain (Fig. 2.2). Indeed, protein 

expression of inflammatory cytokines in the brain (hippocampus and cortex) was not 

different between tumor and non-tumor bearing mice regardless of whether the tumor 

cells were situated orthotopically (within the mammary fat pad) or subcutaneously, 

suggesting that the changes we observed were not due to the lack of specific tumor-

stromal interactions (Fig. 2.14).  

 Hypocretin neurons receive peripheral signals on metabolic and immune status, 

integrating these factors to subsequently regulate arousal (Willie et al., 2001). 

Additionally, these neurons send direct projections to the liver to regulate glucose 

production via autonomic pathways (Yi et al., 2009). We observed increased hypocretin 

neuronal activity during the active phase (as assessed via cFos immunofluorescence) 

(Fig. 2.11), suggesting that disrupted sleep may be coupled to changes in metabolism or 

immune signaling in the periphery. We did not observe changes in either total cFos+ 

neurons or cFos+ MCH+ cells, which are co-distributed with hypocretin neurons, 

suggesting a hypocretin-specific effect of peripheral tumors. These data provide evidence 
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for a link between tumor-induced changes in metabolism and alterations to the activity of 

neurons controlling sleep-wake states. Indeed, hypocretin receptor antagonism is capable 

of lowering glucose, preventing weight gain, and promoting sleep (Tsuneki et al., 2016). 

This poses the attractive idea that already approved hypocretin receptor antagonists (e.g., 

Suvorexant) could be repurposed to promote simultaneous improvements in metabolism 

and sleep in cancer patients.  

Given the increase in IL-6 signaling observed in the present study, as well as 

previous reports indicating a causal link between this cytokine and the deregulation of 

hepatic metabolism and sleep (Flint et al., 2016; Masri et al., 2016; Vgontzas et al., 

1999), we predicted that blocking IL-6 would rescue the disrupted phenotypes we 

observed. After administrations of neutralizing antibodies against IL-6, we were unable 

to rescue either metabolic or sleep problems in tumor-bearing mice (Figs. 2.12, 2.13). 

These data demonstrate that IL-6 is not required for the development of glucose 

intolerance and vigilance-state disruption in response to non-metastatic tumors in the 

periphery. 

Together, our data demonstrate a novel somnogenic effect of non-metastatic 

mammary tumors, which is accompanied by deregulated glucose metabolism. This effect 

is not mediated by tumor-induced elevations in IL-6, as blocking IL-6 signaling did not 

rescue the observed deficits. Future research should examine tumor-secreted factors or 

neural pathways that are capable of altering both neurons that control vigilance states 

(e.g., hypocretin) as well as hepatic glucose production. Our data further suggest that 

existing drugs that target the hypocretin/orexin system could be harnessed to improve 
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both sleep and glucose metabolism in cancer patients. Given that tumors use glucose as a 

primary energy source, normalizing hepatic glucose production could, in turn, impede 

tumor growth and proliferation (Heiden et al., 2009), providing a novel strategy to 

improve quality of life and reduce mortality in patients with cancer.  

Methods 

Animals 

 Adult (>8 wks old) female BALB/cJ mice (Jackson Laboratories) were group 

housed (4/cage) and allowed to acclimate to our facility for 1 week on a 14:10 light/dark 

cycle before experimental group assignment. Mice were provided food (Harlan Teklad 

#7912), filtered tap water, and cotton nesting material ad libitum throughout the course of 

the experiment. BALB/cJ mice were used as the 67NR tumor cell line was originally 

derived from a spontaneous tumor in this strain of mice, allowing for experiments to be 

done in the context of an intact immune system. All procedures were approved by The 

Ohio State University Institutional Animal Care and Use Committee.  

Transmitter implantation and biopotential recording 

 Following acclimation, mice were deeply anesthetized under isoflurane vapors 

(3% induction, 1.5% maintenance) and implanted with PhysioTel F20-EET (Data 

Sciences International [DSI], St. Paul, MN, USA) biotelemetry units to allow acquisition 

of electroencephalogram and electromyogram potentials as described previously 

(Borniger et al., 2015). Following immobilization in a stereotaxic apparatus, a midline 

incision was made extending between the posterior margin of the eyes and the midpoint 

of the scapulae. The skull was exposed and cleaned, and two stainless steel screws (00-96 
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x 1/16; Plastics One, Roanoke VA, USA) were inserted through the skull to make contact 

with the underlying dura mater. These screws served as cortical electrodes. One screw 

was placed 1 mm lateral to the sagittal suture and 1 mm anterior to Bregma. The other 

screw was placed contralaterally 2 mm from the sagittal suture and 2 mm posterior to 

Bregma. The transmitter was inserted into a subcutaneous pocket along the back of the 

animal. A set of leads was attached to the cortical electrodes and secured with dental 

cement. Another set of leads was inserted into the trapezius muscles for EMG 

measurement. The surgical procedures were performed using aseptic technique, and 

buprenorphine (0.05 mg/kg, SC) was administered to provide post-operative analgesia 

along with supplemental warmth (heating pad) until the animals were mobile. Following 

surgery, mice were singly housed and their cages were placed on top of receiver boards 

(RPC-1; DSI) in ventilated cabinets. These boards relay telemetered data to a data 

exchange matrix (DSI) and a computer running Ponemah software (version 6.1; DSI, St. 

Paul, MN, USA). Mice were allowed to recover from the surgery for two weeks prior to 

beginning sleep recordings.  

Sleep deprivation  

 A separate cohort of mice (6/group) was used for analyses of the homeostatic 

response to sleep deprivation. Total sleep deprivation was accomplished via ‘gentle 

handling’ during the first six hours of the rest phase (ZT 0-6), followed by an 18h 

recovery period (Oyanedel et al., 2015). If EEG/EMG biopotentials showed signs of 

sleep and the animal displayed a sleeping posture, the cage was gently tapped to arouse 

the mouse. As this method is dependent on live monitoring of EEG/EMG and sleep 
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posture, this method cannot eliminate all sleep, and short episodes (< 10 sec) of ‘micro-

sleep’ persisted.  

Tumor induction and volume determination 

 Non-metastatic murine 67NR mammary cancer cells (Fred Miller, PhD, 

Karmanos Cancer Institute, Detroit, MI, USA) obtained from the supplier were cultured 

using sterile technique in Dulbecco’s modified Eagle’s medium supplemented with 10% 

fetal bovine serum and 1% penicillin/streptomycin. Cells were used within 3 passages 

upon arrival. Prior to injections cells underwent mycoplasma testing using the 

PlasmoTest kit (InvivoGen, San Diego, CA, USA) and were verified to be free of any 

mycoplasma contamination. These cells, when implanted, display a breast cancer 

phenotype similar to the basal subtype (Aslakson and Miller, 1992). Cells were incubated 

at 37°C in a mixture of 5% carbon dioxide and 95% air. Once cells reached ~90% 

confluence, cell numbers and viability were determined with a 1:1 mixture of trypan blue 

(Life Technologies) in an automated hemocytometer (The Countess II, Life 

Technologies, Carlsbad, CA, USA). Cells were diluted in DMEM to make a final 

concentration of 1 x 105 cells per 100 uL. Mice were briefly anesthetized under 

isoflurane, and received bilateral subcutaneous injections (100 uL surrounding the left 

and right inguinal mammary fat pad) of 67NR in DMEM (hereafter referred to as 

“Tumor”) or DMEM alone (“No Tumor”). Proper injection was confirmed by observing 

the presence of a wheal upon injection. Mice were inspected daily for tumor growth. 

Once a tumor became palpable, measures were taken daily using sliding calipers and 

volume was determined using the formula Volume = (length x width2)/2 (Tomayko and 
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Reynolds, 1989). Sleep measures were recorded continuously throughout tumor growth, 

and once a tumor exceeded 1.5 cm in any dimension, or 25 days post-injection, the mouse 

was euthanized. Animals showing any of the following signs were removed from the 

study and euthanized: (1) overall tumor volume exceeding 2000 mm3, (2) ulcerated 

tumors, (3) evidence of chewing at the injection site, or (4) tumor interfered with normal 

mouse function (e.g., eating, drinking). Only one mouse met any of these removal criteria 

(initial signs of an ulcerated tumor) and was euthanized at day 18 post-67NR injection. 

One additional mouse, upon necropsy, had developed an intra-peritoneal tumor, and its 

data were excluded from all analyses due to the extensive immune activation observed. 

To determine whether differences were dependent on specific tumor and stromal 

interactions, an additional group received orthotopic injections of the same volume of 

cells into the 4th and 9th inguinal mammary fat pad.  

Behavior 

Sucrose Anhedonia. Mice were tested for anhedonia-like behavior on the sucrose 

preference test on days 22-24 post-injection. Food was removed from the cage at ZT 14 

(lights off), and two water bottles (15 ml Falcon tubes with rubber stoppers) were 

weighed and placed into the hopper and the mouse could drink from these ad libitum for 

the next 6 h (after which they were weighed again). One bottle contained normal drinking 

water, and the other contained a 2% sucrose solution in standard drinking water. The first 

two nights were used to habituate mice to the two water bottle paradigm, and data from 

the final night were used to assess anhedonia-like behavior. Reduced sucrose preference 
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in rodents is interpreted as an anhedonic response indicative of a depressive-like state 

(Bedrosian et al., 2011). 

Open Field. The open field chamber consisted of a 40 x 40 cm transparent acrylic box 

flanked by two stacked grids of intersecting infra-red beam emitters/detectors. This 

allows for determination of mouse position and # of rears (an index of exploratory 

behavior). This test was completed immediately prior to the forced-swim test on day 25 

post-injection. Mice were allowed to explore the open field for 30 min, and the first 5 min 

were scored for central tendency (an index of anxiety-like behavior) and # of rears, and 

the entire recording period was used to assess locomotor activity. These variables were 

scored automatically by Photobeam Activity System (PAS) software (San Diego 

Instruments, San Diego, CA).   

Forced Swim Test. Mice were tested for depressive-like behavior using a 5 minute 

forced-swim test. Briefly, mice were placed into a clear 3000 ml containers filled with 

~2000 ml room temperature water (~22°C) and videotaped for the next 5 minutes. 

Following testing, mice were patted dry and placed back into their home cage. Containers 

were emptied and cleaned (with 70% EtOH) between each test. The tape was analyzed 

(by an uninformed observer) for time spent swimming (i.e., vigorous swimming or 

scratching at the container wall) and time spent immobile (i.e., minimal movement 

necessary to keep head elevated above the water surface) and number of immobile and 

mobile bouts using Observer XT Software (8.0, Noldus Information Technology, 

Leesburg, VA, USA).  

RNA extraction and quantitative RT-PCR 
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 Following euthanasia via isoflurane overdose/decapitation, brains and livers were 

immediately dissected and placed into RNALater reagent (Qiagen) on ice. Hypothalamic 

and brainstem regions were further dissected one week later for gene expression analysis. 

RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s 

instructions. RNA quality and quantity were determined using a spectrophotometer 

(NanoDrop), and cDNA was synthesized using M-MLV reverse transcription. 20 ng of 

cDNA/reaction was used in subsequent PCR. Taqman Fast advanced master mix (Life 

Technologies) containing AmpliTaq Fast DNA polymerase was used in a 20 uL duplex 

reaction with one of the primer/probe pairs listed in Supplementary Table 1 and a 

primer-limited primer/probe for the endogenous control eukaryotic 18s rRNA. The 2-step 

real-time PCR cycling conditions used were: 95°C for 20 s, 40 cycles of 95°C for 3 s, and 

then 60°C for 30 s. Relative gene expression was calculated using a relative standard 

curve of serially diluted pooled samples, and normalized to 18s rRNA signal.  

Anti-IL-6 mAb administration 

 Three different cohorts of mice were injected bilaterally with 1 x 105 67NR cells 

in DMEM or DMEM alone as previously. Tumor growth was monitored daily. In the first 

cohort, at 23 days post-injection, mice were given a single 0.1 mg intraperitoneal (IP) 

injection (in 200 µl PBS) of a rat monoclonal antibody against mouse IL-6 (R&D 

Systems, MAB406), or the IgG1 isotype control (MAB005). Tissue was collected ~73 h 

later at the beginning of the active phase (ZT 14), and hepatic metabolic parameters were 

examined via qPCR. A second set of mice was used to examine the effects of a singular 

IL-6 mAb treatment on sleep in tumor-bearing mice. The final cohort was injected with 
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the anti-IL-6 mAb or the control IgG1 isotype control starting prior to when metabolic 

and sleep abnormalities appeared, and then throughout tumor growth (days 15, 19, and 

23). Tissue was then collected on day 26 during a mid-day timepoint (ZT 7).  

Intraperitoneal glucose tolerance test  

 Mice were fasted overnight for 12 h. Following the fast, at ZT 1, baseline blood 

glucose was measured using a glucose meter (Bayer, Contour 7151G), and mice were 

intraperitoneally injected with 2 g kg-1 glucose in isotonic saline. Glucose levels in blood 

were further measured at 15, 30, 60, 90, and 120 min intervals following injection to 

examine its clearance from circulation.  

Cytokine protein quantification and enzyme immunoassays (EIAs) 

 To examine cytokine protein profiles in serum, tumors, cortex, and hippocampus, 

a 10-plex cytokine (V-Plex proinflammatory panel 1, Meso-Scale Discovery (MSD)) 

panel was completed according to the manufacturer’s instructions. This kit measures 

protein levels of IFN-γ, IL-10, IL-12p70, IL-1β, IL-2, IL-4, IL-5, IL-6, KC/GRO 

(CXCL1), and TNF-α. Serum corticosterone was determined using an enzyme 

immunoassay kit (DetectX, K014-H5, Arbor Assays, MI, USA). Samples were diluted 

with dissociation reagent and assay buffer 1:100. Plates were read on a plate reader at 450 

nm and concentrations were determined using a 4-parameter logistic curve. Serum insulin 

concentrations were determined using a commercially available sandwich ELISA (Ultra 

Sensitive Mouse Insulin ELISA Kit, Crystal Chem, Downers Grove, IL, USA) according 

to the manufacturer’s instructions (wide-range protocol). 

Immunohistochemistry 
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 F4/80 staining was completed to examine macrophage infiltration into 67NR-

generated tumors. Tumors were post-fixed in 4% paraformaldehyde for 2-3 days and then 

dehydrated in 70% ethanol prior to paraffin embedding and downstream processing. 

Blocks were deparaffinized in xylene and rehydrated in distilled water. A 125°C antigen 

retrieval step was completed to unmask cloaked antigens prior to staining. Each of the 

following steps included appropriate wash steps in between. Slides were incubated in 3% 

hydrogen peroxide in methanol for 10 min followed by a serum-free protein block for 10 

min, and then incubated with primary antibody (rat anti-F4/80 Serotec #MCA497G) 

(1:100 dilution) in Dako antibody diluent for 30 min. Then, sections were incubated with 

biotinylated rabbit anti-rat (1:200) 2° Ab in blocking solution for 30 min, followed by 

incubation in Vector RTU ABC Elite complex for 30 min. DAB was used as the 

chromogen for 5 min, and hematoxylin was used as a counterstain for 30 s. Sections were 

rinsed with tap water and 1% ammonium hydroxide, dehydrated in EtOH, cleared in 

xylene, and coverslipped.   

 cFos and Hypocretin-1 (orexin-a) or pro-MCH co-staining were completed on 

free-floating 30 µm cryostat sections in a separate cohort of animals. Following 5 x 10 

min washes in PBS, sections were blocked in 2.5% normal donkey serum, 0.1% Triton-

X100, and 0.01M PBS. Sections were then incubated for 24h at room temperature in 

primary antibodies (1:400; Goat anti-orexin-A #sc-8070 or goat anti-Pro-MCH (1:100) 

#sc-14509; rabbit anti-cfos #sc-52) in blocking solution. Sections were washed 3 times in 

PBS, then incubated in donkey anti-goat and anti-rabbit secondary antibodies (1:200; 

Alexa-fluor 488 and 594), washed again and then mounted onto slides with VectaShield 
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+ DAPI mounting media (Vector Labs). Images containing hypocretin or MCH neurons 

were taken through the extent of the hypothalamus and the total number of orexin+ (or 

MCH+) and cFos+ cells were counted by a blinded observer.  

Western blotting 

 Livers were homogenized in RIPA lysis buffer and 50 µg of protein lysate was 

resolved on Tris-glycine SDS-PAGE gels. Antibodies against Total STAT3 (1:1000), 

pSTAT3 (1:2000), Total AKT (1:1000), pAkt (1:2000), GAPDH (1:1000) (all from Cell 

Signaling) were used for Western blotting overnight at 4°C. Secondary antibodies 

(Donkey anti-rabbit (1:30,000) and Donkey anti-mouse (1:20,000) (Li-Cor)) were used 

for 1 hour at room temperature. Membranes were scanned using Li-Cor CLx Imager. 

Sleep architecture and spectral analyses 

 Raw biopotentials were band pass filtered (0.3-25 Hz for EEG, and 25-50 Hz for 

EMG) and analyzed in 10s epochs via the automated rodent sleep scoring module in 

Neuroscore (DSI) as previously described (Borniger et al., 2015; Eban-Rothschild et al., 

2016). Delta and theta ratio criteria, as well as EMG threshold values (for scoring of 

NREM, REM, and wake, respectively) were adjusted on a per-animal basis to ensure 

accurate scoring across the experimental set. The delta band was set at 0.5–4.0 Hz, and 

the theta band was set at 6-9 Hz. Artifact detection thresholds were set at 0.4 mV for both 

EMG and EEG, and if >10% of an epoch fell outside this threshold, the entire epoch was 

scored as artifact. Visual inspection of the EEG was conducted on a subset of recordings 

(3 days/animal) to further ensure accurate scoring. Wake was characterized by high 

frequency and low voltage EEG accompanied by high voltage EMG. NREM (i.e., slow 
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wave sleep) sleep was characterized by low frequency and high voltage EEG 

(predominant delta), accompanied by low voltage EMG. REM (i.e., paradoxical) sleep 

was characterized by high frequency, low voltage EEG (predominant theta) and EMG 

values. 10 s epochs were collapsed into 2 h bins for subsequent graphing and statistical 

analyses.  

For spectral analyses, biopotentials were visually inspected, cleaned of artifacts, 

and subjected to Fast-Fourier Transforms. Periodogram data were collected in 10s epochs 

of scored data. 2-h bins of NREM spectral power data were compiled, normalized to % of 

total spectral power, and analyzed over the course of a day to visualize differences in 

diurnal variation in NREM delta power.  

Statistics 

 Group means were compared using student’s t-tests. For the IL-6 antibody 

experiments, groups were compared using two-way ANOVAs with tumor status and 

antibody treatment as independent variables, followed by Tukey’s multiple comparisons 

post-hoc test. A two-tailed alpha of 0.05 was considered significant throughout. All 

statistical analyses were completed with SPSS Statistics software (version 22, IBM, 

Armonk, NY) or GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA).   

Figures 
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Figure 2.1. Non-metastatic tumors induce peripheral IL-6 signaling. Tumor bearing mice have increased 

(a) spleen mass (N = 12/group; t = 3.702, p = 0.0012), (b) high serum levels of IL-6 (N = 13 no tumor, N 

= 14 tumor for IL-6; t = 2.449, p = 0.022, N = 14/group for TNF-α, t = 2.322, p = 0.028), and (c) their 

tumors contain high levels of IL-6 protein. (d) This is associated with increased pSTAT3 activation 

(western blot) in the liver of tumor-bearing mice (T) and marked macrophage (F4/80+) infiltration into 

tumors. Tumor bearing mice have increased expression of downstream targets of IL-6 signaling in the 

liver including (e) stat3 (N = 9/group for ZT 6, t = 2.937, p = 0.0097; 10/group for ZT 14, t = 2.241, p = 

0.038; 9 no tumor, 10 tumor for ZT 22, t = 3.571, p = 0.0024), (f) socs3 (N = 9 and 8/group for no tumor 

and tumor groups ZT 6, t = 2.692, p = 0.0167; N = 9 and 10 for ZT 10, t = 2.683, p = 0.0157), (g) il1r1 (N 

= 10 no tumor, 9 tumor for ZT 10, t = 2.379, p = 0.029; 8 and 10 for ZT 14, t = 3.725, p = 0.0018), (i) 

il6rα (N = 9/group for ZT 6, t = 3.237, p = 0.0052; 10 no tumor and 8 tumor for ZT 10, t= 2.144, p = 

0.0478; 9 and 10 for ZT 14, t= 3.139, p = 0.00599; 10 and 9 for ZT 18, t = 2.137, p = .0474; and 9/group 

for ZT 22, t = 2.642, p = 0.0177), (j) ccl2 (N = 10 no tumor and 9 tumor for ZT 10, t = 2.247, p = 0.038) 

and (k) crp (N = 8 no tumor 10 tumor for ZT 10, t = 2.79, p = 0.013; 9 and 8 for ZT 14, t = 2.087, p = 

0.054),  but not the hypothalamus (h,l). (Error bars represent ±SEM; *p < 0.05, **p < 0.01, student’s t-

test)  
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Figure 2.2. Peripheral non-metastatic tumors do not induce neuroinflammation. No changes in 

any of the cytokines examined were detected in (a) the cortex or (b) the hippocampus 

throughout the course of tumor development (days 5, 10, 15, 20, 25, or 30). (error bars 

represent SEM, N = 5-6 for vehicle treated mice on days 5, 10, 15, 20, and N = 14-15 for days 

25 and 30; N = 13-15 for tumor-bearing mice on all days).  
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 Figure 2.3: Non-metastatic tumors alter hepatic glucose metabolism. Tumor-bearing mice had impaired 

(a,b) glucose processing during a glucose tolerance test following an overnight fast (N = 10 no tumor, 9 

tumor mice at 15 min post-injection, t = 2.599, p = 0.0187; N = 10/group for AUC, t = 2.134, p = 0.047), 

as well as (c) spontaneously higher glucose during the active phase (N = 19 no tumor, 18 tumor mice, t = 

2.398, p = 0.0219). This was accompanied by (d) reduced expression of the insulin-dependent glucose 

transporter (slc2a4) (N = 15/group, t = 3.78, p = 0.0008), and altered expression of gluconeogenesis and 

glycolysis pathway genes ‘around the clock’ (e) gck (N = 10/group for ZT 18, t = 2.365, p = 0.029), (f) 

g6pc (N = 8 no tumor and 10 tumor at ZT 2, t = 2.258, p = 0.038; and 10 and 9 at ZT 14, t = 2.428, p = 

0.0266), (h) pklr (N = 10 no tumor and 11 tumor for ZT 10, t = 2.23, p = 0.038; 9/group for ZT 18, t = 

2.764, p = 0.014), (i) pck1 (N = 10/group for ZT 2, t = 2.694, p = 0.015; 9/group for ZT 14, t = 2.792, p 

= 0.013), and (j) ldha (N = 9 no tumor and 12 tumor mice for ZT 10, t = 2.38, p = 0.028 ; 8/group for ZT 

14, t= 5.105, p = 0.00016) as well as (g) reduced pAkt expression in the liver, indicating impaired insulin 

receptor signaling. These changes in inflammation and metabolism were not evident until after day 15 

following 67NR inoculation, as expression of all genes was equivalent between groups at this time (k). 

(error bars represent S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001; student’s t-test). 



76 

 

  

Figure 2.4. Peripheral tumors disrupt locomotor activity rhythms and temperature regulation in 

mice. (a) schematic experimental design; (b) Mean tumor volumes throughout the course of the 

study (calculated using V = (LW2)/2, (c) tumors did not alter body mass. (d) early after 67NR 

inoculation (days 2,3,4), locomotor activity was equivalent between groups, however (e,f) 

during the final days of tumor development (-3,-2,-1 days before tissue collection), tumor-

bearing mice significantly reduced their daily activity. (N = 8/group, day -3 t = 2.676, p = 0.018, 

-2 t = 3.411, p = 0.004, -1 t = 4.095, p = 0.0011) (g) body temperature was unchanged during 

early timepoints following 67NR injection, (h,i) however, towards the end of the study tumor-

bearing mice showed a large range in body temperatures indicating impaired temperature 

regulation (N = 8/group, t = 2.444, p = 0.028). (error bars represent SEM; *p < 0.05, **p < 

0.01), student’s t-test). 
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Figure 2.5. Peripheral tumors disrupt sleep-wake states in mice. Early during tumor development (i.e., 

2-4 days post-induction, sleep is not different from non-tumor bearing controls (panels a,d,g). However, 

late during tumor development (3 days prior to euthanasia at endpoint criteria), mice with tumors spend 

less time awake (panels b,c) (N = 7/group for days -3, t = 2.401, p = 0.033, and -2, t = 2.595, p = 0.0234, 

and 6 no tumor and 7 tumor for -1, t = 2.984, p = 0.0124, days prior to tissue collection) and more time 

in NREM sleep (panels e,f) (N = same as panel (c), -2 days t = 2.317, p = .039; -1 days, t = 2.925, p = 

0.0138). Smaller changes are evident in REM sleep, although the total amount of REM sleep remained 

similar between groups (panels h, i). Representative band-passed EEG/EMG signals from tumor and 

non-tumor bearing mice in the (j) wake, (k) NREM, and (l) REM sleep vigilance states. Tumor-induced 

sleep was fragmented, as evidenced in (m), which shows representative hypnograms during the light and 

dark phases during final day of tumor growth. Aberrant periods of sleep during the normal active phase 

are marked with red arrows. Error bars represent ±SEM, *p < 0.05, student’s t-test.  

m 
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Figure 2.6. Tumor-bearing mice have increased bouts of wakefulness and NREM sleep during 

the active phase. (a) early after 67NR inoculation (days 2, 3, 4), wakefulness bout numbers 

were equivalent between groups, however during the final days of tumor development (-3,-2,-1 

days before tissue collection), tumor bearing mice increased their number of wake bouts 

indicating fragmentation of vigilance states (N = 6 no tumor, 7 tumor, day -1 t = 2.203, p = 

0.049). (b) the same pattern was evident for NREM bouts (N = 7/group, day -2 t = 2.331, p = 

0.038) but not (c) REM sleep bouts, and the greatest difference was observed during the dark 

(active phase). (Error bars represent SEM, *p < 0.05; student’s t-test). 
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Figure 2.7. Tumor-bearing mice cannot maintain long bouts of wakefulness during the active 

phase. (a) early after 67NR injection, wake bout lengths were equivalent between groups, 

however during the last stages of tumor development (days -3,-2,-1 before tissue collection), mice 

with tumors were unable to maintain extended bouts of wakefulness during the active phase (N = 

7/group, day -3 t = 2.292, p = 0.041; day -2 t = 5.342, p = 0.0002; day -1 t = 4.302, p = 0.0013). 

(b) this was accompanied by an increase in the length of NREM bouts during the same time 

period (N = 7/group, day -2 t = 2.317, p = 0.039; day -1 t = 2.925, p = 0.014), without significant 

changes in (c) REM sleep bout duration (Error bars represent SEM, *p < 0.05, ***p < 0.005 

student’s t-test). 
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Figure 2.8. The spectral components of sleep are intact in tumor-bearing mice, but they 

show altered temporal patterns of NREM delta power. (a and b) representative 3 minute 

EEG/EMG recordings from a non-tumor-bearing and a tumor-bearing mouse demonstrate 

normal frequency distributions during vigilance state transitions (outlined hatched boxes), 

and summed three final days of data recording showing the spectral power for (c) NREM 

sleep, (d) REM sleep, and (e) wakefulness. (f) within NREM sleep, the delta frequency 

shows reduced amplitude during the active phase (delineated by blue arrows), indicating 

lower sleep pressure due to increased sleep during this time period. (g, h) despite this 

temporal difference, the mean delta power was unchanged and range of values was 

similar between groups. (Error bars represent SEM, N =7-8/group). 
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Figure 2.9. Tumor-bearing mice show intact responses to sleep deprivation. Mice were 

sleep deprived via gentle handling during the first 6 hours of the light phase (ZT 0-6) when 

sleep pressure is high, and allowed 18 h of recovery. Both non-tumor bearing and tumor-

bearing mice showed equivalent (a,b,d)  patterns of increased sleep and decreased 

wakefulness following sleep deprivation, and (c) normal (enhanced) NREM delta power 

during recovery sleep.  (Error bars represent SEM, N = 6/group). 
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Figure 2.10. Tumor-bearing mice do not show behavioral deficits or alterations to genes 

frequently deregulated in disorders of mental health.  (a) tumor and non-tumor bearing mice 

show equivalent phenotypes in the open field arena, including (e) central tendency and (f) the 

number of rears, indexes of anxiety-like behavior. (b,c) tumor and non-tumor bearing mice 

show equivalent responses in the forced swim test, as well as (d) sucrose preference, measures 

of depressive-like behavior. (g) the transcription of many genes previously implicated in 

animal models of depression were unchanged regardless of tumor status or brain region 

examined. (error bars represent SEM, N = 7-8 for behavioral tests, and 14-15 for gene 

expression). 
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Figure 2.11: Non-metastatic tumors alter hypocretin/orexin neuron activity. (a) Tumor-bearing 

mice showed increased cFos immunoreactivity within hypocretin neurons during the active 

phase (ZT 17) (N = 9 no tumor and 8 tumor mice, t = 2.158, p = 0.047 for total cell numbers 

and t = 3.016, p = 0.0087 for % OxA neuron co-labeling at ZT 17). (b-g’) representative 

confocal images of hypocretin/orexin (AlexaFluor-488, green) and cFos  
(AlexaFluor-594, red) immunofluorescence in the hypothalamus. d’ and g’ show zoomed in 

sections of ‘d’ and ‘g’, respectively. Double-labeled cells are denoted by arrowheads. (h) 

schematic of the location of hypocretin/orexin neurons in the hypothalamus, and (i) 

quantification of double-labeling observed in each sub-region during the active phase (ZT 17) 

(N = 9 no tumor and 8 tumor mice, PFA t = 2.722, p = 0.016; LH t = 2.237, p = 0.041) (j) no 

changes were observed in co-distributed melanin concentrating hormone (MCH) neurons. 

(DMH = dorsomedial hypothalamus, PFA = perifornical area, LH = lateral hypothalamus). 

(Error bars represent SEM, *p < 0.05, **p < 0.01, student’s t-test) 
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Figure 2.12. A single injection of a neutralizing antibody against IL-6 at day 22 does 

successfully knockdown IL-6 signaling at day 25 in tumor-bearing mice. (a) tumor bearing mice 

that received the IgG1 isotype control had elevated IL-6 serum concentrations, but treatment with 

anti-IL6 normalized these values (N = 13 no tumor IgG, 14 no tumor anti-IL6, 14 tumor IgG, 13 

tumor anti-IL6, main effect of tumor F1,50 = 27.4, p < 0.0001, main effect of antibody F1,50 = 

17.25, p = 0.0001, interaction F1,50 = 10.23, p = 0.0024). Consistent with reduced IL-6 signaling, 

mRNA expression of IL-6 target genes (b) socs3 (N = 14 no tumor IgG, 12 no tumor anti-IL6, 

11/group for tumor IgG and anti-IL6, main effect of tumor F1,44 = 11.26, p = 0.0016, main effect 

of antibody F1,44 = 9.409, p = 0.0037, interaction F1,44 = 4.306, p = 0.0439) and (c) il1r1 (N = 13 

no tumor IgG and 14 no tumor anti-IL6, 13 tumor IgG and 12 tumor anti-IL6, main effect of 

tumor F1,48 = 8.888, p = 0.0045, interaction F1,44 = 4.392, p = 0.0414) and (d) protein expression 

of phosphorylated STAT3 (pSTAT3 (Tyr705)) were attenuated by antibody treatment. Despite 

reducing IL-6 signaling, liver metabolic abnormalities remained, with tumor-bearing mice 

showing reduced (f) gck (N = 15 no tumor IgG, 14 no tumor anti-IL6, 12/group tumor IgG and 

anti-IL6, main effect of tumor F1,49 = 4.814, p = 0.033), (h) g6pc (N = 15 no tumor IgG, 13 no 

tumor anti-IL6, 11 tumor IgG, 12 tumor anti-IL6, main effect of tumor F1,47 = 6.295, p = 0.0156), 

and (j) slc2a4 (N = 14 no tumor IgG, 13 no tumor anti-IL6, 12/group for tumor IgG and anti-IL6, 

main effect of tumor F1,47 = 6.016, p = 0.018) expression regardless of which treatment (IgG1 or 

anti-IL6) they received. (error bars represent SEM, † = main effect of tumor, * = main effect of 

antibody treatment; multiple comparisons (different letters) denote bars that differ from one 

another at p < 0.05, two-way ANOVA, Tukey’s multiple comparisons post-hoc test). 
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Figure 2.13: Neutralizing antibodies against IL-6 do not rescue metabolic or sleep phenotypes in tumor-

bearing mice. Tumor-bearing mice increased (a) blood glucose (N = 10/group, main effect of tumor, F1,36 

= 11.67, p = 0.0016) and (b) serum insulin (N = 8 no tumor IgG, 9 no tumor anti-IL-6, 9 tumor IgG, 7 

tumor anti-IL-6, main effect of tumor, F1,29 = 16.46, p = 0.0003) regardless of whether they received anti-

IL6 or the IgG1 isotype control (a total of three injections on days 15, 19, and 23). Despite successfully 

knocking down IL-6 (c) (N = 9 no tumor IgG, 7 no tumor anti-IL6, 10 tumor IgG and tumor anti-IL6; 

main effect of tumor F1,32 = 5.344, p = 0.027, main effect of antibody F1,32 = 7.016, p = 0.012, and an 

interaction among the two F1,32 = 4.391, p = 0.044) and IL-6 mediated socs3 expression (d) (N = 9 no 

tumor IgG and anti-IL6, 10 tumor IgG and anti-IL6, main effect of tumor, F1,34 = 12.34, p = 0.0013, main 

effect of antibody, F1,34 = 4.431, p = 0.043), but not il1r1 (N = 10/group except no tumor anti-IL6, main 

effect of tumor, F1,35 = 17.54, p = 0.0002)  tumor bearing mice still showed deregulated expression of ldha 

(g) (N = 9 no tumor IgG and anti-IL6, 9 tumor IgG and 10 tumor anti-IL6, main effect of tumor, F1,33 = 

10.3, p = 0.003), slc2a4 (j) (N = 10/group except 9 for tumor anti-IL6, main effect of tumor, F1,35= 11.79, 

p = 0.0015), and gck (k) (N = 10/group except 9 for tumor IgG, main effect of tumor, F1,35= 11, p = 

0.0021), suggesting that IL-6 is not required for tumors to alter hepatic metabolism. Additionally, Anti-

IL6 mAb treatment (single injection at day 22, denoted by “mAb” in figure) did not alter sleep in tumor 

bearing mice (m), demonstrating that IL-6 is not required for tumor-induced sleep disruption. (Error bars 

represent S.E.M, † = main effect of tumor, * = main effect of antibody treatment, different letter headings 

represent multiple comparisons at p < 0.05, 2-way ANOVA; Tukey’s multiple comparisons test). 
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Figure 2.14. Peripheral 67NR tumors do not promote neuroinflammation regardless of whether they 

are placed subcutaneously (Sub) or orthotopically within the mammary fat pad (Fat). (a) cortical and 

(b) hippocampus protein concentrations of inflammatory and anti-inflammatory cytokines at day 25 

post-injection, for hippocampal IL-10 N = 14 no tumor subQ, 15 no tumor fat pad, 14/group for 

tumor subQ and fat pad injections, main effect of tumor F1,53 = 4.117, p = 0.0475). (error bars 

represent SEM; † = main effect of tumor, N = 13-16/group, two-way ANOVA). 
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Table 2.1: Gene expression primer/probe information. 

Gene Name Assay ID Amplicon Length (bp) 

IL-1β Mm00434228_m1 90 

 IL-6 Mm00446190_m1 78 

TNFα Mm00443258_m1 81 

Socs3 Mm00545913_s1 76 

Stat3 Mm01219775_m1 75 

Il6rα Mm00439653_m1  98 

Il1r1 Mm00434237_m1 63 

Crp Mm00432680_g1 134 

Ccl2 Mm00441242_m1    74 

Ifnγ Mm01168134_m1 100 

Ido1 Mm01218006_m1 83 

bdnf Mm01334044_m1 92 

Dlg4 Mm00492193_m1 114 

Syp Mm00436850_m1 60 

Ldha Mm01612132_g1 95 

Pck1 Mm01247058_m1 61 

G6pc Mm00839363_m1 116 

Pklr Mm00443090_m1 62 

Gck Mm00439129_m1 69 

Slc2a4 Mm00436615_m1 68 

18s Hs99999901_s1  187 

 

 

 

 

 

 



88 

 

 

 

 

Chapter 3: Circadian Regulation of Inflammatory Responses to 

Cytotoxic Chemotherapy 
 

The toxicity of over 40 anticancer drugs, including cytostatics, cytokines, and 

targeted biological agents, is largely modified by circadian timing (Levi et al., 2010). The 

DNA intercalator doxorubicin (Granda et al., 2001) and the alkylator cyclophosphamide 

(Gorbacheva et al., 2005) show marked circadian variation in toxicity and tolerability. In 

the case of doxorubicin, these circadian effects persist in constant darkness or constant 

light, eliminating the covariate of masking by darkness or light (Sothern et al, 1988). As 

circadian physiology between nocturnal rodents and diurnal humans is nearly 12 h out of 

phase, drug chronopharmacology typically displays opposite patterns between these 

species (Levi and Schibler, 2007). 

 Cancer chronotherapy depends on administration of treatment at times that 

coincide with optimal drug metabolism and effects on cell cycle progression, DNA 

repair, and apoptosis (Mormont and Levi, 2003). Additionally, several studies have 

demonstrated that peripherally administered cancer chemotherapeutics cause a peripheral 

and central inflammatory response (Borniger et al., 2015; Elsea et al., 2008b; Smith et al., 

2014; Weymann et al., 2014; Wong et al., 2013). Inflammatory cytokines (e.g., IL-1β, IL-

6, and TNF-α) display a circadian rhythm in production and secretion, peaking during the 

early inactive phase coinciding with sleep onset, although organ- and cell-type deviations 
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exist (Besedovsky et al., 2012; Coogan and Wyse, 2008; Fonken et al., 2015; Guan et al., 

2005). Scheving and colleagues demonstrated a several-fold greater efficacy of 

doxorubicin-cyclophosphamide in male mice treated at ZT13 [zeitgeber time (ZT); 1 h 

into active phase] as compared to ZT1 (1h into inactive phase); the mechanisms may 

relate to enhanced cytokines production at ZT1, that could then both disrupt the immune 

response of the host and accelerate cancer growth (Scheving et al., 1980). 

 It remains unknown whether inflammatory responses to chemotherapeutics are 

altered by the timing of drug administration throughout the day, and whether the 

inflammatory response is linked to ‘time-of-day dependent’ side effects of treatment. One 

recent study examined transcript changes in the liver of mice administered various doses 

of cyclophosphamide (Cyclo) during the mid-day and mid-night (ZT 8 and ZT 20) 

(Dycke et al., 2015). Genes involved in immune responses were significantly upregulated 

by cyclophosphamide only in the group that was administered the drug during the light 

phase, suggesting that hepatic immune responses to cyclophosphamide are under 

circadian control. It is also unknown whether similar responses occur centrally, in other 

organs, or with different chemotherapeutic regimens. We hypothesized that time-of-day 

influences inflammatory responses to cytotoxic chemotherapy. To test this hypothesis, we 

administered a cocktail of cyclophosphamide/doxorubicin (Cyclo/Dox; IV) at two 

different times of day (shortly after onset of light, and shortly after onset of dark) to 

female ovariectomized mice, and collected tissue/serum 1, 3, 9, and 24 hours later 

(experimental design: Fig. 3.1). We predicted that mice administered 

doxorubicin/cyclophosphamide chemotherapy at the beginning of their normally inactive 
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phase (ZT 2) would display an exaggerated inflammatory response compared to mice 

injected at the beginning of their normally active phase (ZT 14).  

Methods 

Animals 

 Adult female BALB/c mice (> 8 wks; Charles River Laboratories, Wilmington, 

MA, USA) were used in the experiments described herein. All mice were allowed to 

acclimate to our facility for 1 wk after arrival, and then were ovariectomized to eliminate 

the covariate of acute ovarian failure in response to chemotherapy (Molina et al., 2005; 

Poniatowski et al., 2001a). All surgeries were conducted using aseptic technique by an 

experienced surgeon (NZ), and mice were supplied analgesia (0.05 mg/kg buprenorphine, 

SC) and post-operative warmth (cage placement on a heating pad) until mobile. 

Ibuprofen (~30 mg/kg) was supplied in the drinking water for 5 days following surgery 

for further analgesia. Mice were group housed (4/cage) for 2 wks prior to experimental 

assignment. Mice were supplied ad libitum food (Harlan Teklad #7912) and filtered tap 

water, as well as a cotton nestlet. Cages were changed weekly. Mice were maintained on 

a 12:12 light/dark cycle. Body mass measures were obtained on the day prior to injection, 

and then at tissue collection 1, 3, 9, and 24 h post-injection. All experiments were 

approved and carried out in accordance with guidelines set by The Ohio State University 

Institutional Animal Care and Use Committee (IACUC).  

Agent Administration 

 At ZT 2 (2 h after lights ON) or ZT 14 (2 h after lights OFF), mice were brought 

into an adjacent procedure room, briefly restrained in a conical tube, and injected 
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intravenously (tail vein) with a cocktail of 13.5 mg/kg doxorubicin and 135 mg/kg 

cyclophosphamide or saline vehicle as previously described10. This drug cocktail is 

commonly used as adjuvant treatment for localized breast cancer, as well for the 

treatment of metastatic disease (Shulman et al., 2014). Dosing was determined from 75% 

of the human equivalent dose based on a body surface area equation (Reagan-Shaw et al., 

2008). Injections at ZT 14 were completed under dim (< 5 lux) red light to prevent 

circadian disruption by short-wavelength light.  

Tissue Collection 

 Mice were rapidly euthanized via cervical dislocation and decapitation 1, 3, 9, and 

24 h after agent administration. Whole brain, spleen and liver were collected on ice into 

1.5 mL polypropylene tubes containing RNA-Later Reagent (Qiagen), and subsequently 

stored at -80 °C until RNA extraction or other downstream analyses. Whole blood was 

collected, centrifuged at 4000 x g for 25 min, and serum supernatant was subsequently 

stored at -80 °C until assayed.  

Cytokine Multiplex Assay 

 To examine cytokine and chemokine concentrations in serum, a multiplex 

inflammatory panel was conducted (V-Plex proinflammatory panel 1, Meso-Scale 

Discovery, Rockville, Maryland, USA) according to the manufacturer’s instructions. This 

kit measures protein levels of IFN-γ, IL-10, IL-12p70, IL-1β, IL-2, IL-4, IL-5, IL-6, 

KC/GRO (CXCL1), and TNF-α.  A subset of the samples (111/128) had sufficient serum 

to be included in the multiplex assay; n>4 /group/timepoint). 

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 



92 

 

 RNA was extracted using TriZol reagent (Life Technologies, Thermo Fisher 

Scientific Inc.) according to the manufacturer’s instructions. RNA pellets were 

resuspended in sterile, RNase-free water and quality and quantity were determined using 

a spectrophotometer (NanoDrop, Thermo Fisher Scientific Inc.). cDNA was synthesized 

using M-MLV reverse transcription. 20 ng of subsequent cDNA template was used in 

each qPCR reaction. Inventoried primer/probe pairs from Applied Biosystems (Life 

Technologies) were used (information available in Table 3.1). Probes that span exons 

were chosen to prevent amplification of residual gDNA. Taqman Fast Advanced Master 

Mix (Life Technologies) containing AmpliTaq Fast DNA polymerase was used in a 20 

μL duplex reaction containing target primer/probes and one for the endogenous control 

eukaryotic 18s rRNA. The 2-step RT-qPCR cycling conditions were: a holding stage of 

95 °C for 20 s, 40 cycles of 95 °C for 3 s, and then 60 °C for 30 s. Relative gene 

expression was calculated using a relative standard curve, normalized to 18s rRNA 

signal.  

Corticosterone Enzyme Immunoassay (EIA) 

 Serum corticosterone was determined using an enzyme immunoassay kit 

(DetectX, K014-H5, Arbor Assays, Michigan, USA). In brief, samples were diluted with 

dissociation reagent and assay buffer 1:100, and assayed in duplicate. Plates were read on 

a plate reader at 450 nm, and concentrations were determined using a 4-parameter logistic 

curve plotting unknowns against standard corticosterone values. This assay was run after 

using a significant amount of serum for the multiplex cytokine analyses described above, 

and therefore not all samples contained sufficient serum to be assayed for corticosterone 
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(77/128). Therefore, the results presented provide only a snapshot of corticosterone 

concentrations at 24 h post-injection. The average intra-assay coefficient of variation was 

8.17% and the inter-assay % CV was 7%.  

Statistical Analyses 

 Factorial ANOVAs with treatment, injection time, and time after injection as 

fixed factors were used. To control for circadian variation in gene expression, data were 

analyzed (and displayed) as fold change from time-matched vehicle controls. When 

significant F values were detected, post-hoc univariate ANOVAs were completed to 

examine time-point specific differences between groups. Data that did not show equal 

variance were subjected to non-parametric tests (i.e., Mann-Whitney U). Percent change 

in body mass measures from baseline between each group was compared using a paired-

samples t-test. Values for each variable that fell ≥ 2 standard deviations outside of the 

group mean (Z-score) were considered outliers and removed from analyses a priori. For 

the spleen, liver, hypothalamus, and hippocampus, 3, 7, 4, and 4 samples (respectively) 

failed to amplify during PCR, and their data were therefore not analyzed. Outliers were 

determined within each experimental group (that is, split by time of injection (ZT 2 vs. 

14), injection type (chemo vs. veh), and tissue collection time point (1, 3, 9, and 24 h 

later) resulting in 16 groups that were independently tested for aberrant values in each 

measure. After this, each group had between 6-8 animals for the spleen, 5-8 animals for 

the liver, and 5-8 animals for the brain per gene analyzed; no more than 1 

animal/timepoint/treatment was excluded by Z-score analysis. Final sample sizes are 

listed in the figure legends. Body mass for one mouse was not recorded prior to sample 
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collection and is therefore not included in the analysis. All statistics were completed 

using SPSS Statistics version 23 (IBM, Armonk, NY) and GraphPad Prism 5.0 

(GraphPad Software, San Diego, CA). Mean differences were considered statistically 

significant when p ≤ 0.05.  

Results 

Time of Injection Alters Body Mass Loss After Cyclo/Dox Administration 

 Due to normal circadian variation in food intake and activity that can affect body 

mass, analyses were conducted on percent change in body mass from baseline. 24 h after 

agent administration, ZT 2 treated animals lost significantly more weight (-5.603 ± 

2.85%) than their counterparts injected at ZT 14 (-2.02 ± 2.48%; t = 3.147, p = 0.016) 

compared to their time-matched vehicle controls (Fig. 3.2).  

Injection Time Alters Splenic Cytokine Transcription 

 Cytokine transcription was measured in the spleen as an index of the peripheral 

immune response (Fig. 3.3). Chemo-treated animals increased gene expression of splenic 

IL-1β (F1, 95 = 46.005, p < 0.0001), IL-6 (F1, 97 = 11.97, p < 0.001), TNF-α (F1, 101 = 

22.551, p < 0.0001), SOCS3 (F1, 101 = 32.86, p < 0.0001), IL-1ra (F1, 100 = 22.164, p < 

0.0001), iNOS (F1, 98 = 6.243, p < 0.05), but not MAC-1 (aka ITGAM) (F1, 98 = 1.461, p 

> 0.05). There was an interaction between injection time and treatment in IL-1β (F1, 95 = 

10.689, p < 0.005), TNF-α (F1, 101 = 6.917, p < 0.01), SOCS3 (F1, 101 = 11.6, p < 0.001), 

IL-1ra (F1, 100 = 10.523, p < 0.005), iNOS (F1, 98 = 10.539, p < 0.005), but not IL-6 (F1, 97 

= 1.308, p > 0.05) or MAC-1 (F1, 98 = 1.293, p > 0.05) expression, such that animals 

injected at ZT 2 displayed elevated responses to chemotherapy injection compared to 
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animals injected at ZT 14. Corticosterone concentrations were altered by injection time 

and treatment 24 h post-injection (F3, 21 = 3.9, p < 0.05); corticosterone was elevated at 

ZT 14 compared to ZT 2 in vehicle-treated mice (Tukey HSD post-hoc; p < 0.05), and 

chemotherapy treatment increased circulating corticosterone concentrations in mice 

injected at ZT 2 (p < 0.05), but not ZT 14 (p > 0.05) (Fig. 3.3i). These data suggest that 

injection time has differential effects on the glucocorticoid response to chemotherapy 

treatment. 

Time of Injection Alters Central Cytokine Transcription 

 Central cytokine transcription was examined in the hypothalamus and 

hippocampus (Fig. 3.4). Chemotherapy increased hypothalamic IL-1β (F1, 91 = 16.926, p 

< 0.0001), TNF-α (F1, 92 = 11.591, p < 0.001), SOCS3 (F1, 91 = 6.554, p < 0.05), STAT3 

(F1, 95 = 7.245, p < 0.01), IL-6 (F1, 85 = 4.810, p < 0.05), and CCL2 (F1, 93 = 22.336, p 

<0.0001) expression. There also was an interaction between injection time and treatment 

in IL-1β (F1, 91 = 11.469, p < 0.002), TNF-α (F1, 92 = 8.16, p < 0.006), CCL2 (F1, 93 = 

18.846, p < 0.0001), SOCS3 (F1, 91 = 7.087, p < 0.01), and STAT3 (F1, 95 = 4.978, p < 

0.05) expression, such that mice injected at ZT 14 displayed elevated responses to 

chemotherapy injection compared to animals injected at ZT 2. This interaction was not 

observed in hypothalamic IL-6. This expression profile is nearly the opposite pattern to 

that observed in the spleen (Fig. 3.3).   

Chemotherapy did not affect IL-1β expression within the hippocampus (F1, 90 = 

.548, p > 0.05). However, there was an interaction among treatment, injection time, and 

time after injection (F3, 90 = 5.422, p < 0.005), such that mice injected at ZT 14 showing 
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an increase in expression at 9 h after injection that was not evident in mice injected at ZT 

2 (Fig. 3.4h). Similar results were obtained for hippocampal TNF-α, with no main effect 

of treatment evident (F1, 90 = .063, p > 0.05), but an interaction between treatment and 

injection time (F1, 90 = 10.954, p < 0.002), and an interaction among treatment, injection 

time, and hours after injection (F3, 90 = 3.323, p < 0.05); i.e., animals injected at ZT 14 

displayed increased hippocampal TNF-α 3 and 9 h post-injection (Fig 3.4i).  

Time of Injection Alters the Transcription of Enzymes Involved in Cyclo/Dox Metabolism 

 The expression of Cytochrome p450 genes Cyp2b10 and Cyp3a13 as well as 

carbonyl reductase (Cbr1) were examined in the liver (Fig. 3.5). Chemotherapy 

significantly increased expression of Cyp2b10 (F1, 93 = 25.666, p < 0.0001), Cyp3a13 (F1, 

90 = 12.035, p < 0.001), and Cbr1 (F1, 95 = 7.131, p < 0.01) in the liver compared to 

vehicle injection. There also was an interaction between treatment and injection time in 

Cyp2b10 expression (F1, 93 = 8.565, p < 0.005), an effect not evident in Cyp3a13 (p > 

0.05) or Cbr1 (p > 0.05) expression. The activity of Cyp2a10 positively correlated with 

the splenic expression of many proinflammatory cytokines in mice that were injected at 

ZT 2 (IL-6: R = 3.26, p < 0.05; IL-1β: R = .579, p < 0.0001; SOCS3: R = .314, p < 0.05; 

TNF-α: R = .387, p < 0.01; IL-1ra: R = .348, p < 0.05), but not in mice injected at ZT 14 

(except IL-1β: R = .3, p < 0.05) (Fig. 3.6a-c). A similar pattern was observed for 

Cyp3a13 (ZT 2: iNOS: R = .418, p < 0.01; SOCS3: R = .295, p < 0.05; TNF-α: R = .396, 

p < 0.01; IL-1ra: R = .353, p < 0.05; ZT 14: all correlations p > 0.05), but not for Cbr1 

(excepting ZT 2 iNOS: R = .295, p < 0.05; ZT 14: All genes p > 0.05). Liver transcription 

of these enzymes was related in a similar fashion to hypothalamic cytokine transcription, 
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with Cyp2b10 correlating with several genes in mice injected at ZT 2 (Fig. 3.6d-f) (IL-

1β: R = .346, p < 0.05; IL-6: R = .323, p < 0.05; STAT3: R = .318, p < 0.05; CCL2: R = 

.29, p < 0.05), but not ZT 14 (p > 0.05 in all gene examined). Cyp3a13 transcription was 

associated with hypothalamic IL-6 expression in mice injected at ZT 2 (R = .401, p < 

0.01), but not ZT 14 (p > 0.05 for all genes examined). Likewise, liver Cbr1 was 

positively correlated with hypothalamic IL-6 only in mice injected at ZT 2 (R = .34, p < 

0.05; ZT 14: all genes examined p > 0.05).  

Time of Injection Does Not Alter Circulating Cytokine Levels 

 There was a significant increase in serum IL-6 (F1, 94 = 38.485, p < 0.0001) and 

CXCL1 (aka KC/GRO) (F1, 98 = 19.19, p < 0.0001) concentrations, but not IFN-γ, IL-10, 

IL-1β, IL-2, IL-5, or TNF-α (p > 0.05 in all cases), among chemo-treated mice compared 

to vehicle-treated mice. There was no interaction between injection time and treatment in 

any of the serum proteins examined (p > 0.05 in all cases) (Fig. 3.7).  

Discussion 

Together, the data presented here demonstrate tissue-specific, time-of-day-

dependent changes in inflammatory responses to cytotoxic chemotherapy. Mice injected 

with Cyclo/Dox at ZT 2 exhibited no increase in hypothalamic IL-1β, TNF-α, IL-6, 

CCL2, STAT3, or SOCS3, a downstream target of JAK/STAT signaling, compared to 

vehicle treated animals. Animals treated at ZT 14, however, showed a biphasic 

expression of these genes in the hypothalamus, with peaks at 3 and 24 h after injection 

(Fig. 4). This pattern was similar in the hippocampus, where animals injected at ZT 14 

increased hippocampal IL-1β and TNF-α 3-9h following injection, a pattern not evident 
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in mice injected at ZT 2 (Fig. 3.4h,i). The induction of inflammatory mediators within 

the brain displayed the opposite pattern from the spleen (Fig. 3.4). This difference 

between peripheral and central inflammatory signaling in response to chemotherapy may 

depend on clock gene activity within brain microglia and peripheral macrophages, which 

contain autonomous clocks that are 6-8 h out of phase with each other (Fonken et al., 

2015; Keller et al., 2009). Additionally, central clocks and those in peripheral organs are 

~4 h out of phase, reflecting the master/slave oscillator relationship between them 

(Balsalobre, 2002; Balsalobre et al., 1998). These data also highlight the notion that 

peripheral responses to an immune challenge cannot be considered a reliable indicator of 

the central response (e.g., see (Karelina et al., 2009)). Results such as these provide 

additional evidence for the pleiotropic effects of cytokines, dependent on time-of-day and 

tissue specificity. 

 There also appears to be temporal variation in the activation of metabolic 

pathways of cyclophosphamide and doxorubicin. Cyclophosphamide is a prodrug that 

requires metabolic activation. Cyp2b10 is responsible for the conversion of 

cyclophosphamide into a toxic metabolite, 4-hydroxycyclophosphamide (4-OH), whereas 

Cyp3a13 contributes to both activation and inactivation of cyclophosphamide through 

conversion to 4-OH and the inactive compound dechloroethylcyclophosphamide (DCE). 

The activity of these enzymes significantly contributes to the toxicity of 

cyclophosphamide, and influences its tolerability. In the present study, mice injected at 

ZT 2 had increased Cyp2b10 gene expression (Fig. 3.5), which may suggest increased 

production of toxic 4-hydroxycyclophosphamide (4-OH) relative to mice treated at ZT 
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14. Consistent with this observation, a previous study reported increased mortality among 

mice treated with cyclophosphamide between ZT 22 and ZT 2 relative to mice treated 

between ZT 10 and ZT14 (Gorbacheva et al., 2005). This study, as well as a more recent 

one (Dycke et al., 2015), reported no temporal effects on cyclophosphamide metabolism, 

however, these studies did not examine enzyme activity or serum metabolite 

concentration later than 4 hours after injection, while in the present study, the temporal 

effect on the metabolic pathway did not emerge until > 9 hours after injection (Fig. 3.5). 

We also observed a time-of-day effect in doxorubicin (DOX) metabolism. An initial step 

in DOX metabolism is its reduction to doxorubicinol (DOX-OL). DOX-OL is a less 

effective anti-neoplastic agent, and displays a greater capacity to induce cardiotoxicity. 

This initial conversion of DOXDOX-OL is catalyzed by carbonyl reductase 1 (Cbr1), 

primarily in the liver (Kassner et al., 2008). Mice that received chemo at ZT 2 elevated 

Cbr1 transcription at 24 h after injection compared to mice that received treatment at ZT 

14 (Fig. 3.5a). Taken together, the data suggest that enhanced inflammation in mice 

injected at ZT 2 may reflect increased production of toxic drug metabolites 4-OH and 

DOX-OL. In support of this explanation, splenic inflammation was positively correlated 

with liver enzyme activity only in the mice administered Cyclo/Dox at ZT 2, but not ZT 

14 (Fig. 3.6). This ZT 2 specific correlation was also observed within the hypothalamus 

(Fig. 3.6d-f), even though inflammation in this tissue was enhanced in mice injected at 

ZT 14 relative to ZT 2, indicating that liver metabolism of Cyclo/Dox may be uncoupled 

from inflammatory processes occurring in the brain. Together, these data support the 

hypothesis that time-of-day dependent effects of administration likely depend on 
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downstream cyclophosphamide actions on the DNA damage response, inflammation, or 

additional pathways.   

 A potential contributor to the phenotype we observed could be sleep disruption. 

We have previously reported marked sleep fragmentation after administration of the same 

chemo regimen used in the present study (Borniger et al., 2015). As sleep disruption 

elicits an inflammatory response (Dumaine and Ashley, 2015; Faraut et al., 2012), this 

may have contributed to the enhanced splenic inflammation observed in animals injected 

at ZT 2.  Additionally, glucocorticoid concentrations peak during the early active phase 

in nocturnal rodents (Sundar et al., 2014), and they are negative regulators of 

inflammation, acting through multiple mechanisms (Barnes, 1998; Scheiermann et al., 

2013). Therefore, elevated baseline concentrations of glucocorticoids in mice injected at 

ZT 14 may have contributed to the dampened inflammatory response observed in the 

spleen, a pattern observed in the present study (Fig. 3.3i). Indeed, morning administration 

of doxorubicin and evening administration of cisplatin is much better tolerated than the 

opposite administration schedule in humans with advanced ovarian cancer(Hrushesky, 

1985); it is hypothesized that peak glucocorticoid concentrations at the time of 

doxorubicin administration may buffer the inflammatory response to the drug. 

 Periphery-to-brain inflammatory signaling can be accomplished through several 

mechanisms (Quan and Banks, 2007). Because we did not observe a change in serum 

cytokine responses to chemotherapy dependent on time-of-day (Fig. 3.7), it is unlikely 

that humoral signaling is the primary means by which chemotherapy elicits differential 

hypothalamic effects at ZT 2 and ZT 14. Alternatively, transcription of the monocyte 
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recruiting chemokine CCL2 in the hypothalamus was elevated following administration 

of chemotherapy at ZT 14, but not ZT 2 (Fig 3.4f). Recently, direct interactions among 

the circadian clock and CCL2 have been reported to mediate time-of-day dependent 

responses to peripheral endotoxin administration, with peak hypothalamic CCL2 

expression during the dark (inactive) phase (Duhart et al., 2016). Therefore, the 

phenotype we observed within the hypothalamus may be driven by time-of-day 

dependent recruitment of peripheral monocytes/macrophages into the brain.  

Several intriguing questions remain regarding the interactions among 

chemotherapy and other cancer- and treatment-related factors. For example, we chose to 

begin this line of inquiry by examining the effects of chemotherapy in non-tumor bearing 

mice because cyclophosphamide and doxorubicin combination therapy is typically given 

in an adjuvant setting once the tumor has been resected (Shulman et al., 2014). However, 

additional studies are necessary to determine whether a prior or current tumor sensitizes 

or causes a temporal shift in inflammatory responses to doxorubicin and 

cyclophosphamide. Comparing responses in mice that are tumor-naïve, tumor-bearing, 

versus tumor-resected will be critical for assessing whether tumors and/or the surgery 

associated with their removal prime inflammatory responses to chemotherapy and if so, 

how long after tumor removal the effects persist. Indeed, the primary reason the current 

study was conducted in BALB/C mice is that there are well-characterized metastatic and 

non-metastatic mammary tumor cell lines that are specific to this mouse strain (e.g., 4T1, 

67NR, 4T07). Despite muted nightly melatonin rhythms(Vivien-Roels et al., 1998), 

BALB/C mice display robust rhythms in immune cell activity, cytokine secretion, and 
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response to endotoxin challenge. For instance, BALB/C mice display robust time-of-day 

dependent changes in LPS-responsiveness dependent on diurnal variations in NF-κB 

activity(Spengler et al., 2012). Additionally, circadian sensitivity to cyclophosphamide 

has been demonstrated in C57BL/6j mice, which also lack robust circadian rhythms in 

melatonin production and secretion (Gorbacheva et al., 2005), suggesting that a robust 

melatonin signal is not required for the time-of-day dependent effects of 

cyclophosphamide. Regardless, further studies should investigate a potential role for 

endogenous melatonin in buffering inflammatory responses to cytotoxic chemotherapy. 

The predictive value of rodent studies for human inflammatory conditions also 

has become a topic of debate recently (Seok et al., 2013; Shay et al., 2015; Takao and 

Miyakawa, 2015). How closely the liver, spleen, and brain inflammatory gene expression 

data collected in mice in the current study reflect changes occurring in human cancer 

patients is not ethically determinable with currently available technology.  However, our 

data demonstrate that the potential exists for circadian differences in inflammatory and 

metabolic responses to a common chemotherapy regimen, and also that it should not be 

assumed that all tissues respond similarly. Nonetheless, the temporal aspects of 

chemotherapy treatment in patients with breast cancer is worth exploring given that there 

is a growing literature demonstrating diurnal variation in immune parameters associated 

with inflammatory diseases and experimental endotoxin exposure in people (Alamili et 

al., 2014; Petrovsky et al., 1998). 

 In sum, our data demonstrate time-of-day-dependent changes in inflammatory 

responses to cytotoxic chemotherapy. Specifically, splenic inflammatory responses to 
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cyclophosphamide and doxorubicin are maximal when the drugs are administered during 

the early inactive phase (ZT 2), and lowest when administered during the early active 

phase (ZT 14). By contrast, inflammatory gene expression within the hypothalamus 

displays the reciprocal pattern, as mice injected at ZT 14 show an enhanced hypothalamic 

inflammatory response compared to those injected at ZT 2. Additionally, the activity of 

enzymes responsible for the conversion of doxorubicin and cyclophosphamide into their 

toxic metabolites displays differential induction dependent on time-of-day, and their 

activity correlates with splenic and hypothalamic inflammatory responses only in mice 

injected during the early inactive phase. These data further add to the growing literature 

on cancer ‘chronotherapy’, and highlight inflammatory responses to treatment as a 

proximate cause of chemotherapy-induced side effects dependent on time of drug 

administration.  
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Table 3.1: Primer/probe information for targets used in qPCR. 

Gene Assay ID Amplicon Size (bp) 

Il6 Mm00446190_m1 78 

Il1b Mm00434228_m1 90 

Socs3 Mm01249143_g1 

 

113 

Tnf Mm00443258_m1 81 

Il1rn Mm00446186_m1 80 

Cbr1 Mm04207333_g1 

 

83 

Cyp2b10 Mm00456588_mH 

 

88 

Cyp3a13 Mm00484110_m1 

 

88 

Itgam Mm00434455_m1 69 

Stat3 Mm01219775_m1 

 

75 

Nos2 (iNos) Mm00440502_m1 

 

66 

Ccl2 Mm00441242_m1 

 

74 

18s Hs99999901_s1 187 
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Figure 3.1: Experimental Design. Mice were intravenously injected with Cyclo/Dox or 

the vehicle at ZT 2 or ZT 14. Tissue was collected 1, 3, 9, and 24 h later from each of 

these time points. Blue arrows denote the 24h tissue collection time point. 
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Figure 3.2: Time-of-day influences body mass loss following 

doxorubicin/cyclophosphamide administration. (A) Change in body mass after injection 

at ZT 2, and (B) ZT 14. (C) % change in body mass from time-matched vehicle treated 

mice at 24h post-injection in animals injected at ZT 2 and ZT 14. ((N = 7-

8/group/timepoint) Error bars represent SEM. *p < 0.05)). 
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Figure 3.3: Time-of-day alters splenic cytokine expression in response to IV 

cyclophosphamide and doxorubicin. (A-D) Expression of the inflammatory cytokines IL-

6, Il-1β, TNF-α, and iNOS were enhanced in mice receiving Cyclo/Dox at ZT 2 

compared to those administered the same dose at ZT 14. (E) By contrast, expression of 

MAC-1 was unchanged. (F,G) Anti-inflammatory pathway transcripts (SOCS3 and IL-

1ra) were simultaneously enhanced in mice administered Cyclo/Dox at ZT 2 compared to 

ZT 14. (H) Average gene expression values across the entire post-injection time frame, 

(I) serum corticosterone concentrations 24 following injection (N = 3-8/group; different 

letters denote statistical significance p < 0.05; Tukey HSD post-hoc test). (N = 6-

8/group/timepoint for gene expression data; error bars represent S.E.M. *p < 0.05, **p < 

0.01, ***p < 0.001 in relation to the time-matched vehicle control). The dotted line at y = 

1 represents normalized vehicle values. 
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Figure 3.4: Time-of-day alters brain cytokine/chemokine expression in response to 

cytotoxic chemotherapy. Animals injected at ZT 14 displayed elevated hypothalamic (A) 

IL-1β, (B) TNF-α, (C) IL-6, (D) STAT3, (E) SOCS3, and (F) CCL2 expression over time 

in response to chemotherapy compared their counterparts injected at ZT 2 (G) Average 

hypothalamic values across the entire post-injection timeframe. (H) Hippocampal IL-1β 

and (I) TNF-α expression. (n = 5-8/group/timepoint; *p < 0.05, **p < 0.01 in relation to 

the time-matched vehicle control; Error bars represent S.E.M). The dotted line at y = 1 

represents normalized vehicle values. 
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Figure 3.5: Time-of-day alters the transcriptional activity of enzymes involved in 

cyclo/dox metabolism. (A) Carbonyl reductase (Cbr1) showed differential expression 

following chemotherapy injection at ZT 2 or ZT 14. (B) this enzyme is responsible for 

the conversion of doxorubicin into a more toxic metabolite, doxorubicinol (DOX-OL). 

(C) Cyp2b10 was markedly elevated after ZT 2 injection, a pattern not evident after ZT 

14 injection, (D) Cyp3a13 also showed a similar induction pattern dependent on time-of-

day, (E) The prodrug cyclophosphamide is converted into a toxic metabolite (4-OH) via 

Cyp2b10 and cyp3a13. Alternatively, it is converted into an inactive product by cyp3a13 

(DCE). (n = 5-8/group/timepoint; *p < 0.05, **p < 0.01 in relation to the time-matched 

vehicle control; Error bars represent S.E.M.) The dotted line at y = 1 represents 

normalized vehicle values. 
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Figure 3.6: Splenic and hypothalamic inflammatory responses to chemotherapy are 

related to liver enzyme transcription only in mice injected at ZT 2. Pearson correlations 

between liver enzymes that metabolize cyclophosphamide: Cyp2b10, Cyp3a13 and 

splenic (A, B) and hypothalamic (D,E) inflammatory mediators. Cbr1, responsible for 

doxorubicin metabolism and its relation to splenic (C) and hypothalamic (F) 

inflammatory gene transcription after chemotherapy at ZT 2 or ZT 14. (*p < 0.05, **p < 

0.01). 
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Figure 3.7: Serum (A) IL-6 and (B) CXCL1 concentrations were elevated in response to 

chemotherapy independent of time-of-day. (C) IL-2, (D) IL-5, (E) IL-1β, (F) IL-10, (G) 

IFN-γ, and (H) TNF-α were unchanged in response to treatment. (I) Average values 

between ZT 2 and ZT 14-injected animals over the entire post-injection time frame. (N = 

4-8/group/timepoint; Error bars represent S.E.M., *p < 0.05, **p < 0.01 compared to the 

time-matched vehicle average) (the dotted line at y = 1 represents normalized vehicle 

values). 
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Chapter 4: Effects of Cytotoxic Chemotherapy on Sleep 
 

Substantial adverse effects are commonly reported following the use of 

chemotherapy for the treatment of cancer (Binkley et al., 2012; Hassett et al., 2006; 

Lindley et al., 1999). Among breast cancer patients, cognitive impairments, fatigue, and 

sleep problems rank among the most commonly reported side effects influencing quality 

of life (Azim et al., 2011; Cella et al., 2001; Jereczek-Fossa et al., 2002; Vardy, 2009; 

Wood et al., 2006). Estimates suggest that 75-96% of cancer patients suffer from 

chemotherapy-induced fatigue (Knobf, 1986; Stone et al., 1998, 2000; Vardy, 2009; 

Yellen et al., 1997), and fatigue and sleep disturbances are two of the most commonly 

recognized symptoms associated with chemotherapy (Ashbury et al., 1998; Bower et al., 

2000; Byar et al., 2006; Downie et al., 2006; Liu et al., 2012a).  Sleep and fatigue, though 

related, have unique behavioral and physiological traits; disrupted sleep may contribute to 

fatigue or may occur independently in response to chemotherapy (Ancoli-Israel et al., 

2001). Sleep is objectively assessed through actigraphy, which provides information 

regarding total sleep time and wakefulness after sleep onset, or polysomnography, which 

can provide additional information about sleep stages. In contrast, fatigue is a subjective 

measure that involves a sense of generalized tiredness, altered executive functioning, and 

limb heaviness. Due to mainly logistical reasons, studies dissociating fatigue, daytime 
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sleepiness, and sleep disruption in chemotherapy patients have been sparse, and even less 

is known about the effects of chemotherapy on sleep architecture.  

 Despite the high prevalence of sleep problems associated with chemotherapy, the 

mechanism by which chemotherapeutics alter vigilance states is not known. One possible 

explanation is that chemotherapy-induced inflammation promotes sleep. Indeed, many 

chemotherapeutic regimens initiate or exacerbate inflammation (Mills et al., 2005; 

Penson et al., 2000; Pusztai et al., 2004; Sauter et al., 2011; Tsavaris et al., 2002; van et 

al., 2008), and activation of p38 MAPK signaling by chemotherapeutics is hypothesized 

to lead to downstream cytokine production and chemotherapy related side effects (Elsea 

et al., 2008b; Wood et al., 2006b). Specifically, serum interleukin-6 (IL-6), interleukin-8 

(IL-8), and monocyte chemoattractant protein-1 (MCP-1) concentrations are elevated in 

patients following treatment with doxorubicin and cyclophosphamide (Janelsins et al., 

2012), a common chemotherapy regimen for breast cancer. There are several established 

mechanisms through which the peripheral immune system can influence the brain and 

subsequent behavior, including via the direct transport of cytokines into the brain or 

communication of immune status to the brain via the vagus nerve (Ahles and Saykin, 

2007; Kelley et al., 2003; Wilson et al., 2002). Many proinflammatory cytokines increase 

sleep and lethargy following peripheral immune activation (Krueger et al., 2001, 2011; 

Opp, 2005). Previous studies have demonstrated that mice receiving doxorubicin, 

cyclophosphamide, and 5-fluorouracil have increased central inflammation and display a 

‘fatigue’ phenotype (reduced voluntary wheel running behavior) that progressively 

worsens with each chemotherapy treatment (Smith et al., 2014; Weymann et al., 2014). 
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Because increased cytokine expression can exert direct effects on sleep, in addition to 

fatigue, we assessed the acute effects of chemotherapy on sleep and sleep propensity in 

the present study. We hypothesized that chemotherapy alters sleep parameters and central 

cytokine signaling. Because cancer patients frequently report sleep disruption, we 

predicted that mice receiving chemotherapy would display increased sleep that is of poor 

quality in conjunction with hypothalamic inflammation.  

Materials and Methods 

Animals 

 Adult (>8 wks) female C57BL/6 mice were used in the present study. Upon 

arrival to our laboratory, mice were group housed and allowed to acclimate to a 14:10 

light/dark schedule (Lights on: 0400 (ZT 0), Lights off: 1800 (ZT 14)). After one week of 

acclimation, mice were ovariectomized and implanted with wireless telemeters (described 

below), and then individually housed in polypropylene cages (27.8 x 7.5 x 13 cm) in 

sound-attenuating ventilated cabinets maintained at 22 ± 2°C for the duration of the 

study. Body mass was measured immediately prior to transmitter implantation, one day 

prior to injection, and at the conclusion of the study. Post-surgery body masses were 

adjusted to account for the added weight of the transmitter. Food, (Harlan-Teklad no. 

8640; Harlan Laboratories, Indianapolis, IN, USA), tap water, and cotton nesting material 

were supplied ad libitum. This study was conducted under approval of The Ohio State 

University Institutional Animal Care Committee and procedures followed the National 
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Institutes of Health Guide for the Use and Care of Laboratory Animals and international 

ethical standards (Portaluppi et al., 2010).  

Ovariectomy and Telemeter Implantation 

 Following acclimation, mice were deeply anesthetized with isoflurane vapors (3% 

induction, 1.5% maintenance) and ovariectomized and implanted with PhysioTel F20-

EET biotelemetry transmitters (Data Sciences International [DSI], St. Paul, MN, USA) as 

described previously (Ashley et al., 2012; Borniger et al., 2013) and according to 

manufacturer instructions (DSI EET Device Surgery Manual). Briefly, following 

immobilization in a stereotaxic apparatus, a midline incision from the posterior margin of 

the eyes to midway between the scapulae was made. The skull was exposed and cleaned, 

and two stainless steel screws (00-96 x 1/16; Plastics One, Roanoke VA, USA) that 

would serve as cortical electrodes were inserted through the skull to make contact with 

the dura mater. One screw was placed 1 mm lateral to the sagittal suture and 1 mm 

anterior to bregma while the second screw was placed contralaterally 2 mm from the 

sagittal suture and 2 mm posterior to Bregma. The transmitter itself was inserted into a 

subcutaneous pocket along the back with biopotential leads oriented cranially. A set of 

leads was attached to the screws and secured with dental cement, while another set was 

inserted into the cervical trapezius muscles for EMG measurement. The surgical 

procedures were performed by an experienced surgeon using aseptic technique; 

buprenorphine (0.05 mg/kg, SC) was administered to provide analgesia and supplemental 
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warmth was provided until the mice were mobile following emergence from anesthesia. 

Baseline sleep recordings began one week after transmitter implantation.  

 Following surgical implantation of the transmitter, each mouse cage was placed 

on top of receiver boards (RPC-1; DSI) in their original ventilated cabinets. These boards 

relay telemetered data to a data exchange matrix (DSI) and a computer running Dataquest 

A.R.T. software (version 4.1; DSI, St. Paul, MN, USA).  

Doxorubicin and Cyclophosphamide Administration:  

 Following baseline recording, mice were individually brought into an adjacent 

procedure room, positioned in conical restraint tubes, and injected intravenously (tail 

vein) with a cocktail of 13.5 mg/kg doxorubicin and 135 mg/kg cyclophosphamide in 

saline (hereafter referred to as ‘chemo’) or saline vehicle. This adjuvant drug cocktail is 

commonly used for the treatment of breast cancer. Chemotherapeutic dosing was derived 

from 75% of the human equivalent dose using a body surface area equation (Reagan-

Shaw et al, 2007). A chemical hygiene plan, approved by OSU Environmental Health and 

Safety, was implemented to minimize the risk of human exposure to the chemotherapy 

drugs and their metabolites. 

Experimental Time-Course: 

 Baseline EEG and EMG signals were recorded for 3 days prior to chemotherapy 

administration. At ZT 7.5 on the third day of baseline recording, mice were individually 

brought into an adjacent procedure room, restrained in conical tubes, and administered a 
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cocktail of intravenous (tail vein) doxorubicin/cyclophosphamide. Immediately following 

administration, mice were monitored for signs of distress, then returned to their home 

cage and placed back onto receiver boards. All mice received injections within a 20 min 

window, and biopotentials were subsequently recorded over the course of the following 

three days.  

 Approximately 72 h after the chemo or vehicle injections, mice were again 

individually brought into the adjacent procedure room, deeply anesthetized under 

isoflurane anesthesia, and rapidly decapitated. Trunk blood was collected and the brain 

was removed and placed on ice (and then at 4°C) in RNA-Later (Qiagen) until specific 

regions were dissected 1 wk later. The entire hypothalamus and brainstem were dissected 

and placed in -80°C until RNA extraction.  

Quantitative Polymerase Chain Reaction (qPCR):  

 RNA was extracted from brain section homogenates in TriZol reagent (Life 

Technologies, Thermo Fisher Scientific Inc.) according to the manufacturer’s 

instructions. RNA pellets were resuspended in 30 µL sterile RNase-free water and quality 

and quantity were determined using a spectrophotometer (NanoDrop, Thermo Fischer 

Scientific Inc.). All RNA yields were above 200 ng/µL and had 260/280 and 260/230 

ratios between 1.8 and 2.3. cDNA was synthesized using M-MLV reverse transcription 

and diluted 1:20 for subsequent PCR. Inventoried primer/probe pairs from Applied 

Biosystems (Life Technologies) for the cytokines interleukin-1 beta (IL-1β; Assay ID: 

Mm00434228_m1), interleukin-6 (IL-6; Assay ID: Mm00446190_m1), and tumor 
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necrosis factor-alpha (TNF-α; Assay ID: Mm00443260_g1) were used. Probes that span 

exons were chosen to prevent amplification of residual genomic DNA. Taqman Fast 

Advanced Master Mix (Life Technologies) containing AmpliTaq Fast DNA Polymerase 

was used in a 20 µL duplex reaction with one of the aforementioned cytokine 

primer/probes and a primer-limited probe for the endogenous control eukaryotic 18s 

rRNA. The 2-step real-time PCR cycling conditions used were as follows: a holding stage 

of 95°C for 20 sec, 40 cycles of 95°C for 3 sec, and then 60°C for 30 sec. Relative gene 

expression was calculated using a relative standard curve, normalized to 18s rRNA 

signal. For visualization, vehicle treated tissues were normalized to a value of 1, and then 

the fold change from this value was calculated for chemo-treated tissues.  

Data Analysis: 

  Biopotential data were transferred into Neuroscore software (DSI) and visually 

inspected for EEG and EMG signal strength. For vigilance state scoring, 10s epochs were 

classified into one of three vigilance states using the Rodent Sleep scoring module in 

Neuroscore (as previously used in: (Borniger et al., 2013; Mavanji et al., 2010)): Delta 

band: 0.5-4Hz, Theta band: 6-9Hz, Alpha band: 8-12Hz, Sigma band: 12-16 Hz, Beta 

band: 16-24 Hz; (1) Wake: characterized by low-voltage (≥Theta) fast EEG, and 

sustained medium- to high-voltage EMG signals; (2) Slow-wave (non-rapid eye 

movement, NREM) sleep: characterized by spindling and high-voltage (Delta) EEG, and 

low-voltage EMG; and (3) paradoxical (REM) sleep: low-voltage (Theta) fast EEG and 

low-voltage EMG. Artifact thresholds were set to 0.2 mV for EEG and 1 mV for EMG, 
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and if >10% of the EEG or EMG signal exceeded the threshold; the epoch was scored as 

artifact. For statistical and visual analysis of sleep data, 10s epochs were averaged into 30 

min bins represented by total number of minutes of each bin spent in each vigilance state 

(REM, NREM, or Wake).  

 Mean data were initially scanned for outliers using the box-plot method (Borniger 

et al., 2014; Williamson et al., 1989), which entails comparing a variable between groups 

using a box plot representing quartile ranges. Points that fall beyond the lower and upper 

inner fences by one-and-a-half inter-quartile ranges were deemed outliers. Sleep duration 

and bout means were analyzed using repeated measures ANOVA with time (pre or post 

treatment) as the within subjects factor and treatment (chemotherapy vs. vehicle) as the 

between subject factor. If a significant F value was detected (p<0.05), then univariate 

ANOVAs were completed to investigate time point specific differences in sleep 

parameters. To examine differences between baseline values and subsequent changes in 

time spent in each vigilance state, groups were split by treatment and paired-samples t-

tests were conducted. Statistics were completed using SPSS Statistics version 21 (IBM, 

Armonk, NY) and visualized using GraphPad Prism 5.0 (GraphPad Software, San Diego, 

CA). 

Results 

Somatic Measures 

 Body mass was significantly altered by treatment (F2,22 = 23.236, p < 0.001). 

Masses did not differ prior to transmitter implantation (F1,11  = 2.58, p > 0.05) or 
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immediately prior to injection (F1,11 = 4.01, p > 0.05; Veh = 20.4 ± 0.66 g; Chemo = 21.2 

± 0.83 g). However, three days after injection (i.e., at necropsy) chemotherapy treated 

mice weighed significantly less than vehicle-treated mice (F1,11  = 12.658, p < 0.01; Veh 

= 22.13 ± 1 g, Chemo = 20.22 ± 0.92 g).  

Chemotherapy Increases NREM and REM Sleep during the Active Phase 

 To examine the acute effects of chemotherapy on sleep, we initially compared 

baseline sleep duration to the same variables on the first dark phase post-injection (ZT 

14-24). Chemotherapy increased sleep and decreased wakefulness [wakefulness (F1,11  = 

8.034; p < 0.05); NREM sleep (F1,10  = 10.798, p < 0.01); REM sleep (F1,11  = 16.279, p < 

0.01)] between the dark phase prior and after injection. Baseline wake (F1,11  = .01, p > 

0.05), NREM sleep (F1,11  = .00, p > 0.05) and REM sleep (F1,11 = .268, p > 0.05) 

durations were not different among treatment groups. However, on the first dark phase 

following injection (the normally active phase), chemotherapy-treated mice significantly 

decreased wakefulness (F1,11  = 5.365, p < 0.05), and increased the amount of time spent 

in NREM (F1,11  = 10.696, p < 0.01) and REM (F1,11 = 9.228, p < 0.05) sleep (Fig 4.1 A-

C). 

 To investigate sleep disruptions during the active phase spanning longer than the 

dark phase immediately post-injection, the percent change in time spent in each vigilance 

state over 3 days was compared to an average baseline value (3 day baseline average). 

Baseline averages were similar between treatment and vehicle groups for NREM sleep 

(F1,11 = .736, p > 0.05), wakefulness (F1,11 = 1.809, p > 0.05), and REM sleep (F1,11 = 
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.029, p > 0.05). However, during each subsequent active phase following injection, 

chemo treated mice increased time spent in NREM (F3,33 = 2.752, p = 0.05) and REM 

(F3,33 = 5.971, p < 0.01) sleep, and decreased time spent in the wake (F3,33 = 4.813, p < 

0.05) vigilance state (Fig. 4.1 D-F). Representative hypnograms of a vehicle and 

chemotherapy treated mouse pre- and post-injection are shown in Figure 4.2. 

  Chemo treated mice increased the amount of time spent in NREM sleep by 

~103% (±77%), ~81% (±32%), and ~69% (±36%) on the first, second, and third active 

phase following injection, respectively. The injection procedure itself seemed to 

transiently increase time spent in NREM sleep as well: Vehicle treated mice increased 

NREM sleep by ~31% (±17) during the first dark phase following injection. However, 

this increase in NREM sleep returned to baseline values on the second (t(6) = 1.536, p > 

0.05) and third (t(6) = 0.974, p > 0.05) dark phase following injection. Chemo treated 

mice decreased the amount of time spent in the wake vigilance state by ~29% (±19%), 

~19% (±3%), and ~16% (±7%) on the first, second, and third dark phase following 

injection, respectively. By contrast, the injection procedure affected the amount of time 

spent in the wake vigilance state during the first active phase following injection as 

vehicle treated mice decreased the amount of time spent in the wake vigilance state by 

~9% (±4%) at this time point relative to baseline. On the second and third dark phase, 

vehicle treated mice no longer differed in this value from baseline values (second dark 

phase: t(6) = 1.121, p > 0.05; third dark phase: t(6) = 0.595, p > 0.05). Chemo treated 

mice increased their time spent in REM sleep by ~169% (±25%), ~74% (±60%), and 

~62% (±48%) on each subsequent dark phase following injection. The injection 
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procedure itself increased REM sleep on the first dark phase, as vehicle treated mice 

significantly increased time spent in REM sleep in this timeframe compared to baseline 

values (t(6) = 3.727, p = 0.01), but not during subsequent dark phases (second dark 

phase: t(6) = 1.122, p > 0.05; third dark phase: t(6) = 0.583, p > 0.05). Therefore, there 

seemed to be an additive effect of the treatment + the injection procedure during the first 

dark phase following injection that resolved in the following dark phases. For a 

comprehensive set of differences in sleep variables between groups, see Table 4.1. 

Chemotherapy- Induced Sleep is Fragmented  

 To investigate whether the quality of chemotherapy-induced sleep was 

compromised, we analyzed the number of bouts of each vigilance state and the average 

duration of each of these bouts. Chemotherapy increased all vigilance state bout numbers 

(wake: F1,11 = 9.104, p < 0.05; NREM: F1,11 = 15.317, p < 0.01; REM F1,11 = 17.319, p < 

0.01) between before and after treatment. Baseline wake (F1,11  = 0.320, p > 0.05), NREM 

(F1,11  = 0.211, p > 0.05), and REM sleep (F1,11  = 0.043, p > 0.05) bout numbers were not 

different. However, during the first dark phase after treatment, wake (F1,11  = 18.042, p < 

0.01), NREM (F1,11  = 22.272, p < 0.01) and REM sleep (F1,11  = 17.066, p < 0.01) bout 

numbers were significantly increased in mice that received chemotherapy (Fig 4.3A-C). 

Frequent transitions between vigilance states indicate fragmentation of normal sleep 

homeostasis. Vigilance state bout numbers were significantly increased during the second 

(NREM:  F1,11  = 6.825, p < 0.05; Wake F1,11  =  5.212, p < 0.05; REM: F1,11  =  3.551, p > 

0.05) and third dark phases (NREM: F1,11  =  11.901, p < 0.01; Wake: F1,11  =  6.416, p < 
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0.05; REM: F1,11  =  5.597, p < 0.05) after treatment, indicating that the effects on sleep 

fragmentation persisted further than the first active phase following injection.   

 Average vigilance state bout duration was also influenced by treatment, although 

to a reduced degree. Wake (F1,11 = 5.571, p < 0.05) bout duration was significantly 

reduced by chemotherapy between baseline and post-injection values. NREM (F1,11 = 

3.413, p > 0.05) and REM sleep (F1,11 = 0.009, p > 0.05) were not appreciably affected 

between baseline and after treatment. At baseline, wake bout duration did not differ 

between groups (F1,11 = 0.170, p > 0.05). However, during the first dark phase following 

injection, average wake bout duration decreased significantly in the chemotherapy-treated 

mice (F1,11  = 33.69, p < 0.001) (Fig. 4.3E). The effect on wake bout duration persisted 

for the entire 3 day monitoring period following injection, and wake bout durations were 

significantly shorter during the second (F1,11 = 7.633, p < 0.05) and third (F1,11 = 7.828, p 

< 0.05) active phases following injection. These results further indicate fragmentation of 

vigilance states after chemotherapy treatment.  

Chemotherapy Treatment Increases Active Phase Sleep Propensity 

  To investigate sleep propensity in chemotherapy treated mice, the ratio of low (5-

7 Hz) to high (7-10 Hz) theta activity (theta ratio) was examined. Increasing EEG 

spectral power from high to low theta frequency indicates a higher propensity towards 

sleep (Harrington, 2012; Vyazovskiy and Tobler, 2005). During the 24h prior to 

injection, theta ratios between groups were similar (F47,517 = 1.037, p > 0.05). However, 

during the 24h following injection, chemotherapy significantly increased low to high 
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theta ratios (F47,517 = 1.833, p < 0.01) (Fig 4.4 A-B). The difference between baseline and 

post-injection values were analyzed according to group. Chemotherapy treated mice 

displayed large increases in low theta ratios relative to vehicle treated mice (F1,11  = 

8.981, p < 0.05) (Fig 4C). These data indicate that even when the mice were awake (EEG 

frequency > ~5 Hz), chemotherapy treated mice had a higher propensity to enter sleep 

than vehicle treated mice.  

 Over the course of 24h prior to injection relative delta power did not differ 

between groups (F48, 528 = .941, p > 0.05). During the subsequent 24h, chemo treated mice 

displayed a large increase in relative delta power density (F48, 528 = 1.746, p < 0.01). 

Because mice normally display increased sleep during the light compared to the dark 

phase, the relative delta power density (% of total spectral power) phase difference was 

compared pre- and post-injection. Prior to treatment, both groups showed a similar 

tendency for elevated delta power during the light phase (F1,11  = 3.072; p > 0.05). 

However, after treatment, chemo treated mice displayed completely abolished phase 

differences in delta power compared to vehicle treated mice (F1,11  = 91.126; p < 0.001) 

(Fig. 4.4D). These data indicate that mice receiving chemotherapy did not significantly 

differ in the amount of NREM sleep they completed during the light compared to the 

dark phase, indicating poor sleep organization.  

Chemotherapy Increases Hypothalamic IL-6 Expression 

 Because proinflammatory cytokines promote sleep, we examined specific 

cytokine expression in the brainstem and hypothalamus 3 days post-injection. 
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Hypothalamic IL-1β (F1,11  = 1.825, p > 0.05) and TNF-α (F1,11  = .564, p > 0.05) gene 

expression was similar between groups. However, at this time point, mice treated with 

chemotherapy displayed elevated hypothalamic IL-6 expression (fold change from 

vehicle treated mice: 1.49 ± 0.298; F1,11  = 7.267, p < 0.05) (Fig. 4.5A). Brainstem 

expression of IL-1β (F1,11  = 3.091, p > 0.05), TNF-α (F1,11  = 0.144, p > 0.05), and IL-6 

(F1,11  = 0.079, p > 0.05) was similar between groups.   

 Consequently, we examined potential relationships between dark phase sleep 

measures and central cytokine expression. Hypothalamic IL-6 expression correlated with 

the degree of sleep fragmentation (but not duration) (Fig. 4.5B-D). IL-6 was positively 

correlated with the number of NREM (R = .687, p < 0.01), REM (R = .656, p < 0.05), 

and wake bouts (R = .693, p < 0.01). IL-6 negatively correlated with wake bout duration 

(R = -.621, p < 0.05) and REM bout duration (R = -.560, p < 0.05). No relationship 

between IL-6 and NREM bout duration were evident. The other cytokines examined 

displayed no such relationships to sleep fragmentation or duration.  

Discussion 

 Our data provide evidence that administration of a single dose of cytotoxic 

chemotherapy (doxorubicin + cyclophosphamide) acutely increases REM and NREM 

sleep (Fig. 4.1, 4.2) and decreases wakefulness and arousal (Fig. 4.1,4.2,4.4). These 

effects were strongest during the normally active phase, potentially mimicking ‘daytime 

sleepiness’ in humans. The effect on sleep persisted for the entire 3 day post-injection 

monitoring period (Fig. 4.1D-F). Chemotherapy-induced sleep was of low quality, as 
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evidenced by significant increases in the number of short duration vigilance state bouts 

after treatment (Fig. 4.3). Chemotherapy-treated mice also displayed elevated 

hypothalamic IL-6 mRNA expression at 3 days post-injection, and expression of this 

cytokine correlated with the degree of sleep fragmentation (Fig. 4.5).  

 Our data compliment and extend previous observations describing a ‘fatigue’ 

phenotype in mice following intra-peritoneal administration of cyclophosphamide, 

doxorubicin, and 5-fluorouracil (Smith et al., 2014; Weymann et al., 2014; Wood and 

Weymann, 2013). Due to logistical reasons and ease of measurement, most previous 

studies have administered chemotherapy into the peritoneal cavity (IP) and focused on 

fatigue independent of sleep; a potential confounding factor associated with this approach 

is that IP administration of doxorubicin causes diaphragm weakness (Gilliam et al., 

2011), which in turn can exacerbate fatigue. However, a study by Ray and colleagues was 

unable to discern differences in sleep measures following treatment with the 

chemotherapeutic paclitaxel in three strains of common laboratory mice (Ray et al., 

2011), including c57bl/6. Paclitaxel differs from doxorubicin and cyclophosphamide in 

its mechanism of action. However, all three drugs acutely induce an immunogenic 

response involving peripheral inflammatory cytokine production (Bracci et al., 2007; 

Chan and Yang, 2000; Krysko et al., 2011; Sauter et al., 2011; Sistigu et al., 2011). Ray 

and colleagues (Ray et al., 2011) also were unable to detect changes in peripheral 

markers of inflammation following a 5-day cycle of paclitaxel treatment. Notably, fatigue 

was present without any readily identifiable changes in sleep, suggesting that (at least in 

the case of paclitaxel) separate molecular mechanisms may contribute to sleep disruption 
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and fatigue following chemotherapy (i.e., fatigue and sleep disruption are not always 

coupled).  

 As described above, chemotherapy treatment resulted in a subsequent 

enhancement of NREM and REM sleep (Fig 4.1, 4.2), both of which were associated 

with increased IL-6 mRNA expression. Although there is a well-established literature 

supporting the role of proinflammatory cytokines in infection-induced alterations in sleep 

(Krueger et al., 1986; Opp, 2005), an association between chemotherapy-induced 

cytokine expression and altered sleep measures has not been demonstrated previously.  

Examination of the relationship between chemotherapy-induced cytokine expression and 

fatigue may provide further insight into the mechanism underlying sleep disruption. 

Indeed, suppression of the hypothalamic hypocretin arousal system appears to be one of 

the downstream mechanisms through which chemotherapy-induced central inflammation 

increases fatigue (Grossberg et al., 2011; Weymann et al., 2014). Chemotherapy treated 

mice display reduced hypocretin neuron activity that correlates with fatigue; furthermore, 

chemotherapy-induced fatigue can be attenuated via exogenous hypocretin-1 

administration (Weymann et al., 2014). Hypocretin neurons are vital in the maintenance 

of wakefulness and arousal via downstream excitation of wake-active neuronal 

populations (i.e., monoaminergic neurons in the tuberomammallary nucleus, locus 

coeruleus, dorsal raphe, and cholinergic neurons in the basal forebrain; (Sakurai, 2005; 

Willie et al., 2001)). Activation of hypocretin neurons also reduces REM sleep via 

excitatory innervation of neurons in the laterodorsal tegmental/pedunculopontine 

tegmental nucleus (LDT/PPT) (Shouse and Siegel, 1992; Takahashi et al., 2002; 
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Takakusaki et al., 2005). Therefore, inflammation-induced suppression of orexin neuron 

activity could potentially result in reduced wakefulness and elevated NREM and REM 

sleep following chemotherapy. Further studies are needed to explore the relationships 

between chemotherapy-induced orexin neuron suppression and sleep-induction and the 

fragmentation of vigilance states.    

  At 3 days post-injection, chemo-treated mice displayed elevated IL-6 expression 

in the hypothalamus (Fig. 4.5). Elevated proinflammatory cytokines have been 

extensively implicated in cancer-chemotherapy related side effects (Cleeland et al., 2003; 

Myers, 2008; Myers et al., 2008; Saligan and Kim, 2012).  For example, in breast cancer 

patients, serum cytokine levels are higher in fatigued compared to non-fatigued patients 

up to 5 years after diagnosis (Bower et al., 2002), and increasing levels of subjective 

fatigue with subsequent doses of chemotherapy correlate with serum inflammatory 

markers siCAM-1 and VEGF (Mills et al., 2005).  

 Previous research has demonstrated acute induction of IL-1β, TNF, and IL-6 in the 

hypothalamus and brainstem following injection of a similar chemotherapy ‘cocktail’ of 

cyclophosphamide, doxorubicin, and 5-fluorouracil (Weymann et al., 2014). In this study, 

central cytokine expression was not examined further than 48 h following treatment. 

Recent evidence has emerged for a potential biphasic induction of central cytokine 

transcription following chemotherapy (Smith et al., 2014). The question of how this 

allostatic response to chemotherapy may affect sleep merits further research. However, 

the existing literature suggests that it is likely that central IL-6 signaling played a role in 
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the sleep phenotype we observed (Fig. 4.5B-D). Indeed, central administration of 

exogenous IL-6 increases vigilance state transitions during sleep in rats (i.e., 

fragmentation; (Hogan et al., 2003)), and endogenous levels of circulating IL-6 correlate 

with the degree of sleep fragmentation in healthy (asymptomatic) people and those 

receiving chemotherapy (Hong et al., 2005; Liu et al., 2012). A potential reason that we 

did not observe appreciable changes in IL-1β or TNF is that we used an intravenous route 

of administration, whereas Weymann et al (2014) administered the drugs intra-

peritoneally. Route of systemic administration can significantly influence central 

cytokine production in response to peripheral immune challenge (Bluthé et al., 1996). 

Further studies are required to examine the time course of central cytokine induction and 

its relationship to sleep disturbance following chemotherapy. 

 This study represents the first step in establishing that doxorubicin and 

cyclophosphamide chemotherapy alters sleep, and in identifying a possible physiological 

mechanism.  However, several intriguing questions remain regarding the interactions of 

chemotherapy and other life-history-, cancer-, and treatment-related factors in modulating 

sleep.  For example, the current study was limited to ovariectomized female mice; 

however, doxorubicin and cyclophosphamide also may be used to treat breast cancer in 

premenopausal women or other types of cancer in women and men. Additional studies 

will need to be designed specifically to parse the potential roles of both sex and gonadal 

hormones in modulating the effects of chemotherapy on sleep. Gonadal hormones, such 

as estradiol, do influence sleep (Paul et al., 2006; Schwartz and Mong, 2011), although 

their interactions with chemotherapy remain largely unexplored. Furthermore, among 
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pre-menopausal women, chemotherapy treatment often induces ovarian failure (Molina et 

al., 2005; Poniatowski et al., 2001); the use of ovariectomized mice allowed us to avoid 

the potential confounding factor of chemotherapy-induced acute ovarian failure on sleep, 

and to establish that chemotherapy is capable of altering sleep independently of its effects 

on ovarian hormones. However, determining how concomitant ovarian failure may 

exacerbate chemotherapy-induced sleep changes is an important topic for future research 

given that pre- and peri-menopausal breast cancer patients appear to be more susceptible 

to treatment-related alterations in sleep than post-menopausal patients (Berger et al., 

2009; Carpenter et al., 2002).     

 The current study provides evidence for chemotherapy-induced disruption of 

sleep among otherwise healthy mice; however, the combination of doxorubicin and 

cyclophosphamide would only be used clinically in cancer patients. Subsequent 

comparison of the effects of chemotherapy versus vehicle on sleep measures in mice that 

are tumor-naïve, tumor-bearing, versus tumor-resected will be critical for answering the 

important questions of whether a tumor may independently alter sleep, whether tumor 

removal normalizes sleep, and whether a prior or existing tumor sensitizes an individual 

to chemotherapy effects on sleep. The breast cancer clinical literature suggests that 

baseline sleep may be altered in cancer patients prior to chemotherapy (e.g., (Ancoli-

Israel et al., 2006; Beck et al., 2010; Savard et al., 2001)), and chemotherapy significantly 

contributes to further sleep disruption (Beck et al., 2010; Savard et al., 2009). Thus, there 

is convincing evidence that chemotherapy alters sleep in breast cancer patients, but 

additional studies are needed to determine if a tumor exacerbates this response and to 
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identify likely mechanisms. Indeed, one potential mechanism would be tumor elicited 

priming of the neuroinflammatory response to chemotherapy. In support of this 

hypothesis, a recent study demonstrates that neuroinflammatory responses to LPS are 

potentiated in tumor-bearing rats (Pyter et al., 2014). Aging also could amplify the effects 

of chemotherapy on sleep via a neuroinflammatory priming mechanism; the cytokine 

response to LPS in mice is exacerbated in aged mice relative to young adults (Huang et 

al., 2008). Whether a tumor and advanced age would likewise sensitize the 

neuroinflammatory response to chemotherapy remains to be determined. In sum, there 

are several individual characteristics that may have the propensity to modify the 

neuroinflammatory and behavioral responses to chemotherapy; these factors merit 

additional research.  

  The current study provides a ‘snapshot’ of the transcriptional activity in the 

hypothalamus and brainstem at a single time point (3 days after injection). In the future, 

acute (within 24h) measures of cytokine activity, in addition to protein measures, would 

clarify the time course of central cytokine induction following chemotherapy. It is also 

worth noting that sleep fragmentation itself can lead to central inflammation (Ranjbaran 

et al., 2007). This makes designating cause and effect in the present study difficult. 

Future studies of sleep in cytokine-receptor deficient mice (or those with attenuated 

immune function) will likely prove valuable in elucidating the influence of chemotherapy 

on central inflammation in relation to sleep.  
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Lastly, in the current study, the mice were injected with chemotherapy or the 

vehicle during the inactive (light) phase. This time point was chosen to prevent dark-

phase light exposure during the injection procedure, which in turn could lead to circadian 

disruption and sleep induction (Lupi et al., 2008) during a dark phase. Although this 

approach eliminated exposure to light during the dark phase, a light phase injection may 

have induced a ‘sleep rebound’ due to extended wakefulness experienced immediately 

following injection. Indeed, chemotherapy- treated mice spent more time awake during 

the 4 hours of the light phase immediately following injection compared to vehicle 

treated mice (F1,11 = 9.164; p < 0.05). This effect did not persist on subsequent days 

(same 4 hr window analyzed). Therefore, ‘rebound’ effects may contribute to, but do not 

fully explain the phenotype observed across the three days following chemotherapy 

treatment. Future studies also will include food and water consumption as covariates in 

the analyses, as hypophagia and hypodipsia following treatment could independently 

alter sleep parameters. 

 Together, the data from the current study provide a better understanding of how 

chemotherapy acutely alters vigilance states to promote fragmented sleep, increase active 

phase sleep propensity, and induce hypothalamic inflammation. Furthermore, measures 

of sleep fragmentation were correlated with hypothalamic IL-6 expression. This research 

provides a description of the sleep phenotype elicited by a single administration of 

cyclophosphamide and doxorubicin and suggests a mechanism through which 

chemotherapy-induced neuroinflammation may contribute to sleep disturbance.  
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Figure 4.1: Cytotoxic chemotherapy increases active phase NREM and REM sleep. 

Minutes spent in (A) NREM sleep, (B) Wake, and (C) REM sleep during the active phase 

pre- and post-injection. Percent change in time spent in each vigilance state compared to 

the 3 day average baseline value in (D) NREM sleep, (E) Wake, and (F) REM sleep time.  

(n = 5-7/group; error bars represent SD; *p < 0.05, **p < 0.01). 
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Figure 4.2: Representative active phase (1800-0400) hypnograms and sleep marker pie-

charts for a mouse receiving vehicle pre-(A) and post-(B) injection and a mouse receiving 

chemo pre-(C) and post-(D) injection. Yellow = ‘wake’, Purple = ‘NREM sleep’, Red = 

‘REM sleep’ (X = artifact, W and A = wake; P = REM sleep; S = NREM sleep). 
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Figure 4.3: Chemotherapy-induced sleep is fragmented. Number of bouts of (A) NREM 

sleep, (B) Wake, and (C) REM sleep during the active phase pre- and post-injection. 

Average vigilance state bout duration (s) in (D) NREM sleep, (E) Wake, and (F) REM 

sleep during the active phase pre- and post-injection. (n = 6-7/group; error bars represent 

SD; *p < 0.05, **p < 0.01). 
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Figure 4.4: Chemotherapy increases sleep propensity during the active (dark) phase and 

abolishes the normal light-dark delta difference. Low (5-7 Hz) to high (7-10 Hz) theta 

ratios over time during a (A) baseline day and a (B) day post-injection. (C) The change in 

average low/high theta ratio between baseline and post-injection active phases and (D) 

relative delta power density (light-dark) pre-and post-injection. (n = 6-7/group; error bars 

represent SD; *p < 0.05, **p < 0.01). 
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Figure 4.5: Chemotherapy increases hypothalamic IL-6 gene expression, which is 

associated with degree of sleep fragmentation during the dark phase. (A) Hypothalamic 

(Hypo) and brainstem (Brst) cytokine gene expression for IL-1β, TNF, and IL-6 (fold 

change from vehicle). Number of (B) Wake (C) NREM sleep, and (D) REM sleep bouts 

plotted against hypothalamic IL-6 gene expression (red dots indicate mice that received 

chemotherapy treatment). (N = 6-7/group; error bars represent SD; *p < 0.05).  
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Table 1. Sleep parameters (mean ± SD) during the 24h pre- and post-injection.  

       Baseline                           Post-Injection 

        Vehicle      Chemo      Vehicle       Chemo   

TIME (% total) 

Wake    61.5 ± 7.0   64.4 ± 8.4   59.7 ± 8.4    57.1 ± 14.9 

24 h NREM    33.5 ± 7.6   30.7 ± 6.9   34.9 ± 8.4   37.1 ± 13.7 

REM      5.0 ± 1.6     5.1 ± 1.2     5.4 ± 1.7     5.7 ± 1.2 

Wake    47.8 ± 10.0    52.2 ± 11.0   51.4 ± 9.3   51.3 ± 11.9 

Light NREM    44.9 ± 11.0   40.9 ± 9.3   42.3 ± 9.6   41.6 ± 11.2 

REM      7.2 ± 1.9     6.8 ± 1.6     6.3 ± 1.6     7.1 ± 0.9     

Wake                78.3 ± 6.3   77.8 ± 6.2    72.7 ± 8.5   57.1 ± 17.6 

Dark NREM    19.0 ± 6.3    19.6 ± 5.4    23.5 ± 7.7   36.4 ± 15.8 

REM      2.7 ± 1.1     2.7 ± 0.8     3.8 ± 2.1     6.6 ± 1.8* 

BOUT NUMBER 

Wake              169.1 ± 27.8 183.2 ± 23.1  191.0 ± 24.9 244.2 ± 51.9* 

24 h NREM  226.9 ± 32.4    249 ± 26.3 245.9 ± 39.2 332.8 ± 59.5*  

REM  122.0 ± 30.3 139.8 ± 25.8 130.4 ± 32.0 156.2 ± 29.3 

Wake  130.9 ± 25.5 133.2 ± 18.4 127.1 ± 23.5  145.2 ± 37.7 

Light NREM  180.3 ± 34.3 188.2 ± 19.9 167.3 ± 31.8 205.2 ± 21.5*  

REM  103.0 ± 28.2 110.2 ± 19.7   94.3 ± 21.2 111.2 ± 9.2 

Wake    46.0 ± 4.9   52.3 ± 10.4   59.1 ± 10.4   99.8 ± 25.2* 

Dark NREM    58.4 ± 8.5   65.3 ± 15.2   64.9 ± 26.3      136.8 ± 48.3*  

REM    26.7 ± 8.1   31.0 ± 8.2   41.9 ± 20.0   82.0 ± 28.9* 

BOUT DURATION (S) 

Wake  309.0 ± 41.2 301.6 ± 68.9 269.1 ± 38.3  206.5 ± 79.4 

24 h NREM  129.8 ± 48.5 103.4 ± 20.3 126.2 ± 47.2   94.3 ± 33.0  

REM    34.4 ± 6.0   30.7 ± 3.3   35.7 ± 6.8   31.4 ± 2.6 

Wake  170.6 ± 35.7 181.1 ± 62.0 183.4 ± 24.2 174.3 ± 9.1 

Light NREM  131.2 ± 51.0 108.6 ± 18.7 135.6 ± 58.2 120.9 ± 56.8   

REM    35.7 ± 5.6   31.0 ± 4.5   33.9 ± 8.3   41.7 ± 25.9 

Wake  572.7 ± 144.3 532.1 ± 159.7  442.7 ± 84.5 205.5 ± 89.8* 

Dark NREM  116.8 ± 35.4 107.4 ± 19.5  110.6 ± 58.6   89.8 ± 36.0 

REM   36.3 ± 9.8   30.5 ± 3.7    50.2 ± 34.7   32.5 ± 5.9 

     
                
      Vehicle = 7; Chemo = 6 *p < 0.05 (two-tailed t-test). 
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Chapter 5: Conclusions 
 

 Sleep disruption in cancer patients has largely been considered to be driven by 

treatment-related side effects, social factors, or stress. The complicated and 

heterogeneous nature of cancer treatments, patient populations, and societal factors 

muddles attempts at making causal relations between these variables and sleep disruption. 

Therefore, the goal of this dissertation was to test the influence of cancer and cytotoxic 

chemotherapy on sleep architecture (using a mouse model; BalbC mice) to delineate their 

effects on sleep independent of other extraneous factors. I demonstrated that cancer and 

cytotoxic chemotherapy independently contribute to disrupted sleep in mice. 

Chemotherapy elicits both central and peripheral inflammatory responses which may 

directly promote changes in sleep, while non-metastatic mammary tumors seem to induce 

peripheral immune signaling and alter hepatic metabolic processes, which may 

synergistically contribute to sleep disruption. 

Summary 

There are three primary questions that were addressed during the course of these 

studies: (1) Can cancer itself directly alter sleep?; (2) how do the immune and circadian 

systems interact to dictate the inflammatory response to cytotoxic chemotherapy; and (3) 
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can cytotoxic chemotherapy directly alter sleep, and how is this related to inflammatory 

signaling in brain areas that govern vigilance states?  

In Chapter 2, I demonstrated a somnogenic effect of peripheral non-metastatic 

tumors in female BalbC mice. Mice harboring 67NR-derived tumors showed a steady 

decline in arousal and locomotor activity towards the later stages of tumor growth (days 

19-25). To investigate how tumors in the periphery may be communicating with the 

brain, I assessed the inflammatory profile (mRNA and protein) in serum, liver, tumors, 

and brain. Tumor-bearing mice had elevated serum IL-6 concentrations, and IL-6 was the 

most abundant cytokine (among those assayed) found in tumor parenchyma. This was 

accompanied by marked macrophage (F4/80+) infiltration into the tumor, which was 

likely the source of tumor-derived IL-6. I initially predicted that this large peripheral 

response would be mirrored in the brain, as interleukin-6 has well documented effects on 

sleep in nocturnal rodents and diurnal humans (Hogan et al., 2003b; Vgontzas et al., 

1999). However, I was unable to detect any immune abnormalities within the cortex, 

hippocampus, hypothalamus, or brainstem in protein or mRNA expression at multiple 

time-points during tumor development, suggesting that neuroinflammation did not drive 

the observed changes in sleep. Because a large inflammatory response was detected 

within the liver around-the-clock, and IL-6 is known to modulate hepatic metabolic 

function, I assessed whether non-metastatic tumors altered glucose metabolism. Indeed, 

tumor-bearing mice markedly altered the expression of genes involved in 

gluconeogenesis and glycolysis, and this resulted in impaired glucose tolerance and 

hyperglycemia. I then investigated the activity of two hypothalamic neuronal populations 
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that promote wakefulness (hypocretin) or sleep (MCH), respectively, and are sensitive to 

peripheral metabolic signals. As discussed in Chapter 1, these cells send reciprocal 

connections to each other (Apergis-Schoute et al., 2015), and the activity of these neurons 

varies by vigilance state. I observed the normal active phase increase in hypocretin neural 

activity, and tumor-bearing mice had more double-labeled (cFos+hcrt+) than non-tumor-

bearing mice throughout the hypocretin field. No changes were observed in the activity 

profiles of MCH neurons, which showed low levels of cFos co-labeling regardless of 

time of day. Importantly, no changes were observed in the total number of cFos+ cells in 

the hypothalamus, providing evidence for a hypocretin-specific effect. These findings 

suggested a potential link between the observed metabolic abnormalities and sleep, acting 

through central hypocretin neurons. Previous research has suggested that tumor-derived 

IL-6 can reprogram hepatic metabolism (Flint et al., 2016; Masri et al., 2016), which led 

me to hypothesize that IL-6-driven hyperglycemia could be contributing to changes in 

sleep-wake states. To test this, I administered a monoclonal antibody against IL-6 during 

the course of tumor-development and assessed its effects on metabolism and sleep. 

Unexpectedly, blocking IL-6 did not attenuate deficits in either sleep or metabolism. An 

alternative hypothesis explaining the observed phenotypes involves tumor-induced pain. 

Indeed, mechanical pain is known to activate hypocretin neurons (Cheng, Chou, Hwang, 

& Chiou, 2003; Watanabe et al., 2005). Movement induced pain could reduce the 

motivation to move during the normal active phase, resulting in the increased and 

fragmented sleep observed during this time. Because of the glucose-related metabolic 

effects of hypocretin (discussed in Chapter 1), tumor-induced pain could indirectly alter 
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metabolism through a top-down autonomic mechanism, although this remains to be 

tested.  

 In Chapter 3, I investigated how the circadian and immune systems interact to 

adjust inflammatory responses to cytotoxic chemotherapy. Because the immune system is 

under circadian control, and chemotherapeutics elicit diverse inflammatory responses 

(discussed in Chapter 1), I hypothesized that the time of drug administration would alter 

the inflammatory response to cyclophosphamide and doxorubicin. At the transcriptional 

level, this seemed to be the case, with organ-specific effects. Cyclophosphamide and 

doxorubicin dual administration at ZT 2 (2 hours into the rest phase) caused an 

exaggerated inflammatory response compared to the same drug cocktail administered at 

ZT 14 (two hours into the active phase) in the spleen. Intriguingly, the opposite pattern 

was observed in the brain, suggesting that peripheral immune responses are not good 

indicators of central drug effects. The enhanced cytokine expression in the spleen in 

response to drugs administered at ZT 2 was consistent with the corticosterone 

concentrations in these mice. As corticosterone is largely immunosuppressive (discussed 

in Chapter 1), and is under circadian control, peak inflammatory responses may coincide 

with the trough in corticosterone concentrations observed at ZT 2. To investigate a 

potential mechanism contributing to the observed phenotype, I measured the expression 

of several enzymes involved in the pathway of cyclophosphamide and doxorubicin 

metabolism (cyp2b10, cyp3a13, and cbr1). As discussed in Chapter 3, 

cyclophosphamide is a pro-drug which requires metabolic activation to elicit its anti-

tumor (and inflammatory) effects, and its conversion is largely driven by the cytochrome 
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p450 enzyme cyp2b10. Doxorubicin is converted into (more toxic) doxorubicinol by 

carbonyl reductase 1 (cbr1), primarily in the liver. I observed disparate expression of 

these enzymes dependent on time of drug administration. Specifically, cbr1 reached its 

peak expression in liver at 24h post-injection only in animals administered the drug 

cocktail at ZT 2, but not ZT 14. Cyp2b10, responsible for converting cyclophosphamide 

into 4-hydroxycyclophosphamide (more toxic), reached its peak expression at 9 h post-

drug administration in animals administered the cocktail at ZT 2, but not ZT 14. These 

data suggested that the differential inflammatory effects observed may be due to changes 

in drug metabolism. Indeed, the expression of these enzymes strongly correlated 

(Pearson’s r) with several inflammatory cytokines in the spleen and hypothalamus only 

when the drugs were injected at ZT 2, and not ZT 14. In spite of these transcriptional 

changes, protein levels of these cytokines (and others) in the serum changed independent 

of zeitgeber time, suggesting that time-of-day effects are not evident in the serum, or that 

transcriptional changes are modified prior to protein translation.  

 In Chapter 4, I described a somnogenic effect of the same chemotherapeutic 

cocktail used in Chapter 3. Specifically, a single administration of these drugs to non-

tumor-bearing mice increased and fragmented sleep (both NREM and REM) for the 

following three days. Mice administered cytotoxic chemotherapy had trouble maintaining 

long bouts of sleep (either NREM or REM) or wakefulness, indicating a potential 

problem with vigilance state stability. Additionally, these mice increased low/high theta 

ratios during wakefulness following chemotherapy injection. Decreasing frequencies in 

the theta range during quiet wakefulness are indicative of increased sleep propensity and 
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a greater chance to enter NREM (i.e., delta-rich) sleep (Vyazovskiy and Tobler, 2005). 

Mice administered chemotherapy had disrupted day/night changes in delta power, which 

normally builds during the active phase and is relieved with subsequent sleep. This 

indicated that these mice may have impaired sleep homeostasis, although sleep-

deprivation experiments to directly test this hypothesis were not completed. To assess 

whether these changes in sleep were associated with inflammatory signaling in the brain, 

I measured the expression of several pro-inflammatory cytokines (with known sleep-

modulatory effects) in brain areas that govern sleep-wake states (i.e., hypothalamus and 

brainstem). Three days following a single injection of chemotherapy, interleukin-6 

transcription was elevated only in the hypothalamus (but not the brainstem), indicating an 

enduring effect of chemotherapy on pro-inflammatory cytokine transcription within this 

brain region. IL-6 expression correlated with the degree of vigilance state fragmentation, 

as wake, NREM, and REM bout numbers showed a positive relationship with IL-6 

expression across the dataset.  

 Together the studies detailed above describe sleep-modulating properties of both 

peripheral non-metastatic tumors as well as cytotoxic chemotherapy. Additionally, they 

emphasize the importance of the circadian system in controlling inflammatory responses 

to cyclophosphamide and doxorubicin. Whether these studies have human relevance 

remains to be determined, but they suggest that non-metastatic mammary tumors drive 

sleep problems independent of central inflammation (likely through a metabolic 

mechanism), which is different from the sleep-modulating properties of chemotherapy. If 
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so, different approaches (targeting both inflammation and metabolic pathways) must be 

used in combination to rectify sleep problems across different patient populations.  

Mechanisms 

 There are several mechanisms by which peripheral non-metastatic tumors and 

chemotherapy could alter sleep. Tumors derived from 67NR cells could disrupt vigilance 

states directly through inflammatory signaling, endocrine hormones that alter sleep, 

metabolic disruption as a consequence of the energy demands of the tumor, cancer-

induced pain, or physical impairment of movement resulting in decreased motivation to 

stay awake. Cytotoxic chemotherapy, on the other hand, could act through inflammatory 

signaling in brain areas that govern vigilance states, but not directly (as these drugs do 

not cross the blood-brain barrier), chemo-induced pain, changes to eating patterns and 

therefore energy status of the animal, or further alterations to sleep-modulating hormones 

such as melatonin and corticosterone. 

 In Chapter 2, we directly tested whether tumor-derived IL-6 was a causal agent 

in the metabolic and sleep problems observed in tumor-bearing mice by administering a 

monoclonal antibody against IL-6 (or the IgG1 isotype control) during tumor 

development. Despite knocking down IL-6, metabolic and sleep problems remained, 

suggesting that tumors enact these changes independent of IL-6. This was surprising 

given the recent surge in the literature demonstrating the modulatory effects of tumor-

derived IL-6 on hepatic ketone and glucose metabolism (Flint et al., 2016; Masri et al., 

2016). As discussed in Chapter 1, IL-6 primarily signals through gp130-coupled 

receptors, resulting in STAT3 phosphorylation and nuclear translocation. Downstream 
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production of its negative regulator SOCS3 allows for negative feedback on this signaling 

cascade, but SOCS also interacts with components in the insulin signaling pathway, 

including insulin receptor substrates 1 and 2 (IRS-1/2), targeting them for degradation 

(Rui et al., 2002).  

 

Figure 5.1: Tumor IL-6 levels negatively correlate with wakefulness during the 

preceding day.  

 

 

Therefore, tumor-induced inflammation can impede insulin-dependent glucose uptake via 

IL-6 driven changes to insulin receptor signaling. We observed this in our tumor-model, 

as hepatic phosphorylated Akt (a downstream kinase in the insulin signaling pathway) 

was reduced, and the expression of the insulin-dependent glucose transporter GLUT4 

(slc2a4) was also suppressed in tumor-bearing mice. As IL-6 was the most highly 

expressed and only elevated cytokine that we assayed in serum and tumor parenchyma, 

we reasoned that it was driving the observed phenotype. Indeed, we observed that IL-6 

concentrations in tumor parenchyma negatively correlated with time spent in the wake 
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vigilance state across 24 h (Fig. 5.1). If metabolic and sleep problems persisted in tandem 

with IL-6 knockdown, then another mechanism must be driving those phenotypes. 

Although we did not assay it given the unstable nature of acyl-ghrelin, this fasting-

associated molecule can activate hypothalamic hypocretin neurons and is frequently 

deregulated in breast cancer (Au et al., 2017). As discussed in Chapter 1, hypocretin 

neurons can drive hepatic gluconeogenesis through autonomic pathways in response to 

stimulation with ghrelin, acting through the growth-hormone secretagogue receptor 

(GHSR) (Toshinai et al., 2003). Therefore, an alternative mechanism to explain the 

metabolic phenotype in tumor-bearing mice is that tumor-derived ghrelin acts centrally 

on hypocretin neurons to provide top-down induction of gluconeogenesis and 

hyperglycemia.  

 As mentioned above, an alternative mechanism could involve cancer-induced 

changes to endocrine mediators that alter sleep, such as corticosterone and melatonin. We 

did not observe changes in corticosterone concentrations throughout the course of tumor-

development (except a small decline early during tumor growth on day 15; Fig. 5.2). 

Almost no animal studies have investigated non-metastatic tumor-induced modulation of 

the melatonin rhythm. Indeed, most research has focused on how disrupting the nocturnal 

peak in melatonin (via timed light exposure) can accelerate or alter tumor growth (e.g., 

(Blask et al., 2005). As we observed increased hypocretin neuron activity in tumor-

bearing mice, and these cells send modulatory projections directly to the pineal gland 

(Mikkelsen et al., 2001), melatonin alterations may have been present in tumor-bearing 

mice, further contributing to altered sleep. 
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Figure 5.2: Transient changes in corticosterone concentrations observed in tumor-bearing 

mice during early during tumor-development are absent towards later stages of tumor 

growth. (Day 15 N = 5 no tumor, 10 tumor bearing, t = 2.581, p = 0.023). (N = 6 no 

tumor, 12 tumor day 20; 14-15/group for days 25 and 30) Error bars represent SEM, *p < 

0.05 student’s t-test. 

 

 

 Cancer-associated pain is frequently coupled with fatigue and sleep problems 

(Theobald, 2004). Although we did not objectively measure pain in the tumor-bearing 

mice used in Chapter 2, it could have contributed to reduced mobility and increased 

sleep. Several additional experiments could tease apart the role pain plays in the 

phenotype we observed. Specifically implanting mice with ‘tumor-sized’ silastic (inert) 

capsules that are not otherwise painful, and assessing sleep and metabolism would test 

whether tumor-derived pain (or the simple size of the tumor) contributed to the observed 

phenotypes. Additionally, as we saw similar results regardless of whether the cells were 

placed subcutaneously or orthotopically within the mammary gland, simply placing the 
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cells in a different subcutaneous pocket (e.g., the dorsum) would allow mice to 

potentially sleep more comfortably in the prone position. Finally, localized injections of 

pain-producing molecules, such as tumor-necrosis factor alpha (TNF-α), that remain at 

the site of injection and do not travel systemically, could provide information on whether 

pain at a distal site could directly alter sleep-wake cycles and metabolism. Pain signaling 

is known to activate hypocretin neurons (Watanabe et al., 2005), which could then link 

pain to alterations in sleep and metabolism through pathways detailed above.  

 In regards to circadian modulation of inflammatory responses to cytotoxic 

chemotherapy (Chapter 3), the mechanisms likely involve interactions among clock 

genes in immune cells as well as circulating factors that modulate their actions. 

Specifically, glucocorticoids are powerful modulators of circadian rhythms, and the daily 

rhythm in corticosterone secretion acts to synchronize clocks throughout the body (Oster 

et al., 2006). As discussed in Chapter 1, immune cells express glucocorticoid receptors, 

which directly bind DNA glucocorticoid response elements (GREs) to drive the 

transcription of hundreds of genes. In regards to clock genes, microglia and peripheral 

macrophages possess autonomous clocks that are nearly 6-8 hours out of phase with one 

another, potentially underlying the time-of-day dependent differences in inflammation 

observed in the spleen and the brain. In the study discussed above, hypothalamic and 

spleen reverbα expression showed a ~6 h difference in peak values (Fig. 5.3).  
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Figure 5.3: Reverb-α expression in vehicle treated mice ‘around the clock’ in the whole 

hypothalamus (left panel) and spleen (right panel). Arrows denote times of injection. 

Note the difference between the two organs in circadian peak values (acrophase) during 

the day (N = 7-8/time point; error bars represent SEM). 

 

 

Because this clock gene is a powerful regulator of inflammatory responses (discussed in 

Chapter 1), its differential expression between the brain and periphery may explain why 

inflammatory responses to chemotherapy were exaggerated in the spleen in response to 

treatment at ZT 2, but were enhanced in the brain in response to treatment at ZT 14. 

Indeed, circadian gating of immunity by reverbα has been demonstrated in a mouse 

model of vesicular stomatitis virus infection (mentioned in Chapter 1), where viral 

administration during the beginning of the rest phase (ZT 0) conferred increased 

mortality compared to when the virus was administered at the beginning of the active 

phase (ZT 12). In the olfactory bulb, where the virus travels first from the nasal cavity, 

the acrophase of reverbα is at ZT 12, and this coincides with the lowest expression of the 
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chemokine ligand CCL2, modulating peripheral monocyte trafficking into the brain and 

reducing inflammation (Gagnidze et al., 2016). Interactions such as these could be 

responsible for time-of-day dependent inflammatory responses to chemotherapy. 

 As discussed above, multiple mechanisms could contribute to chemotherapy-

induced sleep. The one with the most evidence is chemo-induced inflammatory signaling, 

which then interacts with arousal centers in the brain to promote sleep and rest. As 

discussed in Chapters 1 and 4, cytotoxic chemotherapy is capable of reducing 

hypocretin neuronal activity, which results in fatigue and may drive sleep problems. This 

is associated with hypothalamic inflammation, which may act directly on these cells or 

through inhibitory interneurons nearby (Grossberg et al., 2011; Weymann et al., 2014). 

Another pathway not previously discussed in the context of chemotherapy-induced sleep 

is chemo-induced pain resulting in sleep rebound. Because our administration procedure 

required stressful restraint of the mice followed by IV injection of cytotoxic 

chemotherapy, the post-injection time frame was likely spent tending to the tail and 

mediating pain. If so, the first night following injection likely represented a ‘rebound’ 

window, where animals homeostatically responded to prior sleep loss. Indeed, this is the 

pattern that we observed, where during the first 4 hours following injection, chemo-

treated mice were actually more awake than their vehicle-treated counterparts (Fig. 5.4).  
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Figure 5.4: Changes in time spent in each vigilance state during the 4 hours immediately 

following injection compared to baseline values of the same time-frame. Note that on 

injection day (day 1), chemo-treated mice were more awake during the post-injection 

time frame, but this phenomenon was not evident on the following two days.  

 

 

This pattern (only ~30 minutes of increased wakefulness) did not persist on the 2nd or 3rd 

day following chemotherapy administration, indicating that persistent effects of chemo 

on sleep during these days were independent of a simple ‘rebound effect’.  

Implications 

 The implications of these studies are yet to be determined. As mentioned in 

Chapter 2, as 67NR-derived tumors increased hypocretin neural activity, which may 

then promote altered sleep and metabolism, targeting hypocretin receptors with drugs 

already approved for use in insomnia (e.g., Suvorexant) could be an effective treatment 

for both sleep and metabolic problems in cancer patients. The studies described in 

Chapter 2 further suggest that IL-6 is not the primary driver of altered hepatic 
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metabolism in cancer, as has been suggested previously (Flint et al., 2016; Masri et al., 

2016). A primary finding detailed in Chapter 2 is that non-metastatic tumors in the 

periphery can directly alter sleep, a phenotype that has not been previously described. If 

this remains true for humans, careful monitoring of sleep-wake states could act as a 

prognostic indicator of cancer progression, or act as a simple and non-invasive assay of 

the potential presence of cancer. This is especially important when (in our studies) 

changes in sleep in tumor-bearing-mice were evident without simultaneous alterations in 

other sickness-associated behaviors like depression or anxiety. With the increased use of 

smart-phone based sleep monitoring applications, daily monitoring of sleep and waking 

becomes possible with minimal disturbance (Walch et al., 2016).  

 The findings detailed in Chapter 3 suggest that the timing of cytotoxic 

chemotherapy may be an important modulator of inflammatory responses to the drugs. 

The most interesting finding was that the brain and periphery showed nearly reciprocal 

inflammatory responses depending on time-of-day. This adds another piece of evidence 

suggesting that inflammatory responses in the periphery are not indicative of the central 

response. The data also suggest that, in order to limit potentially toxic side effects (driven 

by inflammation), the drug dosing should be adjusted based on circadian time. Whether 

this remains true for humans remains to be determined, although a wealth of evidence 

(discussed in Chapters 1 and 3) suggests that cancer chronotherapy provides substantial 

benefits to patients.  

 In Chapter 4, I demonstrated a direct somnogenic effect of chemotherapy, 

independent of other factors like tumors, social stress, or age. The sleep-promoting 
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property of these drugs lasted at least 3 days following treatment, suggesting that 

secondary factors (rather than the drugs directly) were contributing to the observed 

phenotype. Indeed, I detected increased hypothalamic IL-6 expression, which correlated 

with the degree of sleep fragmentation on day 3 following injection. These data lend 

support to the ‘inflammatory hypothesis’ of cancer-treatment-related behavioral 

toxicities. It remains to be determined, of course, whether these findings extend to 

humans and whether the same mechanisms driving this acute response are responsible for 

the long-term sleep problems evident in cancer patients.  

Future Directions 

 In regards to cancer and sleep, the above studies only scratched the surface of 

what may be going on in the brain. We examined only two cell populations that 

contribute to arousal, the hypocretin and MCH neurons. As discussed in Chapter 1, 

dozens of other populations may be altered by tumors in the periphery, independently 

contributing to sleep problems in these mice. Future studies should examine whether 

motivational circuits (e.g., dopaminergic, noradrenergic) are intact, as reduced motivation 

to move may be responsible for increased sleep. Additionally, directly testing the 

hypothesis that hypocretin receptor antagonism alters tumor-induced sleep and metabolic 

disruption would be informative. Another important study would be to see whether 

removal of the tumor (as 67NR cells are non-metastatic) would reverse sleep and 

metabolic problems, or whether these changes persist following cancer elimination. 

Finally, whether these findings are specific to the 67NR cell line, or generalizable to 

different types of cancer with differing metastatic capacity would greatly aid in 
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determining how widespread these problems may be. Is sleep disruption a trait shared by 

all type of advanced cancer (regardless of tissue/organ of origin)? Is this always coupled 

to changes in metabolism? Are metabolic problems driving changes in sleep, or does it 

work the other way around? All of these questions need to be addressed before a clear 

picture emerges.  

 In regards to the findings detailed in Chapter 3, the specific contributions of 

specific clock genes should be investigated. The easiest way to do this would be to repeat 

the experiments in mice lacking core clock components (e.g., bmal1, per2, cry1…), or 

lacking the central clock (i.e., SCN-ablated). Future studies could use primary human 

macrophages, and challenge them with these drugs at different times of the day to see 

whether their inflammatory response to the drugs shows time-of-day dependent 

responses. The behavioral consequences of these altered responses should also be 

investigated to assess whether early day or early night administration of the drugs elicits 

more or less sickness behavior, respectively. Finally, these studies should be combined 

with models of cancer to see whether the timing of drug administration, the inflammatory 

response, and behavioral toxicities are coupled to the efficacy of the chemotherapeutics.  

 Following the experiments described in Chapter 4, the chronic effects of these 

drugs on sleep should be investigated. How long do sleep problems persist following a 

single injection? What happens after multiple injections (which is more clinically 

relevant)? Additionally, does chemotherapy interact with the sleep-altering effects of 

peripheral tumors (is there an additive effect)? Studies should further test the hypothesis 

that inflammatory signaling drives chemo-induced changes in sleep by blocking specific 
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cytokine actions or using pan-inflammatory inhibitors. The role of pain should be tested 

by altering the drug administration route or dose to minimize pain (e.g., IP injection in 

large volume of vehicle instead of IV injection of small volume). As the mice used in 

Chapter 4 were ovariectomized to limit the influence of circulating estrogens, a study 

examining modulatory effects of gonadal hormones on chemo-induced changes in sleep 

is warranted. Additionally, whether the sleep-modulatory properties of cyclophosphamide 

and doxorubicin extend to other chemotherapeutic drugs (e.g., cisplatin, etoposide), 

remains to be determined. Specific effects of doxorubicin on sleep have been replicated 

in an independent study in rats (Lira et al., 2016). Finally, the role chemo-induced sleep 

plays in the development of other behavioral problems should be investigated. Does 

sleep-disruption drive behavioral co-morbidities frequently observed in cancer patients 

such as fatigue and depression? This could be tested by examining the behavioral 

phenotype of mice at different time points following chemotherapy administration, and 

determine whether they are always coupled with sleep disruption (via simultaneous 

measurement of EEG/EMG). 

An important future direction for all of the above studies is how the mouse 

phenotype differs from humans. Indeed, I observed increased sleep in tumor-bearing and 

chemotherapy-exposed mice, when in humans, the primary complaint is insomnia (with 

daytime sleepiness). Because I did not observe changes in sleep during the inactive 

phase, this may suggest that the insomnia component is driven by other factors besides 

cancer and chemotherapy, while daytime sleep and sleepiness (observed during the active 

phase) is a direct consequence of cancer and chemotherapy. Additionally, cancer and 
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chemotherapeutics may be interacting with arousal circuitry in a different manner 

between species, potentially depending on intervening cell populations that contribute to 

nocturnality and diurnality (located in dorsomedial hypothalamus). To test whether the 

somnogenic effect of chemotherapeutics is specific to nocturnal animals, the experiment 

should be repeated in a diurnal rodent (e.g., nile grass rat, Arvicanthis niloticus). 

Together, future directions for these studies should examine different cell types, 

chemotherapeutics, species, and time frames to assess the relevance and generalizability 

of the results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



158 

 

 

 

REFERENCES 

 

 

Aaronson, D.S., and Horvath, C.M. (2002). A road map for those who don’t know JAK-

STAT. Science 296, 1653–1655. 

Aaronson, L.S., Teel, C.S., Cassmeyer, V., Neuberger, G.B., Pallikkathayil, L., Pierce, J., 

Press, A.N., Williams, P.D., and Wingate, A. (1999). Defining and measuring fatigue. 

Image J. Nurs. Sch. 31, 45–50. 

Adamantidis, A., Salvert, D., Goutagny, R., Lakaye, B., Gervasoni, D., Grisar, T., Luppi, 

P.-H., and Fort, P. (2008). Sleep architecture of the melanin-concentrating hormone 

receptor 1-knockout mice. Eur. J. Neurosci. 27, 1793–1800. 

Ahles, T.A., and Saykin, A.J. (2007). Candidate mechanisms for chemotherapy-induced 

cognitive changes. Nat. Rev. Cancer 7, 192–201. 

Åkerstedt, T., and Gillberg, M. (1990). Subjective and objective sleepiness in the active 

individual. Int. J. Neurosci. 52, 29–37. 

Akhtar, R.A., Reddy, A.B., Maywood, E.S., Clayton, J.D., King, V.M., Smith, A.G., 

Gant, T.W., Hastings, M.H., and Kyriacou, C.P. (2002). Circadian cycling of the mouse 

liver transcriptome, as revealed by cDNA microarray, is driven by the suprachiasmatic 

nucleus. Curr. Biol. CB 12, 540–550. 

Alam, M.N., McGinty, D., Bashir, T., Kumar, S., Imeri, L., Opp, M.R., and Szymusiak, 

R. (2004). Interleukin-1beta modulates state-dependent discharge activity of preoptic area 

and basal forebrain neurons: role in sleep regulation. Eur. J. Neurosci. 20, 207–216. 

Alamili, M., Bendtzen, K., Lykkesfeldt, J., Rosenberg, J., and Gögenur, I. (2014). 

Pronounced inflammatory response to endotoxaemia during nighttime: A randomised 

cross-over trial. PLOS ONE 9, e87413. 

Anaclet, C., Ferrari, L., Arrigoni, E., Bass, C.E., Saper, C.B., Lu, J., and Fuller, P.M. 

(2014). The GABAergic parafacial zone is a medullary slow wave sleep-promoting 

center. Nat. Neurosci. 17, 1217–1224. 

Ancoli-Israel, S., Moore, P.J., and Jones, V. (2001). The relationship between fatigue and 

sleep in cancer patients: A review. Eur. J. Cancer Care (Engl.) 10, 245–255. 

Ancoli-Israel, S., Liu, L., Marler, M.R., Parker, B.A., Jones, V., Sadler, G.R., Dimsdale, 

J., Cohen-Zion, M., and Fiorentino, L. (2006). Fatigue, sleep, and circadian rhythms prior 

to chemotherapy for breast cancer. Support. Care Cancer 14, 201–209. 



159 

 

Apergis-Schoute, J., Iordanidou, P., Faure, C., Jego, S., Schöne, C., Aitta-Aho, T., 

Adamantidis, A., and Burdakov, D. (2015). Optogenetic evidence for inhibitory signaling 

from orexin to MCH neurons via local microcircuits. J. Neurosci. 35, 5435–5441. 

Aserinsky, E., and Kleitman, N. (1953). Regularly occurring periods of eye motility, and 

concomitant phenomena, during sleep. Science 118, 273–274. 

Ashbury, F.D., Findlay, H., Reynolds, B., and McKerracher, K. (1998). A canadian 

survey of cancer patients’ experiences: Are their needs being met? J. Pain Symptom 

Manage. 16, 298–306. 

Ashley, N.T., Zhang, N., Weil, Z.M., Magalang, U.J., and Nelson, R.J. (2012). 

Photoperiod alters duration and intensity of non-rapid eye movement sleep following 

immune challenge in Siberian hamsters (Phodopus sungorus). Chronobiol. Int. 29, 683–

692. 

Aslakson, C.J., and Miller, F.R. (1992). Selective events in the metastatic process defined 

by analysis of the sequential dissemination of subpopulations of a mouse mammary 

tumor. Cancer Res. 52, 1399–1405. 

Au, C.C., Furness, J.B., and Brown, K.A. (2017). Ghrelin and breast cancer: Emerging 

roles in obesity, estrogen regulation, and cancer. Front. Oncol. 6. 

Ayoub, M.A., Levoye, A., Delagrange, P., and Jockers, R. (2004). Preferential formation 

of MT1/MT2 melatonin receptor heterodimers with distinct ligand interaction properties 

compared with MT2 homodimers. Mol. Pharmacol. 66, 312–321. 

Azim, H.A., de, A., Colozza, M., Bines, J., and Piccart, M.J. (2011). Long-term toxic 

effects of adjuvant chemotherapy in breast cancer. Ann. Oncol. 22, 1939–1947. 

Baba, K., Benleulmi-Chaachoua, A., Journé, A.-S., Kamal, M., Guillaume, J.-L., 

Dussaud, S., Gbahou, F., Yettou, K., Liu, C., Contreras-Alcantara, S., et al. (2013). 

Heteromeric MT1/MT2 melatonin receptors modulate photoreceptor function. Sci. 

Signal. 6. 

Bäckberg, M., Hervieu, G., Wilson, S., and Meister, B. (2002). Orexin receptor-1 (OX-

R1) immunoreactivity in chemically identified neurons of the hypothalamus: focus on 

orexin targets involved in control of food and water intake. Eur. J. Neurosci. 15, 315–

328. 

Balsalobre, A. (2002). Clock genes in mammalian peripheral tissues. Cell Tissue Res. 

309, 193–199. 

Balsalobre, A., Damiola, F., and Schibler, U. (1998). A serum shock induces circadian 

gene expression in mammalian tissue culture cells. Cell 93, 929–937. 



160 

 

Barnes, P.J. (1998). Anti-inflammatory actions of glucocorticoids: molecular 

mechanisms. Clin. Sci. Lond. Engl. 1979 94, 557–572. 

Baver, S.B., Pickard, G.E., Sollars, P.J., and Pickard, G.E. (2008). Two types of 

melanopsin retinal ganglion cell differentially innervate the hypothalamic 

suprachiasmatic nucleus and the olivary pretectal nucleus. Eur. J. Neurosci. 27, 1763–

1770. 

Beck, S.L., Schwartz, A.L., Towsley, G., Dudley, W., and Barsevick, A. (2004). 

Psychometric evaluation of the Pittsburgh sleep quality index in cancer patients. J. Pain 

Symptom Manage. 27, 140–148. 

Beck, S.L., Berger, A.M., Barsevick, A.M., Wong, B., Stewart, K.A., and Dudley, W.N. 

(2010). Sleep quality after initial chemotherapy for breast cancer. Support. Care Cancer 

18, 679–689. 

Bedrosian, T.A., Fonken, L.K., Walton, J.C., Haim, A., and Nelson, R.J. (2011). Dim 

light at night provokes depression-like behaviors and reduces CA1 dendritic spine density 

in female hamsters. Psychoneuroendocrinology 36, 1062–1069. 

Bedrosian, T.A., Herring, K.L., Walton, J.C., Fonken, L.K., Weil, Z.M., and Nelson, R.J. 

(2013). Evidence for feedback control of pineal melatonin secretion. Neurosci. Lett. 542, 

123–125. 

Belle, M.D.C., Hughes, A.T.L., Bechtold, D.A., Cunningham, P., Pierucci, M., 

Burdakov, D., and Piggins, H.D. (2014). Acute suppressive and long-term phase 

modulation actions of orexin on the mammalian circadian clock. J. Neurosci. 34, 3607–

3621. 

Bellesi, M., Bushey, D., Chini, M., Tononi, G., and Cirelli, C. (2016). Contribution of 

sleep to the repair of neuronal DNA double-strand breaks: evidence from flies and mice. 

Sci. Rep. 6. 

Ben-Shaanan, T.L., Azulay-Debby, H., Dubovik, T., Starosvetsky, E., Korin, B., Schiller, 

M., Green, N.L., Admon, Y., Hakim, F., Shen-Orr, S.S., et al. (2016). Activation of the 

reward system boosts innate and adaptive immunity. Nat. Med. 22, 940–944. 

Berger, A.M., Treat, M., and Agrawal, S. (2009). Influence of menopausal status on sleep 

and hot flashes throughout breast cancer adjuvant chemotherapy. JOGNN - J. Obstet. 

Gynecol. Neonatal Nurs. 38, 353–366. 

Besedovsky, L., Lange, T., and Born, J. (2012). Sleep and immune function. Pflüg. Arch. 

- Eur. J. Physiol. 463, 121–137. 



161 

 

Binkley, J.M., Harris, S.R., Levangie, P.K., Pearl, M., Guglielmino, J., Kraus, V., and 

Rowden, D. (2012). Patient perspectives on breast cancer treatment side effects and the 

prospective surveillance model for physical rehabilitation for women with breast cancer. 

Cancer 118, 2207–2216. 

Blask, D.E., Brainard, G.C., Dauchy, R.T., Hanifin, J.P., Davidson, L.K., Krause, J.A., 

Sauer, L.A., Rivera-Bermudez, M.A., Dubocovich, M.L., and Jasser, S.A. (2005). 

Melatonin-depleted blood from premenopausal women exposed to light at night 

stimulates growth of human breast cancer xenografts in nude rats. Cancer Res. 65, 

11174–11184. 

Bluthé, R.-M., Michaud, B., Kelley, K.W., and Dantzer, R. (1996). Vagotomy blocks 

behavioural effects of interleukin-1 injected via the intraperitoneal route but not via other 

systemic routes. NeuroReport 7, 2823–2827. 

Boddy, A.V., and Yule, S.M. (2000). Metabolism and pharmacokinetics of 

oxazaphosphorines. Clin. Pharmacokinet. 38, 291–304. 

Bogdan, C., and Ding, A. (1992). Taxol, a microtubule-stabilizing antineoplastic agent, 

induces expression of tumor necrosis factor alpha and interleukin-1 in macrophages. J. 

Leukoc. Biol. 52, 119–121. 

Boissard, R., Gervasoni, D., Schmidt, M.H., Barbagli, B., Fort, P., and Luppi, P.-H. 

(2002). The rat ponto-medullary network responsible for paradoxical sleep onset and 

maintenance: a combined microinjection and functional neuroanatomical study. Eur. J. 

Neurosci. 16, 1959–1973. 

Bonnavion, P., Jackson, A.C., Carter, M.E., and Lecea, L. de (2015). Antagonistic 

interplay between hypocretin and leptin in the lateral hypothalamus regulates stress 

responses. Nat. Commun. 6, 6266. 

Borbély, A.A. (1982). A two process model of sleep regulation. Hum. Neurobiol. 1, 195–

204. 

Borbély, A.A., Daan, S., Wirz-Justice, A., and Deboer, T. (2016). The two-process model 

of sleep regulation: a reappraisal. J. Sleep Res. 25, 131–143. 

Borniger, J.C., Weil, Z.M., Zhang, N., and Nelson, R.J. (2013). Dim light at night does 

not disrupt timing or quality of sleep in mice. Chronobiol. Int. 30, 1016–1023. 

Borniger, J.C., McHenry, Z.D., Abi Salloum, B.A., and Nelson, R.J. (2014). Exposure to 

dim light at night during early development increases adult anxiety-like responses. 

Physiol. Behav. 133, 99–106. 



162 

 

Borniger, J.C., Gaudier-Diaz, M.M., Zhang, N., Nelson, R.J., and DeVries, A.C. (2015). 

Cytotoxic chemotherapy increases sleep and sleep fragmentation in non-tumor-bearing 

mice. Brain. Behav. Immun. 47, 218–227. 

Borniger, J.C., Walker II, W.H., Gaudier-Diaz, M.M., Stegman, C.J., Zhang, N., 

Hollyfield, J.L., Nelson, R.J., and DeVries, A.C. (2017). Time-of-day dictates 

transcriptional inflammatory responses to cytotoxic chemotherapy. Sci. Rep. 7. 

Bower, J.E., Ganz, P.A., Desmond, K.A., Rowland, J.H., Meyerowitz, B.E., and Belin, 

T.R. (2000). Fatigue in breast cancer survivors: Occurrence, correlates, and impact on 

quality of life. J. Clin. Oncol. 18, 743–753. 

Bower, J.E., Ganz, P.A., Aziz, N., and Fahey, J.L. (2002). Fatigue and proinflammatory 

cytokine activity in breast cancer survivors. Psychosom. Med. 64, 604–611. 

Bower, J.E., Ganz, P.A., Irwin, M.R., Kwan, L., Breen, E.C., and Cole, S.W. (2011). 

Inflammation and behavioral symptoms after breast cancer treatment: Do fatigue, 

depression, and sleep disturbance share a common underlying mechanism? J. Clin. 

Oncol. 29, 3517–3522. 

Bracci, L., Moschella, F., Sestili, P., La, S., Valentini, M., Canini, I., Baccarini, S., 

Maccari, S., Ramoni, C., Belardelli, F., et al. (2007). Cyclophosphamide enhances the 

antitumor efficacy of adoptively transferred immune cells through the induction of 

cytokine expression, B-cell and T-cell homeostatic proliferation, and specific tumor 

infiltration. Clin. Cancer Res. 13, 644–653. 

Brancaccio, M., Maywood, E.S., Chesham, J.E., Loudon, A.S.I., and Hastings, M.H. 

(2013). A Gq-Ca2+ axis controls circuit-level encoding of circadian time in the 

suprachiasmatic nucleus. Neuron 78, 714–728. 

Bryant, P.A., Trinder, J., and Curtis, N. (2004). Sick and tired: Does sleep have a vital 

role in the immune system? Nat. Rev. Immunol. 4, 457–467. 

Budhrani, P.H., Lengacher, C.A., Kip, K., Tofthagen, C., and Jim, H. (2015). An 

integrative review of subjective and objective measures of sleep disturbances in breast 

cancer survivors. Clin. J. Oncol. Nurs. 19, 185–191. 

Burdakov, D., Luckman, S.M., and Verkhratsky, A. (2005). Glucose-sensing neurons of 

the hypothalamus. Philos. Trans. R. Soc. B Biol. Sci. 360, 2227–2235. 

Burdakov, D., Jensen, L.T., Alexopoulos, H., Williams, R.H., Fearon, I.M., O’Kelly, I., 

Gerasimenko, O., Fugger, L., and Verkhratsky, A. (2006). Tandem-pore K+ channels 

mediate inhibition of orexin neurons by glucose. Neuron 50, 711–722. 



163 

 

Burgess, C., Lai, D., Siegel, J., and Peever, J. (2008). An endogenous glutamatergic drive 

onto somatic motoneurons contributes to the stereotypical pattern of muscle tone across 

the sleep–wake cycle. J. Neurosci. 28, 4649–4660. 

Buysse, D.J., Reynolds III, C.F., Monk, T.H., Berman, S.R., and Kupfer, D.J. (1989). The 

Pittsburgh sleep quality index: A new instrument for psychiatric practice and research. 

Psychiatry Res. 28, 193–213. 

Byar, K.L., Berger, A.M., Bakken, S.L., and Cetak, M.A. (2006). Impact of adjuvant 

breast cancer chemotherapy on fatigue, other symptoms, and quality of life. Oncol. Nurs. 

Forum 33, E18-26. 

Byrd-Leifer, C.A., Block, E.F., Takeda, K., Akira, S., and Ding, A. (2001). The role of 

MyD88 and TLR4 in the LPS-mimetic activity of Taxol. Eur. J. Immunol. 31, 2448–

2457. 

Carpenter, J.S., Johnson, D., Wagner, L., and Andrykowski, M. (2002). Hot flashes and 

related outcomes in breast cancer survivors and matched comparison women. Oncol. 

Nurs. Forum 29, E16-25. 

Carpentieri, A., Díaz de Barboza, G., Areco, V., Peralta López, M., and Tolosa de 

Talamoni, N. (2012). New perspectives in melatonin uses. Pharmacol. Res. 65, 437–444. 

Carrillo-Vico, A., Calvo, J.R., Abreu, P., Lardone, P.J., García-Mauriño, S., Reiter, R.J., 

and Guerrero, J.M. (2004). Evidence of melatonin synthesis by human lymphocytes and 

its physiological significance: possible role as intracrine, autocrine, and/or paracrine 

substance. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 18, 537–539. 

Carter, M.E., Yizhar, O., Chikahisa, S., Nguyen, H., Adamantidis, A., Nishino, S., 

Deisseroth, K., and de Lecea, L. (2010). Tuning arousal with optogenetic modulation of 

locus coeruleus neurons. Nat. Neurosci. 13, 1526–1533. 

Carter, M.E., Brill, J., Bonnavion, P., Huguenard, J.R., Huerta, R., and Lecea, L. de 

(2012). Mechanism for Hypocretin-mediated sleep-to-wake transitions. Proc. Natl. Acad. 

Sci. 109, E2635–E2644. 

Cash, E., Sephton, S.E., Chagpar, A.B., Spiegel, D., Rebholz, W.N., Zimmaro, L.A., 

Tillie, J.M., and Dhabhar, F.S. (2015). Circadian disruption and biomarkers of tumor 

progression in breast cancer patients awaiting surgery. Brain. Behav. Immun. 48, 102–

114. 

Castell, J.V., Gómez-lechón, M.J., David, M., Fabra, R., Trullenque, R., and Heinrich, 

P.C. (1990). Acute-phase response of human hepatocytes: Regulation of acute-phase 

protein synthesis by interleukin-6. Hepatology 12, 1179–1186. 



164 

 

Cauli, B., Tong, X.-K., Rancillac, A., Serluca, N., Lambolez, B., Rossier, J., and Hamel, 

E. (2004). Cortical GABA interneurons in neurovascular coupling: Relays for subcortical 

vasoactive pathways. J. Neurosci. 24, 8940–8949. 

Cavadini, G., Petrzilka, S., Kohler, P., Jud, C., Tobler, I., Birchler, T., and Fontana, A. 

(2007). TNF-α suppresses the expression of clock genes by interfering with E-box-

mediated transcription. Proc. Natl. Acad. Sci. U. S. A. 104, 12843–12848. 

Cella, D., Davis, K., Breitbart, W., and Curt, G. (2001). Cancer-related fatigue: 

Prevalence of proposed diagnostic criteria in a United States sample of cancer survivors. 

J. Clin. Oncol. 19, 3385–3391. 

Chalder, T., Berelowitz, G., Pawlikowska, T., Watts, L., Wessely, S., Wright, D., and 

Wallace, E.P. (1993). Development of a fatigue scale. J. Psychosom. Res. 37, 147–153. 

Chan, O.T.M., and Yang, L.-X. (2000). The immunological effects of taxanes. Cancer 

Immunol. Immunother. 49, 181–185. 

Charmandari, E., Chrousos, G.P., Lambrou, G.I., Pavlaki, A., Koide, H., Ng, S.S.M., and 

Kino, T. (2011). Peripheral CLOCK regulates target-tissue glucocorticoid receptor 

transcriptional activity in a circadian fashion in man. PLOS ONE 6, e25612. 

Chen, G.Y., and Nuñez, G. (2010). Sterile inflammation: sensing and reacting to damage. 

Nat. Rev. Immunol. 10, 826–837. 

Chen, C.-Q., Fichna, J., Bashashati, M., Li, Y.-Y., and Storr, M. (2011a). Distribution, 

function and physiological role of melatonin in the lower gut. World J. Gastroenterol. 

WJG 17, 3888–3898. 

Chen, S.-K., Badea, T.C., and Hattar, S. (2011b). Photoentrainment and pupillary light 

reflex are mediated by distinct populations of ipRGCs. Nature 476, 92–95. 

Cheng, J.-K., Chou, R.C.-C., Hwang, L.-L., and Chiou, L.-C. (2003). Antiallodynic 

effects of intrathecal orexins in a rat model of postoperative pain. J. Pharmacol. Exp. 

Ther. 307, 1065–1071. 

Cleeland, C.S., Bennett, G.J., Dantzer, R., Dougherty, P.M., Dunn, A.J., Meyers, C.A., 

Miller, A.H., Payne, R., Reuben, J.M., Wang, X.S., et al. (2003). Are the symptoms of 

cancer and cancer treatment due to a shared biologic mechanism? A cytokine-

immunologic model of cancer symptoms. Cancer 97, 2919–2925. 

Cluydts, R., De Valck, E., Verstraeten, E., and Theys, P. (2002). Daytime sleepiness and 

its evaluation. Sleep Med. Rev. 6, 83–96. 



165 

 

Colegio, O.R., Chu, N.-Q., Szabo, A.L., Chu, T., Rhebergen, A.M., Jairam, V., Cyrus, N., 

Brokowski, C.E., Eisenbarth, S.C., Phillips, G.M., et al. (2014). Functional polarization 

of tumour-associated macrophages by tumour-derived lactic acid. Nature 513, 559–563. 

Contiero, P., Berrino, F., Tagliabue, G., Mastroianni, A., Mauro, M.G.D., Fabiano, S., 

Annulli, M., and Muti, P. (2013). Fasting blood glucose and long-term prognosis of non-

metastatic breast cancer: a cohort study. Breast Cancer Res. Treat. 138, 951–959. 

Coogan, A.N., and Wyse, C.A. (2008). Neuroimmunology of the circadian clock. Brain 

Res. 1232, 104–112. 

Costa, A.R., Fontes, F., Pereira, S., Gonçalves, M., Azevedo, A., and Lunet, N. (2014). 

Impact of breast cancer treatments on sleep disturbances – A systematic review. The 

Breast 23, 697–709. 

Crunelli, V., and Hughes, S.W. (2010). The slow (<1 Hz) rhythm of non-REM sleep: a 

dialogue between three cardinal oscillators. Nat. Neurosci. 13, 9–17. 

Dantzer, R., and Kelley, K.W. (2007). Twenty years of research on cytokine-induced 

sickness behavior. Brain. Behav. Immun. 21, 153–160. 

Dantzer, R., Meagher, M.W., and Cleeland, C.S. (2012). Translational approaches to 

treatment-induced symptoms in cancer patients. Nat. Rev. Clin. Oncol. 9, 414–426. 

Darnell, J.E. (1997). STATs and gene regulation. Science 277, 1630–1635. 

Dauer, D.J., Ferraro, B., Song, L., Yu, B., Mora, L., Buettner, R., Enkemann, S., Jove, R., 

and Haura, E.B. (2005). Stat3 regulates genes common to both wound healing and 

cancer. Oncogene 24, 3397–3408. 

Davidson, J.R., MacLean, A.W., Brundage, M.D., and Schulze, K. (2002). Sleep 

disturbance in cancer patients. Soc. Sci. Med. 54, 1309–1321. 

Dean, G.E., Redeker, N.S., Wang, Y.-J., Rogers, A.E., Dickerson, S.S., Steinbrenner, 

L.M., and Gooneratne, N.S. (2013). Sleep, mood, and quality of life in patients receiving 

treatment for lung cancer. Oncol. Nurs. Forum 40, 441–451. 

DeCoursey, P.J., and Krulas, J.R. (1998). Behavior of SCN-lesioned chipmunks in 

natural habitat: A pilot study. J. Biol. Rhythms 13, 229–244. 

Deeken, J.F., and Löscher, W. (2007). The blood-brain barrier and cancer: Transporters, 

treatment, and trojan horses. Clin. Cancer Res. 13, 1663–1674. 

Demas, G.E., Chefer, V., Talan, M.I., and Nelson, R.J. (1997). Metabolic costs of 

mounting an antigen-stimulated immune response in adult and aged C57BL/6J mice. Am. 

J. Physiol. 273, R1631-1637. 



166 

 

Dement, W. (1955). Dream recall and eye movements during sleep in schizophrenics and 

normals. J. Nerv. Ment. Dis. 122, 263–269. 

Dement, W. (1958). The occurence of low voltage, fast, electroencephalogram patterns 

during behavioral sleep in the cat. Electroencephalogr. Clin. Neurophysiol. 10, 291–296. 

Dement, W., and Kleitman, N. (1957). Cyclic variations in EEG during sleep and their 

relation to eye movements, body motility, and dreaming. Electroencephalogr. Clin. 

Neurophysiol. 9, 673–690. 

Dickman, M.S. (2001). von Economo Encephalitis. Arch. Neurol. 58, 1696–1698. 

Ding, A., Sanchez, E., and Nathan, C.F. (1993). Taxol shares the ability of bacterial 

lipopolysaccharide to induce tyrosine phosphorylation of microtubule-associated protein 

kinase. J. Immunol. 151, 5596–5602. 

Ding, F., O’Donnell, J., Xu, Q., Kang, N., Goldman, N., and Nedergaard, M. (2016). 

Changes in the composition of brain interstitial ions control the sleep-wake cycle. 

Science 352, 550–555. 

Dittner, A.J., Wessely, S.C., and Brown, R.G. (2004). The assessment of fatigue: A 

practical guide for clinicians and researchers. J. Psychosom. Res. 56, 157–170. 

Dittrich, L., Morairty, S.R., Warrier, D.R., and Kilduff, T.S. (2015). Homeostatic sleep 

pressure is the primary factor for activation of cortical nNOS/NK1 neurons. 

Neuropsychopharmacology 40, 632–639. 

Doghramji, K., Mitler, M.M., Sangal, R.B., Shapiro, C., Taylor, S., Walsleben, J., 

Belisle, C., Erman, M.K., Hayduk, R., Hosn, R., et al. (1997). A normative study of the 

maintenance of wakefulness test (MWT). Electroencephalogr. Clin. Neurophysiol. 103, 

554–562. 

Doi, M., Ishida, A., Miyake, A., Sato, M., Komatsu, R., Yamazaki, F., Kimura, I., 

Tsuchiya, S., Kori, H., Seo, K., et al. (2011). Circadian regulation of intracellular G-

protein signalling mediates intercellular synchrony and rhythmicity in the 

suprachiasmatic nucleus. Nat. Commun. 2, 327. 

Douglas, N.J., Thomas, S., and Jan, M.A. (1992). Clinical value of polysomnography. 

The Lancet 339, 347–350. 

Downie, F.P., Mar, F., Houédé-Tchen, N., Yi, Q., and Tannock, I.F. (2006). Cognitive 

function, fatique, and menopausal symptoms in breast cancer patients receiving adjuvant 

chemotherapy: Evaluation with patient interview after formal assessment. 

Psychooncology. 15, 921–930. 



167 

 

Dubocovich, M.L., and Markowska, M. (2005). Functional MT1 and MT2 melatonin 

receptors in mammals. Endocrine 27, 101–110. 

Duhart, J.M., Brocardo, L., Mul Fedele, M.L., Guglielmotti, A., and Golombek, D.A. 

(2016). CCL2 mediates the circadian response to low dose endotoxin. 

Neuropharmacology 108, 373–381. 

Dumaine, J.E., and Ashley, N.T. (2015). Acute sleep fragmentation induces tissue-

specific changes in cytokine gene expression and increases serum corticosterone 

concentration. Am. J. Physiol. - Regul. Integr. Comp. Physiol. 308, R1062–R1069. 

Dycke, K.C.G.V., Nijman, R.M., Wackers, P.F.K., Jonker, M.J., Rodenburg, W., 

Oostrom, C.T.M. van, Salvatori, D.C.F., Breit, T.M., Steeg, H. van, Luijten, M., et al. 

(2015). A day and night difference in the response of the hepatic transcriptome to 

cyclophosphamide treatment. Arch. Toxicol. 89, 221–231. 

Eban-Rothschild, A., Rothschild, G., Giardino, W.J., Jones, J.R., and de Lecea, L. (2016). 

VTA dopaminergic neurons regulate ethologically relevant sleep-wake behaviors. Nat. 

Neurosci. 19, 1356–1366. 

Elsea, C.R., Roberts, D.A., Druker, B.J., and Wood, L.J. (2008a). Inhibition of p38 

MAPK suppresses inflammatory cytokine induction by etoposide, 5-fluorouracil, and 

doxorubicin without affecting tumoricidal activity. PLOS ONE 3, e2355. 

Estabrooke, I.V., McCarthy, M.T., Ko, E., Chou, T.C., Chemelli, R.M., Yanagisawa, M., 

Saper, C.B., and Scammell, T.E. (2001). Fos expression in orexin neurons varies with 

behavioral state. J. Neurosci. 21, 1656–1662. 

Faraut, B., Boudjeltia, K.Z., Vanhamme, L., and Kerkhofs, M. (2012). Immune, 

inflammatory and cardiovascular consequences of sleep restriction and recovery. Sleep 

Med. Rev. 16, 137–149. 

Farez, M.F., Mascanfroni, I.D., Méndez-Huergo, S.P., Yeste, A., Murugaiyan, G., Garo, 

L.P., Balbuena Aguirre, M.E., Patel, B., Ysrraelit, M.C., Zhu, C., et al. (2015). Melatonin 

contributes to the seasonality of multiple sclerosis relapses. Cell 162, 1338–1352. 

Faubel, S., Lewis, E.C., Reznikov, L., Ljubanovic, D., Hoke, T.S., Somerset, H., Oh, D.-

J., Lu, L., Klein, C.L., Dinarello, C.A., et al. (2007). Cisplatin-induced acute renal failure 

is associated with an increase in the cytokines interleukin (IL)-1β, IL-18, IL-6, and 

neutrophil infiltration in the kidney. J. Pharmacol. Exp. Ther. 322, 8–15. 

Filipski, E., King, V.M., Li, X., Granda, T.G., Mormont, M.-C., Liu, X., Claustrat, B., 

Hastings, M.H., and Lévi, F. (2002). Host circadian clock as a control point in tumor 

progression. J. Natl. Cancer Inst. 94, 690–697. 



168 

 

Fiorentino, L., Rissling, M., Liu, L., and Ancoli-Israel, S. (2011). The symptom cluster of 

sleep, fatigue and depressive symptoms in breast cancer patients: severity of the problem 

and treatment options. Drug Discov. Today Dis. Models 8, 167–173. 

la Fleur, S.E., Kalsbeek, A., Wortel, J., and Buijs, R.M. (2000). Polysynaptic neural 

pathways between the hypothalamus, including the suprachiasmatic nucleus, and the 

liver. Brain Res. 871, 50–56. 

Flint, T.R., Janowitz, T., Connell, C.M., Roberts, E.W., Denton, A.E., Coll, A.P., Jodrell, 

D.I., and Fearon, D.T. (2016). Tumor-induced IL-6 reprograms host metabolism to 

suppress anti-tumor immunity. Cell Metab. 24, 672–684. 

Fonken, L.K., Frank, M.G., Kitt, M.M., Barrientos, R.M., Watkins, L.R., and Maier, S.F. 

(2015). Microglia inflammatory responses are controlled by an intrinsic circadian clock. 

Brain. Behav. Immun. 45, 171–179. 

Fonken, L.K., Weber, M.D., Daut, R.A., Kitt, M.M., Frank, M.G., Watkins, L.R., and 

Maier, S.F. (2016). Stress-induced neuroinflammatory priming is time of day dependent. 

Psychoneuroendocrinology 66, 82–90. 

Fortner, B.V., Stepanski, E.J., Wang, S.C., Kasprowicz, S., and Durrence, H.H. (2002). 

Sleep and quality of life in breast cancer patients. J. Pain Symptom Manage. 24, 471–

480. 

Fredholm, B.B., Chen, J.-F., Cunha, R.A., Svenningsson, P., and Vaugeois, J.-M. (2005). 

Adenosine and brain function. Int. Rev. Neurobiol. 63, 191–270. 

Gagnidze, K., Hajdarovic, K.H., Moskalenko, M., Karatsoreos, I.N., McEwen, B.S., and 

Bulloch, K. (2016). Nuclear receptor REV-ERBα mediates circadian sensitivity to 

mortality in murine vesicular stomatitis virus-induced encephalitis. Proc. Natl. Acad. Sci. 

113, 5730–5735. 

Gerashchenko, D., Wisor, J.P., Burns, D., Reh, R.K., Shiromani, P.J., Sakurai, T., Iglesia, 

H.O. de la, and Kilduff, T.S. (2008). Identification of a population of sleep-active 

cerebral cortex neurons. Proc. Natl. Acad. Sci. 105, 10227–10232. 

Gibbs, J.E., Blaikley, J., Beesley, S., Matthews, L., Simpson, K.D., Boyce, S.H., Farrow, 

S.N., Else, K.J., Singh, D., Ray, D.W., et al. (2012). The nuclear receptor REV-ERBα 

mediates circadian regulation of innate immunity through selective regulation of 

inflammatory cytokines. Proc. Natl. Acad. Sci. U. S. A. 109, 582–587. 

Gilliam, L.A.A., Moylan, J.S., Callahan, L.A., Sumandea, M.P., and Reid, M.B. (2011). 

Doxorubicin causes diaphragm weakness in murine models of cancer chemotherapy. 

Muscle Nerve 43, 94–102. 



169 

 

Gómez-Moreno, G., Guardia, J., Ferrera, M., Cutando, A., and Reiter, R. (2010). 

Melatonin in diseases of the oral cavity. Oral Dis. 16, 242–247. 

Gong, H., McGinty, D., Guzman-Marin, R., Chew, K.-T., Stewart, D., and Szymusiak, R. 

(2004). Activation of c-fos in GABAergic neurones in the preoptic area during sleep and 

in response to sleep deprivation. J. Physiol. 556, 935–946. 

González, J.A., Jensen, L.T., Iordanidou, P., Strom, M., Fugger, L., and Burdakov, D. 

(2016). Inhibitory Interplay between Orexin Neurons and Eating. Curr. Biol. 26, 2486–

2491. 

Gorbacheva, V.Y., Kondratov, R.V., Zhang, R., Cherukuri, S., Gudkov, A.V., Takahashi, 

J.S., and Antoch, M.P. (2005). Circadian sensitivity to the chemotherapeutic agent 

cyclophosphamide depends on the functional status of the CLOCK/BMAL1 

transactivation complex. Proc. Natl. Acad. Sci. U. S. A. 102, 3407–3412. 

Goriki, A., Hatanaka, F., Myung, J., Kim, J.K., Yoritaka, T., Tanoue, S., Abe, T., 

Kiyonari, H., Fujimoto, K., Kato, Y., et al. (2014). A novel protein, CHRONO, functions 

as a core component of the mammalian circadian clock. PLoS Biol. 12. 

Gould, R.J., Murphy, K.M.M., Katims, J.J., and Snyder, S.H. (1984). Caffeine actions 

and adenosine. Psychopharmacol. Bull. 20, 436–440. 

Granda, T.G., Filipski, E., D’Attino, R.M., Vrignaud, P., Anjo, A., Bissery, M.C., and 

Lévi, F. (2001). Experimental chronotherapy of mouse mammary adenocarcinoma 

MA13/C with docetaxel and doxorubicin as single agents and in combination. Cancer 

Res. 61, 1996–2001. 

Gribkoff, V.K., Pieschl, R.L., Wisialowski, T.A., Pol, A.N. van den, and Yocca, F.D. 

(1998). Phase shifting of circadian rhythms and depression of neuronal activity in the Rat 

suprachiasmatic nucleus by neuropeptide Y: Mediation by different receptor subtypes. J. 

Neurosci. 18, 3014–3022. 

Grivennikov, S.I., Greten, F.R., and Karin, M. (2010). Immunity, inflammation, and 

cancer. Cell 140, 883–899. 

Grossberg, A.J., Zhu, X., Leinninger, G.M., Levasseur, P.R., Braun, T.P., Myers, M.G., 

and Marks, D.L. (2011a). Inflammation-induced lethargy is mediated by suppression of 

orexin neuron activity. J. Neurosci. 31, 11376–11386. 

Guan, Z., Vgontzas, A.N., Omori, T., Peng, X., Bixler, E.O., and Fang, J. (2005). 

Interleukin-6 levels fluctuate with the light–dark cycle in the brain and peripheral tissues 

in rats. Brain. Behav. Immun. 19, 526–529. 



170 

 

Güler, A.D., Ecker, J.L., Lall, G.S., Haq, S., Altimus, C.M., Liao, H.-W., Barnard, A.R., 

Cahill, H., Badea, T.C., Zhao, H., et al. (2008). Melanopsin cells are the principal 

conduits for rod–cone input to non-image-forming vision. Nature 453, 102–105. 

Gvilia, I., Xu, F., McGinty, D., and Szymusiak, R. (2006a). Homeostatic regulation of 

sleep: a role for preoptic area neurons. J. Neurosci. Off. J. Soc. Neurosci. 26, 9426–9433. 

Gvilia, I., Turner, A., McGinty, D., and Szymusiak, R. (2006b). Preoptic area neurons 

and the homeostatic regulation of rapid eye movement sleep. J. Neurosci. 26, 3037–3044. 

Haimovich, B., Calvano, J., Haimovich, A.D., Calvano, S.E., Coyle, S.M., and Lowry, 

S.F. (2010). In vivo endotoxin synchronizes and suppresses clock gene expression in 

human peripheral blood leukocytes. Crit. Care Med. 38, 751–758. 

Halberg, F., Johnson, E.A., Brown, B.W., and Bittner, J.J. (1960). Susceptibility rhythm 

to E. coli endotoxin and bioassay. Proc. Soc. Exp. Biol. Med. Soc. Exp. Biol. Med. N. Y. 

N 103, 142–144. 

Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: The next generation. Cell 

144, 646–674. 

Hara, J., Beuckmann, C.T., Nambu, T., Willie, J.T., Chemelli, R.M., Sinton, C.M., 

Sugiyama, F., Yagami, K., Goto, K., Yanagisawa, M., et al. (2001). Genetic ablation of 

orexin neurons in mice results in narcolepsy, Hypophagia, and Obesity. Neuron 30, 345–

354. 

Hardeland, R., and Poeggeler, B. (2003). Non-vertebrate melatonin. J. Pineal Res. 34, 

233–241. 

Harmar, A.J., Marston, H.M., Shen, S., Spratt, C., West, K.M., Sheward, W.J., Morrison, 

C.F., Dorin, J.R., Piggins, H.D., Reubi, J.C., et al. (2002). The VPAC(2) receptor is 

essential for circadian function in the mouse suprachiasmatic nuclei. Cell 109, 497–508. 

Harrington, M.E. (1997). The ventral lateral geniculate nucleus and the intergeniculate 

leaflet: Interrelated structures in the visual and circadian systems. Neurosci. Biobehav. 

Rev. 21, 705–727. 

Harrington, M.E. (2012). Neurobiological studies of fatigue. Prog. Neurobiol. 99, 93–

105. 

Harris, G.C., and Aston-Jones, G. (2006). Arousal and reward: a dichotomy in orexin 

function. Trends Neurosci. 29, 571–577. 

Hassani, O.K., Lee, M.G., and Jones, B.E. (2009). Melanin-concentrating hormone 

neurons discharge in a reciprocal manner to orexin neurons across the sleep–wake cycle. 

Proc. Natl. Acad. Sci. 106, 2418–2422. 



171 

 

Hassett, M.J., O’Malley, A.J., Pakes, J.R., Newhouse, J.P., and Earle, C.C. (2006). 

Frequency and cost of chemotherapy-related serious adverse effects in a population 

sample of women with breast cancer. J. Natl. Cancer Inst. 98, 1108–1117. 

Hastings, M.H., Brancaccio, M., and Maywood, E.S. (2014). Circadian pacemaking in 

cells and circuits of the suprachiasmatic nucleus. J. Neuroendocrinol. 26, 2–10. 

Hattar, S., Liao, H.-W., Takao, M., Berson, D.M., and Yau, K.-W. (2002). Melanopsin-

containing retinal ganglion cells: Architecture, projections, and intrinsic Photosensitivity. 

Science 295, 1065–1070. 

Heiden, M.G.V., Cantley, L.C., and Thompson, C.B. (2009). Understanding the Warburg 

effect: The metabolic requirements of cell proliferation. Science 324, 1029–1033. 

Hoddes, E., Zarcone, V., Smythe, H., Phillips, R., and Dement, W.C. (1973). 

Quantification of sleepiness: A new approach. Psychophysiology 10, 431–436. 

Hogan, D., Morrow, J.D., Smith, E.M., and Opp, M.R. (2003a). Interleukin-6 alters sleep 

of rats. J. Neuroimmunol. 137, 59–66. 

Hong, S., Mills, P.J., Loredo, J.S., Adler, K.A., and Dimsdale, J.E. (2005). The 

association between interleukin-6, sleep, and demographic characteristics. Brain. Behav. 

Immun. 19, 165–172. 

Hossain, J.L., Reinish, L.W., Kayumov, L., Bhuiya, P., and Shapiro, C.M. (2003). 

Underlying sleep pathology may cause chronic high fatigue in shift-workers. J. Sleep 

Res. 12, 223–230. 

Hotamisligil, G.S. (2006). Inflammation and metabolic disorders. Nature 444, 860–867. 

Hrushesky, W.J. (1985). Circadian timing of cancer chemotherapy. Science 228, 73–75. 

Huang, H., Wang, Z., Weng, S.-J., Sun, X.-H., and Yang, X.-L. (2013). Neuromodulatory 

role of melatonin in retinal information processing. Prog. Retin. Eye Res. 32, 64–87. 

Huang, Y., Henry, C.J., Dantzer, R., Johnson, R.W., and Godbout, J.P. (2008). 

Exaggerated sickness behavior and brain proinflammatory cytokine expression in aged 

mice in response to intracerebroventricular lipopolysaccharide. Neurobiol. Aging 29, 

1744–1753. 

Hughes, F.M., Vivar, N.P., Kennis, J.G., Pratt-Thomas, J.D., Lowe, D.W., Shaner, B.E., 

Nietert, P.J., Spruill, L.S., and Purves, J.T. (2014). Inflammasomes are important 

mediators of cyclophosphamide-induced bladder inflammation. Am. J. Physiol. - Ren. 

Physiol. 306, F299–F308. 



172 

 

Imeri, L., and Opp, M.R. (2009). How (and why) the immune system makes us sleep. 

Nat. Rev. Neurosci. 10, 199–210. 

Ingiosi, A.M., Opp, M.R., and Krueger, J.M. (2013). Sleep and immune function: glial 

contributions and consequences of aging. Curr. Opin. Neurobiol. 23, 806–811. 

Iriti, M., Varoni, E.M., and Vitalini, S. (2010). Melatonin in traditional Mediterranean 

diets. J. Pineal Res. 49, 101–105. 

Irwin, M.R., Wang, M., Ribeiro, D., Cho, H.J., Olmstead, R., Breen, E.C., Martinez-

Maza, O., and Cole, S. (2008). Sleep loss activates cellular inflammatory signaling. Biol. 

Psychiatry 64, 538–540. 

Irwin, M.R., Witarama, T., Caudill, M., Olmstead, R., and Breen, E.C. (2015). Sleep loss 

activates cellular inflammation and signal transducer and activator of transcription 

(STAT) family proteins in humans. Brain. Behav. Immun. 47, 86–92. 

Janelsins, M.C., Mustian, K.M., Palesh, O.G., Mohile, S.G., Peppone, L.J., Sprod, L.K., 

Heckler, C.E., Roscoe, J.A., Katz, A.W., Williams, J.P., et al. (2012). Differential 

expression of cytokines in breast cancer patients receiving different chemotherapies: 

Implications for cognitive impairment research. Support. Care Cancer 20, 831–839. 

Jereczek-Fossa, B.A., Marsiglia, H.R., and Orecchia, R. (2002). Radiotherapy-related 

fatigue. Crit. Rev. Oncol. Hematol. 41, 317–325. 

Johns, M.W. (1991). A new method for measuring daytime sleepiness: the Epworth 

sleepiness scale. Sleep 14, 540–545. 

Johns, M.W. (2000). Sensitivity and specificity of the multiple sleep latency test (MSLT), 

the maintenance of wakefulness test and the Epworth sleepiness scale: Failure of the 

MSLT as a gold standard. J. Sleep Res. 9, 5–11. 

Johnson, L.C., L, C., A, S., and T, L. (1990). Daytime sleepiness, performance, mood, 

nocturnal sleep: The effect of benzodiazepine and caffeine on their relationship. Sleep J. 

Sleep Res. Sleep Med. 13, 121–135. 

Jordan, P., and Carmo-Fonseca*, M. (2000). Molecular mechanisms involved in cisplatin 

cytotoxicity. Cell. Mol. Life Sci. CMLS 57, 1229–1235. 

Jouvet, M. (1962). [Research on the neural structures and responsible mechanisms in 

different phases of physiological sleep]. Arch. Ital. Biol. 100, 125–206. 

Jung‐Hynes, B., Reiter, R.J., and Ahmad, N. (2010). Sirtuins, melatonin and circadian 

rhythms: building a bridge between aging and cancer. J. Pineal Res. 48, 9–19. 



173 

 

Kalsbeek, A., Palm, I.F., La Fleur, S.E., Scheer, F.A.J.L., Perreau-Lenz, S., Ruiter, M., 

Kreier, F., Cailotto, C., and Buijs, R.M. (2006). SCN outputs and the hypothalamic 

balance of life. J. Biol. Rhythms 21, 458–469. 

Karelina, K., Norman, G.J., Zhang, N., Morris, J.S., Peng, H., and DeVries, A.C. (2009). 

Social isolation alters neuroinflammatory response to stroke. Proc. Natl. Acad. Sci. U. S. 

A. 106, 5895–5900. 

Kassner, N., Huse, K., Martin, H.-J., Gödtel-Armbrust, U., Metzger, A., Meineke, I., 

Brockmöller, J., Klein, K., Zanger, U.M., Maser, E., et al. (2008). Carbonyl reductase 1 is 

a predominant doxorubicin reductase in the human liver. Drug Metab. Dispos. Biol. Fate 

Chem. 36, 2113–2120. 

Keller, M., Mazuch, J., Abraham, U., Eom, G.D., Herzog, E.D., Volk, H.-D., Kramer, A., 

and Maier, B. (2009). A circadian clock in macrophages controls inflammatory immune 

responses. Proc. Natl. Acad. Sci. 106, 21407–21412. 

Kelley, K.W., Bluthé, R.-M., Dantzer, R., Zhou, J.-H., Shen, W.-H., Johnson, R.W., and 

Broussard, S.R. (2003). Cytokine-induced sickness behavior. Brain. Behav. Immun. 17, 

S112–S118. 

Kilduff, T.S. (2011). Activation of cortical interneurons during slow wave sleep: An 

anatomical link to sleep homeostasis? Sleep Biol. Rhythms 9, 246–247. 

Kino, T., and Chrousos, G.P. (2011). Acetylation-mediated epigenetic regulation of 

glucocorticoid receptor activity: Circadian rhythm-associated alterations of 

glucocorticoid actions in target tissues. Mol. Cell. Endocrinol. 336, 23–30. 

Kleszczynski, K., and Fischer, T.W. (2012). Melatonin and human skin aging. 

Dermatoendocrinol. 4, 245–252. 

Knobf, M.T. (1986). Physical and psychologic distress associated with adjuvant 

chemotherapy in women with breast cancer. J. Clin. Oncol. 4, 678–684. 

Kobayashi, M., Usui, F., Karasawa, T., Kawashima, A., Kimura, H., Mizushina, Y., 

Shirasuna, K., Mizukami, H., Kasahara, T., Hasebe, N., et al. (2016). NLRP3 deficiency 

reduces macrophage interleukin-10 production and enhances the susceptibility to 

doxorubicin-induced cardiotoxicity. Sci. Rep. 6. 

Konadhode, R.R., Pelluru, D., Blanco-Centurion, C., Zayachkivsky, A., Liu, M., Uhde, 

T., Glen, W.B., Pol, A.N. van den, Mulholland, P.J., and Shiromani, P.J. (2013). 

Optogenetic stimulation of MCH neurons increases sleep. J. Neurosci. 33, 10257–10263. 

Konturek, S.J., Konturek, P.C., Brzozowska, I., Pawlik, M., Sliwowski, Z., 

Cześnikiewicz-Guzik, M., Kwiecień, S., Brzozowski, T., Bubenik, G.A., and Pawlik, 



174 

 

W.W. (2007). Localization and biological activities of melatonin in intact and diseased 

gastrointestinal tract (GIT). J. Physiol. Pharmacol. Off. J. Pol. Physiol. Soc. 58, 381–405. 

Krueger, J.M., Kubillis, S., and Shoham, S. (1986). Enhancement of slow wave sleep by 

endotoxin and libid A. Am J Physiol 251, R591–R597. 

Krueger, J.M., Obál, J., Fang, J., Kubota, T., and Taishi, P. (2001). The role of cytokines 

in physiological sleep regulation. Ann. N. Y. Acad. Sci. 933, 211–221. 

Krueger, J.M., Clinton, J.M., Winters, B.D., Zielinski, M.R., Taishi, P., Jewett, K.A., and 

Davis, C.J. (2011). Involvement of cytokines in slow wave sleep. Prog. Brain Res. 193, 

39–47. 

Krueger, J.M., Frank, M.G., Wisor, J.P., and Roy, S. (2016). Sleep function: Toward 

elucidating an enigma. Sleep Med. Rev. 28, 46–54. 

Krysko, D.V., Kaczmarek, A., Krysko, O., Heyndrickx, L., Woznicki, J., Bogaert, P., 

Cauwels, A., Takahashi, N., Magez, S., Bachert, C., et al. (2011). TLR-2 and TLR-9 are 

sensors of apoptosis in a mouse model of doxorubicin-induced acute inflammation. Cell 

Death Differ. 18, 1316–1325. 

Laposky, A.D., Bass, J., Kohsaka, A., and Turek, F.W. (2008). Sleep and circadian 

rhythms: Key components in the regulation of energy metabolism. FEBS Lett. 582, 142–

151. 

Lardone, P.J., Guerrero, J.M., Fernández-Santos, J.M., Rubio, A., Martín-Lacave, I., and 

Carrillo-Vico, A. (2011). Melatonin synthesized by T lymphocytes as a ligand of the 

retinoic acid-related orphan receptor. J. Pineal Res. 51, 454–462. 

Lecea, L. de, Kilduff, T.S., Peyron, C., Gao, X.-B., Foye, P.E., Danielson, P.E., 

Fukuhara, C., Battenberg, E.L.F., Gautvik, V.T., Bartlett, F.S., et al. (1998). The 

hypocretins: Hypothalamus-specific peptides with neuroexcitatory activity. Proc. Natl. 

Acad. Sci. 95, 322–327. 

Lee, M.G., Hassani, O.K., Alonso, A., and Jones, B.E. (2005). Cholinergic Basal 

Forebrain neurons burst with theta during waking and paradoxical Sleep. J. Neurosci. 25, 

4365–4369. 

Levi, F., and Schibler, U. (2007). Circadian rhythms: mechanisms and therapeutic 

implications. Annu. Rev. Pharmacol. Toxicol. 47, 593–628. 

Lin, L., Faraco, J., Li, R., Kadotani, H., Rogers, W., Lin, X., Qiu, X., de Jong, P.J., 

Nishino, S., and Mignot, E. (1999). The sleep disorder canine narcolepsy is caused by a 

mutation in the hypocretin (orexin) receptor 2 gene. Cell 98, 365–376. 



175 

 

Lindley, C., McCune, J.S., Thomason, T.E., Lauder, D., Sauls, A., Adkins, S., and 

Sawyer, W.T. (1999). Perception of chemotherapy side effects: Cancer versus noncancer 

patients. Cancer Pract. 7, 59–65. 

Lira, F.S., Esteves, A.M., Pimentel, G.D., Rosa, J.C., Frank, M.K., Mariano, M.O., 

Budni, J., Quevedo, J., Santos, R.V. dos, and de Mello, M.T. (2016). Sleep pattern and 

locomotor activity are impaired by doxorubicin in non-tumor-bearing rats. Sleep Sci. 9, 

232–235. 

Liu, J., Mankani, G., Shi, X., Meyer, M., Cunningham-Runddles, S., Ma, X., and Sun, 

Z.S. (2006). The circadian clock period 2 gene regulates gamma interferon production of 

NK cells in host response to lipopolysaccharide-induced endotoxic shock. Infect. Immun. 

74, 4750–4756. 

Liu, L., Mills, P.J., Rissling, M., Fiorentino, L., Natarajan, L., Dimsdale, J.E., Sadler, 

G.R., Parker, B.A., and Ancoli-Israel, S. (2012a). Fatigue and sleep quality are associated 

with changes in inflammatory markers in breast cancer patients undergoing 

chemotherapy. Brain. Behav. Immun. 26, 706–713. 

Loomis, A.L., Harvey, E.N., and Hobart, G. (1935). Potential rhythms of the cerebral 

cortex during sleep. Science 81, 597–598. 

Lou, Y., Preobrazhenska, O., auf dem Keller, U., Sutcliffe, M., Barclay, L., McDonald, 

P.C., Roskelley, C., Overall, C.M., and Dedhar, S. (2008). Epithelial–mesenchymal 

transition (EMT) is not sufficient for spontaneous murine breast cancer metastasis. Dev. 

Dyn. 237, 2755–2768. 

Lu, J., Greco, M.A., Shiromani, P., and Saper, C.B. (2000). Effect of lesions of the 

ventrolateral preoptic nucleus on NREM and REM sleep. J. Neurosci. 20, 3830–3842. 

Lu, J., Sherman, D., Devor, M., and Saper, C.B. (2006). A putative flip–flop switch for 

control of REM sleep. Nature 441, 589–594. 

Lucas, R.J., Hattar, S., Takao, M., Berson, D.M., Foster, R.G., and Yau, K.-W. (2003). 

Diminished pupillary light reflex at high irradiances in melanopsin-knockout mice. 

Science 299, 245–247. 

Lucassen, E.A., Rother, K.I., and Cizza, G. (2012). Interacting epidemics? Sleep 

curtailment, insulin resistance, and obesity. Ann. N. Y. Acad. Sci. 1264, 110–134. 

Luk, W.P., Zhang, Y., White, T.D., Lue, F.A., Wu, C., Jiang, C.G., Zhang, L., and 

Moldofsky, H. (1999). Adenosine: a mediator of interleukin-1beta-induced hippocampal 

synaptic inhibition. J. Neurosci. Off. J. Soc. Neurosci. 19, 4238–4244. 



176 

 

Lupi, D., Oster, H., Thompson, S., and Foster, R.G. (2008). The acute light-induction of 

sleep is mediated by OPN4-based photoreception. Nat. Neurosci. 11, 1068–1073. 

Luppi, P.-H., Gervasoni, D., Verret, L., Goutagny, R., Peyron, C., Salvert, D., Leger, L., 

and Fort, P. (2006). Paradoxical (REM) sleep genesis: The switch from an aminergic–

cholinergic to a GABAergic–glutamatergic hypothesis. J. Physiol.-Paris 100, 271–283. 

M, H., L,  de L., Jg, S., M, Y., and B, M. (1999). Leptin receptor- and STAT3-

immunoreactivities in hypocretin/orexin neurones of the lateral hypothalamus. J. 

Neuroendocrinol. 11, 653–663. 

Maldonado, M.D., Mora-Santos, M., Naji, L., Carrascosa-Salmoral, M.P., Naranjo, M.C., 

and Calvo, J.R. (2010). Evidence of melatonin synthesis and release by mast cells. 

Possible modulatory role on inflammation. Pharmacol. Res. 62, 282–287. 

Manfridi, A., Brambilla, D., Bianchi, S., Mariotti, M., Opp, M.R., and Imeri, L. (2003). 

Interleukin-1beta enhances non-rapid eye movement sleep when microinjected into the 

dorsal raphe nucleus and inhibits serotonergic neurons in vitro. Eur. J. Neurosci. 18, 

1041–1049. 

Mansari, M.E., Sakai, K., and Jouvet, M. (1989). Unitary characteristics of presumptive 

cholinergic tegmental neurons during the sleep-waking cycle in freely moving cats. Exp. 

Brain Res. 76, 519–529. 

Mantovani, A., Allavena, P., Sica, A., and Balkwill, F. (2008). Cancer-related 

inflammation. Nature 454, 436–444. 

Maronde, E., Saade, A., Ackermann, K., Goubran‐Botros, H., Pagan, C., Bux, R., 

Bourgeron, T., Dehghani, F., and Stehle, J.H. (2011). Dynamics in enzymatic protein 

complexes offer a novel principle for the regulation of melatonin synthesis in the human 

pineal gland. J. Pineal Res. 51, 145–155. 

Marpegan, L., Bekinschtein, T.A., Freudenthal, R., Rubio, M.F., Ferreyra, G.A., 

Romano, A., and Golombek, D.A. (2004). Participation of transcription factors from the 

Rel/NF-κB family in the circadian system in hamsters. Neurosci. Lett. 358, 9–12. 

Marpegán, L., Bekinschtein, T.A., Costas, M.A., and Golombek, D.A. (2005). Circadian 

responses to endotoxin treatment in mice. J. Neuroimmunol. 160, 102–109. 

Marston, O.J., Williams, R.H., Canal, M.M., Samuels, R.E., Upton, N., and Piggins, H.D. 

(2008). Circadian and dark-pulse activation of orexin/hypocretin neurons. Mol. Brain 1, 

19. 



177 

 

Masri, S., Papagiannakopoulos, T., Kinouchi, K., Liu, Y., Cervantes, M., Baldi, P., Jacks, 

T., and Sassone-Corsi, P. (2016). Lung adenocarcinoma distally rewires hepatic circadian 

homeostasis. Cell 165, 896–909. 

Matzinger, P. (2002). The danger model: A renewed sense of self. Science 296, 301–305. 

Mavanji, V., Teske, J.A., Billington, C.J., and Kotz, C.M. (2010). Elevated sleep quality 

and orexin receptor mRNA in obesity-resistant rats. Int. J. Obes. 34, 1576–1588. 

Maywood, E.S., Reddy, A.B., Wong, G.K.Y., O’Neill, J.S., O’Brien, J.A., McMahon, 

D.G., Harmar, A.J., Okamura, H., and Hastings, M.H. (2006). Synchronization and 

maintenance of timekeeping in suprachiasmatic circadian clock cells by neuropeptidergic 

signaling. Curr. Biol. CB 16, 599–605. 

McHugh, J.E., and Lawlor, B.A. (2013). Perceived stress mediates the relationship 

between emotional loneliness and sleep quality over time in older adults. Br. J. Health 

Psychol. 18, 546–555. 

Mikkelsen, J.D., Hauser, F., DeLecea, L., Sutcliffe, J.G., Kilduff, T.S., Calgari, C., Pévet, 

P., and Simonneaux, V. (2001). Hypocretin (orexin) in the rat pineal gland: a central 

transmitter with effects on noradrenaline-induced release of melatonin. Eur. J. Neurosci. 

14, 419–425. 

Mills, P.J., Parker, B., Dimsdale, J.E., Sadler, G.R., and Ancoli-Israel, S. (2005). The 

relationship between fatigue and quality of life and inflammation during anthracycline-

based chemotherapy in breast cancer. Biol. Psychol. 69, 85–96. 

Minton, O., Richardson, A., Sharpe, M., Hotopf, M., and Stone, P. (2008). A systematic 

review and meta-analysis of the pharmacological treatment of cancer-related fatigue. 

JNCI J. Natl. Cancer Inst. 100, 1155–1166. 

Mistlberger, R.E., and Antle, M.C. (2011). Entrainment of circadian clocks in mammals 

by arousal and food. Essays Biochem. 49, 119–136. 

Mitler, M.M., Gujavarty, K.S., and Browman, C.P. (1982). Maintenance of wakefulness 

test: A polysomnographic technique for evaluating treatment efficacy in patients with 

excessive somnolence. Electroencephalogr. Clin. Neurophysiol. 53, 658–661. 

Mokdad, A.H., Dwyer-Lindgren, L., Fitzmaurice, C., Stubbs, R.W., Bertozzi-Villa, A., 

Morozoff, C., Charara, R., Allen, C., Naghavi, M., and Murray, C.J.L. (2017). Trends and 

patterns of disparities in cancer mortality among US counties, 1980-2014. JAMA 317, 

388–406. 

Molina, J.R., Barton, D.L., and Loprinzi, C.L. (2005). Chemotherapy-induced ovarian 

failure. Drug Saf. 28, 401–416. 



178 

 

Monk, T.H. (1987). Subjective ratings of sleepiness: The underlying circadian 

mechanisms. Sleep J. Sleep Res. Sleep Med. 10, 343–353. 

Moore, R.Y., and Eichler, V.B. (1972). Loss of a circadian adrenal corticosterone rhythm 

following suprachiasmatic lesions in the rat. Brain Res. 42, 201–206. 

Mormont, M.C., and Lévi, F. (1997). Circadian-system alterations during cancer 

processes: a review. Int. J. Cancer 70, 241–247. 

Mormont, M.-C., and Levi, F. (2003). Cancer chronotherapy: principles, applications, 

and perspectives. Cancer 97, 155–169. 

Moruzzi, G., and Magoun, H.W. (1949). Brain stem reticular formation and activation of 

the EEG. Electroencephalogr. Clin. Neurophysiol. 1, 455–473. 

Moschella, F., Torelli, G.F., Valentini, M., Urbani, F., Buccione, C., Petrucci, M.T., 

Natalino, F., Belardelli, F., Foà, R., and Proietti, E. (2013). Cyclophosphamide induces a 

type I Interferon–associated sterile inflammatory response signature in cancer patients’ 

blood cells: Implications for Cancer Chemoimmunotherapy. Clin. Cancer Res. 19, 4249–

4261. 

Muehlenbein, M.P., Hirschtick, J.L., Bonner, J.Z., and Swartz, A.M. (2010). Toward 

quantifying the usage costs of human immunity: Altered metabolic rates and hormone 

levels during acute immune activation in men. Am. J. Hum. Biol. 22, 546–556. 

Myers, J.S. (2008). Proinflammatory cytokines and sickness behavior: Implications for 

depression and cancer-related symptoms. Oncol. Nurs. Forum 35, 802–807. 

Myers, J.S., Pierce, J., and Pazdernik, T. (2008). Neurotoxicology of chemotherapy in 

relation to cytokine release, the blood-brain barrier, and cognitive impairment. Oncol. 

Nurs. Forum 35, 916–920. 

Narasimamurthy, R., Hatori, M., Nayak, S.K., Liu, F., Panda, S., and Verma, I.M. (2012). 

Circadian clock protein cryptochrome regulates the expression of proinflammatory 

cytokines. Proc. Natl. Acad. Sci. U. S. A. 109, 12662–12667. 

Nauta, W.J.H. (1946). Hypothalamic regulation of sleep in rats; an experimental study. J. 

Neurophysiol. 9, 285–316. 

Nelson, R.J., and Zucker, I. (1981). Absence of extraocular photoreception in diurnal and 

nocturnal rodents exposed to direct sunlight. Comp. Biochem. Physiol. A Physiol. 69, 

145–148. 

Nguyen, K.D., Fentress, S.J., Qiu, Y., Yun, K., Cox, J.S., and Chawla, A. (2013). 

Circadian gene bmal1 regulates diurnal oscillations of Ly6Chi inflammatory monocytes. 

Science 341, 1483–1488. 



179 

 

Oishi, Y., Yoshida, K., Scammell, T.E., Urade, Y., Lazarus, M., and Saper, C.B. (2015). 

The roles of prostaglandin E2 and D2 in lipopolysaccharide-mediated changes in sleep. 

Brain. Behav. Immun. 47, 172–177. 

O’Neill, J.S., Maywood, E.S., Chesham, J.E., Takahashi, J.S., and Hastings, M.H. (2008). 

cAMP-dependent signaling as a core component of the mammalian circadian pacemaker. 

Science 320, 949–953. 

Opp, M.R. (2005). Cytokines and sleep. Sleep Med. Rev. 9, 355–364. 

Opp, M.R., and Toth, L.A. (2003). Neural-immune interactions in the regulation of sleep. 

Front. Biosci. J. Virtual Libr. 8, d768-779. 

Oster, H., Damerow, S., Kiessling, S., Jakubcakova, V., Abraham, D., Tian, J., 

Hoffmann, M.W., and Eichele, G. (2006). The circadian rhythm of glucocorticoids is 

regulated by a gating mechanism residing in the adrenal cortical clock. Cell Metab. 4, 

163–173. 

Oyanedel, C.N., Kelemen, E., Scheller, J., Born, J., and Rose-John, S. (2015). Peripheral 

and central blockade of interleukin-6 trans-signaling differentially affects sleep 

architecture. Brain. Behav. Immun. 50, 178–185. 

Ozen Irmak, S., and de Lecea, L. (2014). Basal forebrain cholinergic modulation of sleep 

transitions. Sleep 37, 1941–1951. 

Paladino, N., Leone, M.J., Plano, S.A., and Golombek, D.A. (2010). Paying the circadian 

toll: the circadian response to LPS injection is dependent on the Toll-like receptor 4. J. 

Neuroimmunol. 225, 62–67. 

Paladino, N., Mul Fedele, M.L., Duhart, J.M., Marpegan, L., and Golombek, D.A. 

(2014). Modulation of mammalian circadian rhythms by tumor necrosis factor-α. 

Chronobiol. Int. 31, 668–679. 

Palesh, O., Aldridge-Gerry, A., Zeitzer, J.M., Koopman, C., Neri, E., Giese-Davis, J., Jo, 

B., Kraemer, H., Nouriani, B., and Spiegel, D. (2014). Actigraphy-measured sleep 

disruption as a predictor of survival among women with advanced breast cancer. Sleep 

37, 837–842. 

Paradies, G., Petrosillo, G., Paradies, V., Reiter, R.J., and Ruggiero, F.M. (2010). 

Melatonin, cardiolipin and mitochondrial bioenergetics in health and disease. J. Pineal 

Res. 48, 297–310. 

Partch, C.L., Green, C.B., and Takahashi, J.S. (2014). Molecular architecture of the 

mammalian circadian clock. Trends Cell Biol. 24, 90–99. 

Partinen, M. (2011). Epidemiology of sleep disorders. Handb. Clin. Neurol. 98, 275–314. 



180 

 

Pasumarthi, R.K., Gerashchenko, D., and Kilduff, T.S. (2010). Further characterization of 

sleep-active nNos neurons in the mouse brain. Neuroscience 169, 149–157. 

Paul, K.N., Dugovic, C., Turek, F.W., and Laposky, A.D. (2006). Diurnal sex differences 

in the sleep-wake cycle of mice are dependent on gonadal function. Sleep 29, 1211–1223. 

Penson, R.T., Kronish, K., Duan, Z., Feller, A.J., Stark, P., Cook, S.E., Duska, L.R., 

Fuller, A.F., Goodman, A.K., Nikrui, N., et al. (2000). Cytokines IL-1β, IL-2, IL-6, IL-8, 

MCP-1, GM-CSF and TNFα in patients with epithelial ovarian cancer and their 

relationship to treatment with paclitaxel. Int. J. Gynecol. Cancer 10, 33–41. 

Petrovsky, N., McNair, P., and Harrison, L.C. (1998). Diurnal rhythms of pro-

inflammatory cytokines: regulation by plasma cortisol and therapeutic implications. 

Cytokine 10, 307–312. 

Peyron, C., Tighe, D.K., Pol, A.N. van den, de Lecea, L., Heller, H.C., Sutcliffe, J.G., 

and Kilduff, T.S. (1998). Neurons containing hypocretin (orexin) project to multiple 

neuronal systems. J. Neurosci. 18, 9996–10015. 

Phillips, D.J., Savenkova, M.I., and Karatsoreos, I.N. (2015). Environmental disruption 

of the circadian clock leads to altered sleep and immune responses in mouse. Brain. 

Behav. Immun. 47, 14–23. 

Poniatowski, B.C., Grimm, P., and Cohen, G. (2001). Chemotherapy-Induced 

Menopause: A Literature Review. Cancer Invest. 19, 641–648. 

Porkka-Heiskanen, T., Strecker, R.E., Thakkar, M., Bjørkum, A.A., Greene, R.W., and 

McCarley, R.W. (1997). Adenosine: A mediator of the sleep-inducing effects of 

prolonged wakefulness. Science 276, 1265–1268. 

Portaluppi, F., Smolensky, M.H., and Touitou, Y. (2010). Ethics and methods for 

biological rhythm research on animals and human beings. Chronobiol. Int. 27, 1911–

1929. 

Protani, M., Coory, M., and Martin, J.H. (2010). Effect of obesity on survival of women 

with breast cancer: systematic review and meta-analysis. Breast Cancer Res. Treat. 123, 

627–635. 

Pusztai, L., Mendoza, T.R., Reuben, J.M., Martinez, M.M., Willey, J.S., Lara, J., Syed, 

A., Fritsche, H.A., Bruera, E., Booser, D., et al. (2004). Changes in plasma levels of 

inflammatory cytokines in response to paclitaxel chemotherapy. Cytokine 25, 94–102. 

Pyter, L.M., El, M.B., Sattar, H., and Prendergast, B.J. (2014). Peripheral tumors alter 

neuroinflammatory responses to lipopolysaccharide in female rats. Brain Res. 1552, 55–

63. 



181 

 

Quan, N., and Banks, W.A. (2007). Brain-immune communication pathways. Brain. 

Behav. Immun. 21, 727–735. 

Quintero, J.E., Kuhlman, S.J., and McMahon, D.G. (2003). The biological clock nucleus: 

a multiphasic oscillator network regulated by light. J. Neurosci. Off. J. Soc. Neurosci. 23, 

8070–8076. 

Rada, P., Mark, G.P., Vitek, M.P., Mangano, R.M., Blume, A.J., Beer, B., and Hoebel, 

B.G. (1991). Interleukin-1 beta decreases acetylcholine measured by microdialysis in the 

hippocampus of freely moving rats. Brain Res. 550, 287–290. 

Ramesh, G., and Reeves, W.B. (2002). Tnf-α mediates chemokine and cytokine 

expression and renal injury in cisplatin nephrotoxicity. J. Clin. Invest. 110, 835–842. 

Ranjbaran, Z., Keefer, L., Stepanski, E., Farhadi, A., and Keshavarzian, A. (2007). The 

relevance of sleep abnormalities to chronic inflammatory conditions. Inflamm. Res. 56, 

51–57. 

Ranson, S.W. (1939). Somnolence caused by hypothalamic lesions in the monkey. Arch. 

Neurol. Psychiatry 41, 1–23. 

Ray, M.A., Trammell, R.A., Verhulst, S., Ran, S., and Toth, L.A. (2011). Development 

of a mouse model for assessing fatigue during chemotherapy. Comp. Med. 61, 119–130. 

Reagan-Shaw, S., Nihal, M., and Ahmad, N. (2008). Dose translation from animal to 

human studies revisited. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 22, 659–661. 

Reddy, A.B., Karp, N.A., Maywood, E.S., Sage, E.A., Deery, M., O’Neill, J.S., Wong, 

G.K.Y., Chesham, J., Odell, M., Lilley, K.S., et al. (2006). Circadian orchestration of the 

hepatic proteome. Curr. Biol. CB 16, 1107–1115. 

Reiter, R.J. (1991). Pineal melatonin: cell biology of its synthesis and of its physiological 

interactions. Endocr. Rev. 12, 151–180. 

Riedel, B.W., and Lichstein, K.L. (2000). Insomnia and daytime functioning. Sleep Med. 

Rev. 4, 277–298. 

Rui, L., Yuan, M., Frantz, D., Shoelson, S., and White, M.F. (2002). SOCS-1 and SOCS-

3 block insulin signaling by ubiquitin-mediated degradation of IRS1 and IRS2. J. Biol. 

Chem. 277, 42394–42398. 

Ryan, S., Taylor, C.T., and McNicholas, W.T. (2005). Selective activation of 

inflammatory pathways by intermittent hypoxia in obstructive sleep apnea syndrome. 

Circulation 112, 2660–2667. 



182 

 

Ryu, T.Y., Park, J., and Scherer, P.E. (2014). Hyperglycemia as a risk factor for cancer 

progression. Diabetes Metab. J. 38, 330–336. 

Sadeh, A., and Acebo, C. (2002). The role of actigraphy in sleep medicine. Sleep Med. 

Rev. 6, 113–124. 

Sadeh, A., Hauri, P.J., Kripke, D.F., and Lavie, P. (1995). The role of actigraphy in the 

evaluation of sleep disorders. Sleep 18, 288–302. 

Sakai, K., and Jouvet, M. (1980). Brain stem PGO-on cells projecting directly to the cat 

dorsal lateral geniculate nucleus. Brain Res. 194, 500–505. 

Sakamoto, K., Norona, F.E., Alzate-Correa, D., Scarberry, D., Hoyt, K.R., and Obrietan, 

K. (2013). Clock and light regulation of the CREB coactivator CRTC1 in the 

suprachiasmatic circadian clock. J. Neurosci. 33, 9021–9027. 

Sakurai, T. (2005). Roles of orexin/hypocretin in regulation of sleep/wakefulness and 

energy homeostasis. Sleep Med. Rev. 9, 231–241. 

Sakurai, T., Amemiya, A., Ishii, M., Matsuzaki, I., Chemelli, R.M., Tanaka, H., 

Williams, S.C., Richardson, J.A., Kozlowski, G.P., Wilson, S., et al. (1998). Orexins and 

orexin receptors: A family of hypothalamic neuropeptides and G protein-coupled 

receptors that regulate feeding behavior. Cell 92, 573–585. 

Sakurai, T., Nagata, R., Yamanaka, A., Kawamura, H., Tsujino, N., Muraki, Y., 

Kageyama, H., Kunita, S., Takahashi, S., Goto, K., et al. (2005). Input of 

orexin/hypocretin neurons revealed by a genetically encoded tracer in mice. Neuron 46, 

297–308. 

Saligan, L.N., and Kim, H.S. (2012). A systematic review of the association between 

immunogenomic markers and cancer-related fatigue. Brain. Behav. Immun. 26, 830–848. 

Saper, C.B., and Levisohn, D. (1983). Afferent connections of the median preoptic 

nucleus in the rat: Anatomical evidence for a cardiovascular integrative mechanism in the 

anteroventral third ventricular (AV3V) region. Brain Res. 288, 21–31. 

Saper, C.B., Chou, T.C., and Scammell, T.E. (2001). The sleep switch: hypothalamic 

control of sleep and wakefulness. Trends Neurosci. 24, 726–731. 

Saper, C.B., Fuller, P.M., Pedersen, N.P., Lu, J., and Scammell, T.E. (2010). Sleep state 

switching. Neuron 68, 1023–1042. 

Sauter, K.A.D., Wood, L.J., Wong, J., Iordanov, M., and Magun, B.E. (2011). 

Doxorubicin and daunorubicin induce processing and release of interleukin-1β through 

activation of the NLRP3 inflammasome. Cancer Biol. Ther. 11, 1008–1016. 



183 

 

Savard, J., Simard, S., Blanchet, J., Ivers, H., and Morin, C.M. (2001). Prevalence, 

clinical characteristics, and risk factors for insomnia in the context of breast cancer. Sleep 

24, 583–590. 

Savard, J., Liu, L., Natarajan, L., Rissling, M.B., Neikrug, A.B., He, F., Dimsdale, J.E., 

Mills, P.J., Parker, B.A., Sadler, G.R., et al. (2009). Breast cancer patients have 

progressively impaired sleep-wake activity rhythms during chemotherapy. Sleep 32, 

1155–1160. 

Scammell, T.E., Arrigoni, E., and Lipton, J.O. (2017). Neural circuitry of wakefulness 

and sleep. Neuron 93, 747–765. 

Scapini, P., Lapinet-Vera, J.A., Gasperini, S., Calzetti, F., Bazzoni, F., and Cassatella, 

M.A. (2000). The neutrophil as a cellular source of chemokines. Immunol. Rev. 177, 

195–203. 

Scheiermann, C., Kunisaki, Y., and Frenette, P.S. (2013). Circadian control of the 

immune system. Nat. Rev. Immunol. 13, 190–198. 

Scheller, J., Garbers, C., and Rose-John, S. (2014). Interleukin-6: From basic biology to 

selective blockade of pro-inflammatory activities. Semin. Immunol. 26, 2–12. 

Scheving, L.E., Burns, E.R., Pauly, J.E., and Halberg, F. (1980). Circadian bioperiodic 

response of mice bearing advanced L1210 leukemia to combination therapy with 

adriamycin and cyclophosphamide. Cancer Res. 40, 1511–1515. 

Schmidt, E.-M., Linz, B., Diekelmann, S., Besedovsky, L., Lange, T., and Born, J. 

(2015). Effects of an interleukin-1 receptor antagonist on human sleep, sleep-associated 

memory consolidation, and blood monocytes. Brain. Behav. Immun. 47, 178–185. 

Schmitt, L.I., Sims, R.E., Dale, N., and Haydon, P.G. (2012). Wakefulness affects 

synaptic and network activity by increasing extracellular astrocyte-derived adenosine. J. 

Neurosci. 32, 4417–4425. 

Schultz, W., Dayan, P., and Montague, P.R. (1997). A neural substrate of prediction and 

reward. Science 275, 1593–1599. 

Schwartz, M.D., and Kilduff, T.S. (2015). The neurobiology of sleep and wakefulness. 

Psychiatr. Clin. North Am. 38, 615–644. 

Schwartz, M.D., and Mong, J.A. (2011). Estradiol suppresses recovery of REM sleep 

following sleep deprivation in ovariectomized female rats. Physiol. Behav. 104, 962–971. 

Segrin, C., and Badger, T.A. (2014). Psychological and physical distress are 

interdependent in breast cancer survivors and their partners. Psychol. Health Med. 19, 

716–723. 



184 

 

Seok, J., Warren, H.S., Cuenca, A.G., Mindrinos, M.N., Baker, H.V., Xu, W., Richards, 

D.R., McDonald-Smith, G.P., Gao, H., Hennessy, L., et al. (2013). Genomic responses in 

mouse models poorly mimic human inflammatory diseases. Proc. Natl. Acad. Sci. U. S. 

A. 110, 3507–3512. 

Shapiro, C.M. (2004). Chronic fatigue—chronically confusing but growing information. 

J. Psychosom. Res. 56, 153–155. 

Sharma, S., Yang, S.-C., Zhu, L., Reckamp, K., Gardner, B., Baratelli, F., Huang, M., 

Batra, R.K., and Dubinett, S.M. (2005). Tumor cyclooxygenase-2/prostaglandin E2–

dependent promotion of FOXP3 expression and CD4+CD25+ T regulatory cell activities 

in lung cancer. Cancer Res. 65, 5211–5220. 

Sharman, E.H., Bondy, S.C., Sharman, K.G., Lahiri, D., Cotman, C.W., and Perreau, 

V.M. (2007). Effects of melatonin and age on gene expression in mouse CNS using 

microarray analysis. Neurochem. Int. 50, 336–344. 

Shay, T., Lederer, J.A., and Benoist, C. (2015). Genomic responses to inflammation in 

mouse models mimic humans: We concur, apples to oranges comparisons won’t do. Proc. 

Natl. Acad. Sci. U. S. A. 112, E346. 

Shen, J., Barbera, J., and Shapiro, C.M. (2006). Distinguishing sleepiness and fatigue: 

focus on definition and measurement. Sleep Med. Rev. 10, 63–76. 

Sherin, J.E., Shiromani, P.J., McCarley, R.W., and Saper, C.B. (1996). Activation of 

ventrolateral preoptic neurons during sleep. Science 271, 216–219. 

Sherin, J.E., Elmquist, J.K., Torrealba, F., and Saper, C.B. (1998). Innervation of 

histaminergic tuberomammillary neurons by GABAergic and galaninergic neurons in the 

ventrolateral preoptic nucleus of the rat. J. Neurosci. 18, 4705–4721. 

Shouse, M.N., and Siegel, J.M. (1992). Pontine regulation of REM sleep components in 

cats: integrity of the pedunculopontine tegmentum (PPT) is important for phasic events 

but unnecessary for atonia during REM sleep. Brain Res. 571, 50–63. 

Shulman, L.N., Berry, D.A., Cirrincione, C.T., Becker, H.P., Perez, E.A., O’Regan, R., 

Martino, S., Shapiro, C.L., Schneider, C.J., Kimmick, G., et al. (2014). Comparison of 

doxorubicin and cyclophosphamide versus single-agent paclitaxel as adjuvant therapy for 

breast cancer in women with 0 to 3 positive axillary nodes. J. Clin. Oncol. 32, 2311–

2317. 

Siegel, J.M. (2009). The neurobiology of sleep. Semin. Neurol. 29, 277–296. 



185 

 

Silver, A.C., Arjona, A., Walker, W.E., and Fikrig, E. (2012). The circadian clock 

controls toll-like receptor 9-mediated innate and adaptive immunity. Immunity 36, 251–

261. 

Sistigu, A., Viaud, S., Chaput, N., Bracci, L., Proietti, E., and Zitvogel, L. (2011). 

Immunomodulatory effects of cyclophosphamide and implementations for vaccine 

design. Semin. Immunopathol. 33, 369–383. 

Slominski, R.M., Reiter, R.J., Schlabritz-Loutsevitch, N., Ostrom, R.S., and Slominski, 

A.T. (2012). Melatonin membrane receptors in peripheral tissues: Distribution and 

functions. Mol. Cell. Endocrinol. 351, 152–166. 

Smets, E.M.A., Garssen, B., Bonke, B., and De Haes, J.C.J.M. (1995). The 

multidimensional Fatigue Inventory (MFI) psychometric qualities of an instrument to 

assess fatigue. J. Psychosom. Res. 39, 315–325. 

Smith, L.B., Leo, M.C., Anderson, C., Wright, T.J., Weymann, K.B., and Wood, L.J. 

(2014). The role of IL-1β and TNF-α signaling in the genesis of cancer treatment related 

symptoms (CTRS): A study using cytokine receptor-deficient mice. Brain. Behav. 

Immun. 38, 66–76. 

Späth-Schwalbe, E., Hansen, K., Schmidt, F., Schrezenmeier, H., Marshall, L., Burger, 

K., Fehm, H.L., and Born, J. (1998). Acute effects of recombinant human interleukin-6 

on endocrine and central nervous sleep functions in healthy men. J. Clin. Endocrinol. 

Metab. 83, 1573–1579. 

Spengler, M.L., Kuropatwinski, K.K., Comas, M., Gasparian, A.V., Fedtsova, N., 

Gleiberman, A.S., Gitlin, I.I., Artemicheva, N.M., Deluca, K.A., Gudkov, A.V., et al. 

(2012). Core circadian protein CLOCK is a positive regulator of NF-κB-mediated 

transcription. Proc. Natl. Acad. Sci. U. S. A. 109, E2457-2465. 

Stephan, F.K., and Zucker, I. (1972). Circadian rhythms in drinking behavior and 

locomotor activity of rats are eliminated by hypothalamic lesions. Proc. Natl. Acad. Sci. 

U. S. A. 69, 1583–1586. 

Steriade, M., McCormick, D.A., Sejnowski, T.J. (1993). Thalamocortical oscillations in 

the sleeping and aroused brain. Science. 262, 679-685. 

Stone, P., Richards, M., and Hardy, J. (1998). Fatigue in patients with cancer. Eur. J. 

Cancer 34, 1670–1676. 

Stone, P., Richardson, A., Ream, E., Smith, A.G., Kerr, D.J., and Kearney, N. (2000). 

Cancer-related fatigue: Inevitable, unimportant and untreatable? Results of a multi-centre 

patient survey. Ann. Oncol. 11, 971–975. 



186 

 

Strawbridge, R., Sartor, M.-L., Young, A.H., and Cleare, A.J. (2016). Is chronic fatigue 

syndrome an inflammatory disorder? J. Psychosom. Res. 85, 82. 

Sundar, I.K., Yao, H., Huang, Y., Lyda, E., Sime, P.J., Sellix, M.T., and Rahman, I. 

(2014). Serotonin and corticosterone rhythms in mice exposed to cigarette smoke and in 

patients with COPD: Implication for COPD-associated neuropathogenesis. PLOS ONE 9, 

e87999. 

Suntsova, N., Szymusiak, R., Alam, M.N., Guzman-Marin, R., and McGinty, D. (2002). 

Sleep-waking discharge patterns of median preoptic nucleus neurons in rats. J. Physiol. 

543, 665–677. 

Suntsova, N., Guzman-Marin, R., Kumar, S., Alam, M.N., Szymusiak, R., and McGinty, 

D. (2007). The median preoptic nucleus reciprocally modulates activity of arousal-related 

and sleep-related neurons in the perifornical lateral hypothalamus. J. Neurosci. 27, 1616–

1630. 

Suresh, A., and Sodhi, A. (1991). Production of interleukin-1 and tumor necrosis factor 

by bone marrow-derived macrophages: effect of cisplatin and lipopolysaccharide. 

Immunol. Lett. 30, 93–100. 

Swett, C.P., and Hobson, J.A. (1968). The effects of posterior hypothalamic lesions on 

behavioral and electrographic manifestations of sleep and waking in cats. Arch. Ital. Biol. 

106, 283–293. 

Szymusiak, R., Alam, N., Steininger, T.L., and McGinty, D. (1998). Sleep–waking 

discharge patterns of ventrolateral preoptic/anterior hypothalamic neurons in rats. Brain 

Res. 803, 178–188. 

Szymusiak, R., Gvilia, I., and McGinty, D. (2007). Hypothalamic control of sleep. Sleep 

Med. 8, 291–301. 

Takahashi, K., Koyama, Y., Kayama, Y., and Yamamoto, M. (2002). Effects of orexin on 

the laterodorsal tegmental neurones. Psychiatry Clin. Neurosci. 56, 335–336. 

Takakusaki, K., Takahashi, K., Saitoh, K., Harada, H., Okumura, T., Kayama, Y., and 

Koyama, Y. (2005). Orexinergic projections to the cat midbrain mediate alternation of 

emotional behavioural states from locomotion to cataplexy. J. Physiol. 568, 1003–1020. 

Takao, K., and Miyakawa, T. (2015). Genomic responses in mouse models greatly mimic 

human inflammatory diseases. Proc. Natl. Acad. Sci. U. S. A. 112, 1167–1172. 

Tan, D.-X., Hardeland, R., Manchester, L.C., Paredes, S.D., Korkmaz, A., Sainz, R.M., 

Mayo, J.C., Fuentes-Broto, L., and Reiter, R.J. (2010). The changing biological roles of 



187 

 

melatonin during evolution: from an antioxidant to signals of darkness, sexual selection 

and fitness. Biol. Rev. Camb. Philos. Soc. 85, 607–623. 

Taylor, M.M., and Samson, W.K. (2003). The other side of the orexins: endocrine and 

metabolic actions. Am. J. Physiol. - Endocrinol. Metab. 284, E13–E17. 

Teclemariam-Mesbah, R., Ter Horst, G. j., Postema, F., Wortel, J., and Buijs, R. m. 

(1999). Anatomical demonstration of the suprachiasmatic nucleus–pineal pathway. J. 

Comp. Neurol. 406, 171–182. 

Terazono, H., Hamdan, A., Matsunaga, N., Hayasaka, N., Kaji, H., Egawa, T., Makino, 

K., Shigeyoshi, Y., Koyanagi, S., and Ohdo, S. (2008). Modulatory effects of 5-

fluorouracil on the rhythmic expression of circadian clock genes: a possible mechanism 

of chemotherapy-induced circadian rhythm disturbances. Biochem. Pharmacol. 75, 1616–

1622. 

Tewey, K.M., Rowe, T.C., Yang, L., Halligan, B.D., and Liu, L.F. (1984). Adriamycin-

induced DNA damage mediated by mammalian DNA topoisomerase II. Science 226, 

466–468. 

Theobald, D.E. (2004). Cancer pain, fatigue, distress, and insomnia in cancer patients. 

Clin. Cornerstone 6, S15–S21. 

Tomayko, M.M., and Reynolds, C.P. (1989). Determination of subcutaneous tumor size 

in athymic (nude) mice. Cancer Chemother. Pharmacol. 24, 148–154. 

Tomioka, R., Okamoto, K., Furuta, T., Fujiyama, F., Iwasato, T., Yanagawa, Y., Obata, 

K., Kaneko, T., and Tamamaki, N. (2005). Demonstration of long-range GABAergic 

connections distributed throughout the mouse neocortex. Eur. J. Neurosci. 21, 1587–

1600. 

Toshinai, K., Date, Y., Murakami, N., Shimada, M., Mondal, M.S., Shimbara, T., Guan, 

J.-L., Wang, Q.-P., Funahashi, H., Sakurai, T., et al. (2003). Ghrelin-induced food intake 

is mediated via the orexin pathway. Endocrinology 144, 1506–1512. 

Tsavaris, N., Kosmas, C., Vadiaka, M., Kanelopoulos, P., and Boulamatsis, D. (2002). 

Immune changes in patients with advanced breast cancer undergoing chemotherapy with 

taxanes. Br. J. Cancer 87, 21–27. 

Tsuneki, H., Sasaoka, T., and Sakurai, T. (2016). Sleep control, GPCRs, and glucose 

metabolism. Trends Endocrinol. Metab. 27, 633–642. 

von Economo, C. (1931). Encephalitis lethargica: its sequelae and treatment (Oxford, 

England: Oxford Univ. Press). 



188 

 

van der Most, R.G., Currie, A.J., Robinson, B.W.S., and Lake, R.A. (2008). Decoding 

dangerous death: How cytotoxic chemotherapy invokes inflammation, immunity or 

nothing at all. Cell Death Differ. 15, 13–20. 

Vardy, J. (2009). Cognitive function in breast cancer survivors. Cancer Treat. Res. 151, 

387–419. 

Vaucher, E., Linville, D., and Hamel, E. (1997). Cholinergic basal forebrain projections 

to nitric oxide synthase-containing neurons in the rat cerebral cortex. Neuroscience 79, 

827–836. 

Verret, L., Goutagny, R., Fort, P., Cagnon, L., Salvert, D., Léger, L., Boissard, R., Salin, 

P., Peyron, C., and Luppi, P.-H. (2003). A role of melanin-concentrating hormone 

producing neurons in the central regulation of paradoxical sleep. BMC Neurosci. 4, 19. 

Vetrivelan, R., Fuller, P.M., Tong, Q., and Lu, J. (2009). Medullary circuitry regulating 

rapid eye movement sleep and motor atonia. J. Neurosci. 29, 9361–9369. 

Vgontzas, A.N., Papanicolaou, D.A., Bixler, E.O., Lotsikas, A., Zachman, K., Kales, A., 

Prolo, P., Wong, M.-L., Licinio, J., Gold, P.W., et al. (1999). Circadian interleukin-6 

secretion and quantity and depth of sleep. J. Clin. Endocrinol. Metab. 84, 2603–2607. 

Villarreal-Garza, C., Shaw-Dulin, R., Lara-Medina, F., Bacon, L., Rivera, D., Urzua, L., 

Aguila, C., Ramirez-Morales, R., Santamaria, J., Bargallo, E., et al. (2012). Impact of 

diabetes and hyperglycemia on survival in advanced breast cancer patients. J. Diabetes 

Res. 2012, e732027. 

de Visser, K.E., Eichten, A., and Coussens, L.M. (2006). Paradoxical roles of the immune 

system during cancer development. Nat. Rev. Cancer 6, 24–37. 

Vivien-Roels, B., Malan, A., Rettori, M.C., Delagrange, P., Jeanniot, J.P., and Pévet, P. 

(1998). Daily variations in pineal melatonin concentrations in inbred and outbred mice. J. 

Biol. Rhythms 13, 403–409. 

Vyazovskiy, V.V., and Tobler, I. (2005). Theta activity in the waking EEG is a marker of 

sleep propensity in the rat. Brain Res. 1050, 64–71. 

Walch, O.J., Cochran, A., and Forger, D.B. (2016). A global quantification of “normal” 

sleep schedules using smartphone data. Sci. Adv. 2, e1501705. 

Wang, N.S., McHeyzer-Williams, L.J., Okitsu, S.L., Burris, T.P., Reiner, S.L., and 

McHeyzer-Williams, M.G. (2012). Differential transcriptional programming of class-

specific B cell memory by T-bet and RORα. Nat. Immunol. 13, 604–611. 

Watanabe, S., Kuwaki, T., Yanagisawa, M., Fukuda, Y., and Shimoyama, M. (2005). 

Persistent pain and stress activate pain-inhibitory orexin pathways. Neuroreport 16, 5–8. 



189 

 

Webster, H.H., and Jones, B.E. (1988). Neurotoxic lesions of the dorsolateral 

pontomesencephalic tegmentum-cholinergic cell area in the cat. II. Effects upon sleep-

waking states. Brain Res. 458, 285–302. 

Weymann, K.B., Wood, L.J., Zhu, X., and Marks, D.L. (2014). A role for orexin in 

cytotoxic chemotherapy-induced fatigue. Brain. Behav. Immun. 37, 84–94. 

Williamson, D.F., Parker, R.A., and Kendrick, J.S. (1989). The box plot: A simple visual 

method to interpret data. Ann. Intern. Med. 110, 916–921. 

Willie, J.T., Chemelli, R.M., Sinton, C.M., and Yanagisawa, M. (2001). To eat or to 

sleep? Orexin in the regulation of feeding and wakefulness. Annu. Rev. Neurosci. 24, 

429–458. 

Willie, J.T., Sinton, C.M., Maratos-Flier, E., and Yanagisawa, M. (2008). Abnormal 

response of melanin-concentrating hormone deficient mice to fasting: Hyperactivity and 

rapid eye movement sleep suppression. Neuroscience 156, 819–829. 

Wilson, C.J., Finch, C.E., and Cohen, H.J. (2002). Cytokines and cognition - The case for 

a head-to-toe inflammatory paradigm. J. Am. Geriatr. Soc. 50, 2041–2056. 

Wolf, J., Rose-John, S., and Garbers, C. (2014). Interleukin-6 and its receptors: A highly 

regulated and dynamic system. Cytokine 70, 11–20. 

Wong, J., Smith, L.B., Magun, E.A., Engstrom, T., Kelley-Howard, K., Jandhyala, D.M., 

Thorpe, C.M., Magun, B.E., and Wood, L.J. (2013). Small molecule kinase inhibitors 

block the ZAK-dependent inflammatory effects of doxorubicin. Cancer Biol. Ther. 14, 

56–63. 

Wood, L.J., and Weymann, K. (2013). Inflammation and neural signaling: Etiologic 

mechanisms of the cancer treatment-related symptom cluster. Curr. Opin. Support. 

Palliat. Care 7, 54–59. 

Wood, L.J., Nail, L.M., Perrin, N.A., Elsea, C.R., Fischer, A., and Druker, B.J. (2006a). 

The Cancer Chemotherapy Drug Etoposide (VP-16) Induces proinflammatory cytokine 

production and sickness behavior–like symptoms in a mouse model of cancer 

chemotherapy–related symptoms. Biol. Res. Nurs. 8, 157–169. 

Wood, L.J., Nail, L.M., Gilster, A., Winters, K.A., and Elsea, C.R. (2006b). Cancer 

chemotherapy-related symptoms: Evidence to suggest a role for proinflammatory 

cytokines. Oncol. Nurs. Forum 33, 535–542. 

Wright, K.P., Badia, P., and Wauquier, A. (1995). Topographical and temporal patterns 

of brain activity during the transition from wakefulness to sleep. Sleep 18, 880–889. 



190 

 

Yamanaka, A., Beuckmann, C.T., Willie, J.T., Hara, J., Tsujino, N., Mieda, M., 

Tominaga, M., Yagami, K., Sugiyama, F., Goto, K., et al. (2003a). Hypothalamic orexin 

neurons regulate arousal according to energy balance in mice. Neuron 38, 701–713. 

Yellen, S.B., Cella, D.F., Webster, K., Blendowski, C., and Kaplan, E. (1997). Measuring 

fatigue and other anemia-related symptoms with the Functional Assessment of Cancer 

Therapy (FACT) measurement system. J. Pain Symptom Manage. 13, 63–74. 

Yi, C.-X., Serlie, M.J., Ackermans, M.T., Foppen, E., Buijs, R.M., Sauerwein, H.P., 

Fliers, E., and Kalsbeek, A. (2009). A major role for perifornical orexin neurons in the 

control of glucose metabolism in rats. Diabetes 58, 1998–2005. 

Yoshida, K., McCormack, S., España, R.A., Crocker, A., and Scammell, T.E. (2006). 

Afferents to the orexin neurons of the rat brain. J. Comp. Neurol. 494, 845–861. 

Zeitlhofer, J., Schmeiser-Rieder, A., Tribl, G., Rosenberger, A., Bolitschek, J., 

Kapfhammer, G., Saletu, B., Katschnig, H., Holzinger, B., Popovic, R., et al. (2000). 

Sleep and quality of life in the Austrian population. Acta Neurol. Scand. 102, 249–257. 

Zhang, J., Zhu, Y., Zhan, G., Fenik, P., Panossian, L., Wang, M.M., Reid, S., Lai, D., 

Davis, J.G., Baur, J.A., et al. (2014). Extended wakefulness: Compromised metabolics in 

and degeneration of locus ceruleus neurons. J. Neurosci. 34, 4418–4431. 

 


